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Abstract

Chemotherapy treatment of cancer remains a challenge due to the molecular and functional
heterogeneity displayed by tumours originating from the same cell type. The pronounced
heterogeneity makes it difficult for oncologists to devise an effective therapeutic strategy for
the patient. One approach for increasing treatment efficacy is to test the chemosensitivity of
cancer cells obtained from the patient’s tumour. 3D culture represents a promising method
for modelling patient tumours in vitro. The aim of this study was therefore to evaluate how
closely short-term spheroid cultures of primary colorectal cancer cells resemble the original
tumour. Colorectal cancer cells were isolated from human tumour tissue and cultured as
spheroids. Spheroid cultures were established with a high success rate and remained viable
for at least 10 days. The spheroids exhibited significant growth over a period of 7 days and
no difference in growth rate was observed for spheroids of different sizes. Comparison of
spheroids with the original tumour revealed that spheroid culture generally preserved ade-
nocarcinoma histology and expression patterns of cytokeratin 20 and carcinoembryonic
antigen. Interestingly, spheroids had a tendency to resemble tumour protein expression
more closely after 10 days of culture compared to 3 days. Chemosensitivity screening using
spheroids from five patients demonstrated individual response profiles. This indicates that
the spheroids maintained patient-to-patient differences in sensitivity towards the drugs and
combinations most commonly used for treatment of colorectal cancer. In summary, short-
term spheroid culture of primary colorectal adenocarcinoma cells represents a promising in
vitro model for use in personalized medicine.

Introduction

Cancer remains a major cause of death in developed countries despite significant progress in
understanding the biology of cancer and development of molecular targeted therapies [1-3].
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Tumours originating from the same cell type display molecular and functional heterogeneity,
which represents an obstacle for developing new drugs and predicting likely responders [3,4].
Currently, clinicians rely on histopathological staging of the tumour [5,6] plus a limited num-
ber of molecular tests [7], when devising a therapeutic strategy for each patient. Great effort
has been put into identifying biomarkers that can predict clinical response to specific treat-
ment regimens, but few have demonstrated sufficient precision for use in clinical practice [8].
One major reason for the shortcomings of this approach lies within the complexity of the sig-
nalling networks that drive tumour growth [9]. Functional assessment of the individual
tumour is therefore believed to be of greater clinical value than the molecular footprint.

A promising approach is to test the therapeutic response of cancer cells obtained from the
patient’s own tumour towards a variety of drugs. Viable cancer cells can be isolated from
freshly obtained tumour tissue and subsequently exposed to therapeutic drugs under con-
trolled experimental conditions [10-15]. Methods for propagating primary cancer cells in the
laboratory range from conventional, 2D cell monolayers to more advanced 3D culture systems
[16] as well as engraftment of tumour tissue into immunodeficient rodents as patient-derived
tumour xenografts [17]. Extensive evidence demonstrates that 3D culture of cancer cells mim-
ics in vivo tumour conditions more closely than conventional 2D culture with respect to: 1)
cell morphology and organisation [18,19], 2) cell hierarchy and heterogeneity [20,21], 3) pro-
tein and gene expression patterns [20,22], 4) growth patterns and distribution of proliferating
and apoptotic cells [20,23], 5) cell-cell and cell-matrix interactions [18,19] and 6) metabolic
gradients of for example oxygen and drug penetration [24-26]. Patient-derived tumour xeno-
grafts also recapitulate many features of the original tumour [17], but this technique needs
considerable amounts of tumour tissue, requires several months to evaluate therapeutic re-
sponse and is very costly [27]. 3D culture systems have potential to assess therapeutic response
faster and at a lower cost than PDTX models, while retaining important features and function-
alities of the original tumour.

Colorectal cancer is one of the most frequently diagnosed cancers with more than 1.2 mil-
lion new annual cases worldwide [1]. Despite aggressive multidisciplinary therapy, the overall
5-year survival is only about 60% in the Western World [28,29]. The need for optimization of
chemotherapy is therefore pivotal, and we set out to validate a 3D culture system for in vitro
chemosensitivity testing of primary colorectal cancer cells. Several research groups have previ-
ously demonstrated that fragments of human colorectal tumours form rounded multicellular
structures in 3D culture, termed “spheroids” or “organoids”, and that these structures can be
propagated in vitro [30-33]. Chemosensitivity testing requires a robust method with a high
success rate for isolation of cancer cells from primary tumour tissue. In order to achieve strong
correlation between the test results and the clinical response, the isolated cells should retain
essential characteristics of the original tumour.

The aim of the current study was to evaluate how closely primary colorectal cancer cells
maintained in short-term 3D culture as spheroids resemble the original tumour and whether
the spheroids are suitable for chemosensitivity testing. We established colorectal spheroid cul-
tures from human tumour tissue and characterized the cultures in relation to the original
tumours. The spheroids were exposed to standard colorectal chemotherapeutic regimens and
response profiles were determined for cultures from different patients.

Materials and methods
Patient samples

Tissue samples were collected from 22 patients with colorectal cancer undergoing surgical
resection of their primary tumour at Bispebjerg Hospital and Hvidovre Hospital, Copenhagen,
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Denmark. Furthermore, tissue samples were collected from three patients with metastatic
colorectal cancer undergoing surgical resection of their liver metastases at Rigshospitalet,
Copenhagen, Denmark. Fresh tumour tissue was collected by a pathologist before routine pro-
cessing of the specimen. Collected tumour tissue was placed in cold PBS with antibiotics (500
U/ml penicillin, 500 pg/ml streptomycin, 100 pg/ml gentamicin and 2.5 pg/ml amphotericin
B) and transported to the laboratory on ice. Tumours other than adenocarcinomas were
excluded from the study after receiving the pathology report. The study protocol was approved
by the Regional Committee on Health Research Ethics—Capital Region of Denmark (protocol
no. H-1-2011-125) and written informed consent was obtained from all patients.

Spheroid preparation and culture

Spheroids were prepared using a modified version of the protocol published by Kondo et al.
[31]. Tumour tissue was washed in PBS with antibiotics, visible fatty and necrotic areas were
removed with a scalpel and the tissue was minced into 1-2 mm pieces. Tissue was digested
with 1 mg/ml collagenase type II (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) in
PBS with antibiotics for 20 min at 37°C. The tissue suspension was filtered sequentially
through the following filters: 230 pm mesh filter (Sigma-Aldrich, St. Louis, MO, USA), 100 pm
cell strainer (BD Biosciences, Franklin Lakes, NJ, USA), 40 um cell strainer (BD Biosciences,
Franklin Lakes, NJ, USA),) and 30 um pre-separation filter (MACS, Miltenyi Biotec, Bergisch
Gladbach, Germany). Tissue retained by the 230 um filter was collected and redigested for 10
min at 37°C and passed through the filters again. This step was repeated until all tissue passed
through the 230 pm filter. Retained tumour fragments were collected from the 100 um, 40 pm
and 30 pm filters, separating released fragments into three fractions according to size. The iso-
lated tumour fragments were seeded in stem cell medium (StemPro hESC SFM, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with antibiotics (200 U/ml penicillin,
200 pg/ml streptomycin, 100 pg/ml gentamicin and 2.5 ug/ml amphotericin B) in petri dishes
coated with agarose (Sigma-Aldrich, St. Louis, MO, USA) and cultured at 37°C in a 5% CO,
humidified incubator (MCO-19AIC(UV), Panasonic, Hagersten Sweden).

Spheroid forming efficacy and culture success

After 3 days of culture, the isolated tumour fragments were inspected under the microscope
and their spheroid forming efficacy evaluated. For each size fraction, 50 tumour fragments
were examined by light microscopy (Diaphot 200, Nikon, Birkered, Denmark) at 100x magni-
fication and scored according to whether they had formed spheroids (rounded, smooth surface
without clearly defined individual cells) or not (rippled, rough surface with clearly defined
individual cells). Spheroid forming efficacy across size fractions was compared by one-way
repeated measures ANOVA. Culture success was evaluated by counting the number of formed
spheroids. Tumour fragments were aspirated, washed in PBS and filtered to remove single
cells and debris. The retained spheroids were counted by light microscopy at 40x magnifica-
tion. Spheroid preparations with a total number of 150 spheroids or more were considered
successful.

Spheroid growth

After 3 days of culture, spheroids were washed in PBS, filtered and resuspended in fresh stem
cell medium. Spheroids were mixed 1:1 with Matrigel (BD Biosciences, Franklin Lakes, NJ,
USA) and seeded in 96-well plates coated with agarose at a density of approximately 25 spher-
oids per well. Plates were incubated for 30 min at 4°C followed by polymerisation of Matrigel
for 30 min at 37°C. The spheroids were cultured for 7 days at 37°C in a 5% CO, humidified
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incubator and light microscopy images were obtained with a digital camera (MU300,
AmScope, Irvine, CA, USA) of individual wells every day. Spheroid areas were measured on
the obtained images using Image] (Rasband, W.S., Image], U. S. National Institutes of Health,
Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2014). Relative changes in spheroid
size during 7 days of culture were assessed by RMANOVA and one-way repeated measures
ANOVA.

Formalin-fixed paraffin-embedded sections of tumour tissue and
spheroids

Resected colorectal tissue was fixed in 4% formalin for a minimum of 48 h and cut into tissue
blocks. Spheroids were fixed in 4% formalin O/N at 4°C and embedded in 2% agarose. After
dehydration in graded alcohol and xylene, tissue blocks and spheroid-containing agarose
discs were embedded in paraffin. Sections of 2-4 pm were cut using a microtome (HM 450,
Microm, Thermo Fisher Scientific, Waltham, MA, USA) and mounted on FLEX IHC micro-
scope slides (Dako, Glostrup, Denmark). Paraffin sections were heated for 30 min at 60°C
(Function Line UT12, Heraeus Instruments, Hanau, Germany) and stored at 4°C until
staining.

Histological staining

Hematoxylin and eosin (H&E) staining and periodic acid Schiff (PAS) staining of paraffin sec-
tions were performed according to standard protocols. Stainings were visualised by light
microscopy (BX51, Olympus, Ballerup, Denmark) and images obtained with digital camera
(UC30, Olympus, Ballerup, Denmark).

Immunostaining

Deparaffinisation of sections and antigen retrieval were performed by pretreatment in PT Link
(Dako, Glostrup, Denmark). Sections were pretreated in EnVision FLEX Target Retrieval
Solution HigH pH (Dako, Glostrup, Denmark), except for staining with fibroblast antibody,
which required pretreatment in EnVision FLEX Target Retrieval Solution Low pH (Dako,
Glostrup, Denmark). Sections were blocked and permeabilised in PBS with 2% fetal calf
serum, 1% bovine serum albumin (BSA) and 0.25% Triton X-100 for 30 min. Primary antibod-
ies diluted in incubation buffer (PBS with 1% BSA and 0.25% Triton X-100) were applied to
sections and incubated for 1 h at RT. The used primary antibodies were monoclonal rabbit-
anti-epithelial cell adhesion molecule (EpCAM) (clone E144, Abcam, Cambridge, United
Kingdom) diluted 1:400, monoclonal mouse-anti-cytokeratin 20 (clone Ks20.8, Dako,
Glostrup, Denmark) diluted 1:100, monoclonal mouse-anti-carcinoembryonic antigen (CEA)
(clone I1-7, Dako, Glostrup, Denmark) diluted 1:50, monoclonal mouse-anti-fibroblasts (clone
TE-7, Millipore, Billerica, MA, USA) diluted 1:100, monoclonal mouse-anti-Ki67 (clone MIB-
1, Dako, Glostrup, Denmark) diluted 1:100, monoclonal mouse-anti-ABCB1 (P-glycoprotein)
(clone JSB-1, Abcam, Cambridge, United Kingdom) diluted 1:50 and monoclonal mouse-anti-
ABCG2 (breast cancer resistance protein) (clone BXP-21, Abcam, Cambridge, United King-
dom) diluted 1:100. Secondary antibodies diluted in incubation buffer were applied to sections
and incubated for 30 min at RT. The used secondary antibodies were goat-anti-rabbit Alexa
546 and goat-anti-mouse Alexa 488, both diluted 1:400. Sections were stained with 3 pM
Hoechst 33258 (Sigma-Aldrich, St. Louis, MO, USA) in PBS for 5 min and coverslips were
mounted with fluorescence mounting medium (Dako, Glostrup, Denmark). Negative control
sections were obtained by omission of primary antibody. Stainings were visualised by fluores-
cence microscopy (Axio Lab.Al, Zeiss, Birkerad, Denmark) and images obtained with digital
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camera (DMK 72AUC02, The Imaging Source, Bremen, Germany). The number of stained

cells was analysed on the obtained images using Image J. The percentage of stained cells was
compared by paired-samples t test, Wilcoxon signed-rank test or by one-way repeated-mea-
sures ANOVA.

Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
staining

Deparaffinisation of sections and antigen retrieval was performed by pretreatment in PT Link
in EnVision FLEX Target Retrieval Solution HigH pH. TUNEL staining was performed using
the ApopTag Fluorescein In Situ Apoptosis Detection Kit (Millipore, Billerica, MA, USA)
according to the manufacturer’s instructions for fluorescent staining of paraffin-embedded tis-
sue. Positive control sections were obtained by pretreatment with 1 ug/ml DNase I (Sigma-
Aldrich, St. Louis, MO, USA) in PBS with 4 mM MgCl, for 10 min at RT. Negative control sec-
tions were obtained by omission of TdT enzyme. Co-staining with EpCAM was performed as
described in the previous section. Stainings were visualised by fluorescence microscopy and
images obtained. The number of stained cells was analysed on the obtained images using
Image J. The percentage of stained cells was compared by paired-samples t test.

Chemosensitivity testing

After 3 days of culture, spheroids were washed in PBS, filtered, resuspended in fresh stem cell
medium and counted. For each screen, approximately 1000 spheroids were added to an Indi-
Treat™ screening array (2cureX, Birkerod, Denmark) containing concentration gradients of
5-FU, oxaliplatin, SN38 (the active metabolite of Irinotecan) (Sigma-Aldrich, St. Louis, MO,
USA) and combination treatments FOLFOX (5-FU + oxaliplatin) and FOLFIRI (5-FU and
SN38). The arrays were scanned on screening day 0, 4 and 7 using an oCelloScope system
(Phillips BioCell, Allered, Denmark). The obtained images were analysed for changes in spher-
oid area using proprietary Phillips BioCell and 2cureX algorithms. For each well, the relative
growth inhibition was calculated by dividing the total spheroid area with the area of the same
well at day 0 and the average of the negative controls on the same day as the measurement day.
Dose response curves, adjusted r” values and ED25 values were plotted and calculated using
Matlab (MathWorks, Natik, MA, USA). Less than lowest dose or higher than highest dose was
used in cases where ED25 values were calculated to be outside the used compound concentra-
tion ranges.

Statistical analysis

All statistical analyses were performed in IBM SPSS statistics 20 (Armonk, New York, USA). A
p-value < 0.05 was considered statistically significant.

Results

Spheroid cultures can be established from colorectal adenocarcinomas
with a high success rate

For 20 tumour samples, the efficiency of culture establishment was evaluated. Two neuroendo-
crine carcinomas were excluded from the study after receiving the histopathological reports.
For tumours diagnosed as adenocarcinomas (n = 18), spheroid cultures were successfully
established for 15 (83%) of the obtained samples. One of these tumours was classified as a
mucinous adenocarcinoma. The clinical characteristics of the tumours are listed in S1 Table.
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Colorectal spheroids consist of epithelial cells with little fibroblast

contamination

Three different sizes of spheroids were prepared for each tumour in order to investigate if the
size of the isolated tumour fragments affects spheroid formation and cellular characteristics of
spheroids (Fig 1A). Despite individual variation in spheroid forming efficacy between tumours,
varying from 40% to more than 90% (Fig 1B), no significant difference in spheroid forming effi-
cacy was found for the three fragment sizes (mean with 95% CI: 100-230 um = 56.8% (36.6-
76.9), 40-100 um = 62.5% (42.6-82.4), 30-40 pm = 60.5% (40.3-80.6); p = 0.054).

The cell composition of spheroids was assessed by immunostaining for the epithelial
marker EpCAM and the fibroblast marker TE-7 after establishment of cultures (day 3) and
after short-term culture (day 10). Staining revealed that the spheroids consisted of an almost
pure population of epithelial cells with very little fibroblast contamination (Fig 1C). The per-
centage of spheroid cells stained for EpCAM ranged from 96.7% to 100%, whereas the percent-
age stained for TE-7 ranged from 0% to 4.3% (Fig 1D). The proportion of EpCAM- and TE-
7-positive cells did not change significantly from day 3 to day 10 in culture.

40-100 ym 100-230 um

EpCAM

TE-7

Hoechst

Overlay

B

Patient ID Spg‘f*f’igz;"(ﬂz‘;"g

1 86.7

93.3

6 38.7

10 445

13 427

14 37.3

15 79.4

17 53.3

Mean 59.5

* Std.Dev +23.1

EpCAM (%) TE-7 (%)
Patient ID

Day 3 Day 10 Day 3 Day 10

2 100.0 97.6 0.0 1.1

4 97.7 98.6 2.6 2.2

5 98.6 99.1 1.2 0.4

7 96.7 98.6 3.3 2.6

11 99.8 99.7 0.4 0.8

15 98.9 99.6 1.9 0.5

16 96.7 98.9 4.3 0.4

18 98.8 98.8 1.5 1.2

Mean 98.4 98.9 1.9 1.2
(95% ClI) (97.3-99.5)  (98.3-99.4) (0.7-3.1) (0.5-1.8)

Fig 1. Colorectal spheroid cultures predominantly consist of epithelial cells. (A) Spheroids of three different sizes at low and high
magnification after 3 days of culture. Size bar =50 um. (B) Spheroid forming efficacy of isolated tumour fragments. Spheroid forming efficacy was
defined as the percentage of isolated tumour fragments that had formed spheroids within 3 days of culture. (C) Immunostaining of spheroids for
epithelial cell marker EpCAM (red) and fibroblast marker TE-7 (green) after 10 days of culture. Nuclei are stained with Hoechst (blue). Size

bars = 50 um. (D) No significant difference in percentage of spheroid cells stained for EpCAM (p = 0.387) and TE-7 (p = 0.196) at day 3 and day 10

was observed.

https://doi.org/10.1371/journal.pone.0183074.9001
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(15.6-59.5)  (14.3-47.5) (2.1-4.4) (1.4-6.3)

—&—100-230 um 40-100um  —4—30-40 um

Fig 2. Spheroid growth and viability in short-term culture. (A) Significant growth of spheroid cultures from different tumours during 7 days of
culture (p = 0.001). Growth of individual spheroids after 7 days was measured as the spheroid area on microscopic images with the area at baseline
set to 1. Bars display mean values with standard error of the mean (SEM) for all three sizes of spheroids. (B) No significant difference in growth of
different sizes of spheroids during 7 days of culture (p = 0.617). Growth of individual spheroids was measured as the spheroid area on microscopic
images obtained every day with the area at baseline set to 1. Curves display mean values with SEM for one representative patient. Size bar = 50 pm.
(C) Immunostaining of spheroids for epithelial cell marker EpCAM (red), active proliferation marker Ki67 (green) and apoptotic assay TUNEL (green)
after 10 days of culture. Nuclei are stained with Hoechst (blue). Size bars = 50 ym. (D) No significant difference in percentage of EpCAM-positive
spheroid cells stained for Ki67 (p = 1.000) and TUNEL (p = 0.454) at day 3 and day 10 was observed. Ki67: Median with interquartile range. TUNEL:
Mean with 95% ClI.

https://doi.org/10.1371/journal.pone.0183074.9002

Colorectal spheroids grow and maintain viability in short-term culture

Growth of individual spheroids was monitored over 7 days. All spheroid cultures demon-
strated a significant increase in relative size over a period of 7 days (p = 0.001) (Fig 2A). Spher-
oid growth for different cultures ranged from 1.4-fold to 3.4-fold increase in size and growth
for all cultures averaged 2.6-fold increase in size. No significant difference in average growth
was observed for the three different spheroid sizes (Fig 2B).

Spheroid sections were assessed for active proliferation by immunostaining for the prolifer-
ation marker Ki67 and apoptosis by TUNEL staining (Fig 2C). The percentage of EpCAM-
positive cells expressing Ki67 at day 3 varied from 9% to 63% for different spheroid cultures
(Fig 2D). Overall, no significant change in the percentage of Ki67-positive cells could be
detected from day 3 to day 10 in culture. Very few apoptotic cells could be detected in the
established spheroid cultures. On average, less than 5% of the EpCAM-positive cells stained
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with TUNEL (Fig 2D). The percentage of apoptotic cells did not change significantly from day
3 to day 10 in culture.

Spheroid culture preserves colorectal adenocarcinoma histology

H&E staining confirmed that spheroids consisted of cells displaying classical neoplastic fea-
tures, such as nuclear pleomorphism, increased nucleus/cytoplasm ratio, hyperchromasia and
prominent nucleoli (Fig 3A and 3B). Spheroid cells were organised in glandular-like structures

Spheroid

Spheroid

Tumour

1

Fig 3. Spheroid cultures preserve cytology and histology of their original tumours. (A-C) H&E and
PAS staining of spheroids and corresponding tumours from three different patients. Spheroids were stained
after 10 days of culture. Size bars =50 ym.

https://doi.org/10.1371/journal.pone.0183074.9003
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with polarized, aligned nuclei and luminal areas, and the degree of glandular organisation in
spheroids generally reflected the original tumour. PAS staining demonstrated that pink
mucin-producing cells were present to varying degree in spheroids from different tumours
(Fig 3A and 3B). In some spheroids, mucin secretion into luminal areas could be observed (Fig
3B).

Primary colorectal spheroids preserve protein expression patterns of the
original tumour

Cytokeratin 20 is a cytoskeletal protein that is expressed by intestinal epithelial cells, especially
those of the colon [34]. Immunostaining revealed that cytokeratin 20 was expressed to a vary-
ing degree by spheroid cultures established from different tumours (Fig 4A). For some cul-
tures, variation in cytokeratin 20 expression for individual spheroids obtained from the same
tumour could be observed. This variation reflected expression in different regions of the origi-
nal tumour (S1 Fig). Overall, the average percentage of positive cells in the original tumour
and the derived spheroids was comparable (Fig 4B). The percentage of EpCAM-positive cells
expressing cytokeratin 20 was not significantly different between sections from the original
tumour, spheroids at day 3 and spheroids at day 10. A few of the established cultures deviated
from the original tumour; spheroids from patient 4 had a much higher expression of cytokera-
tin 20, while spheroids from patient 15 showed somewhat lower cytokeratin 20 expression at
day 10.

CEA is a glycoprotein that is often overexpressed in epithelial cancers, including colorectal
carcinoma [35]. The spheroid cultures exhibited variations in their CEA expression patterns
and levels (Fig 5A). Some cultures showed variation in CEA expression for individual spher-
oids which resembled expression patterns in different regions of the original tumours (52 Fig).
For most patients, expression in tumour tissue and spheroid cultures was comparable (Fig 5B).
However, for several spheroid cultures expression at day 3 was higher than both the expression
in the original tumour and at day 10. Overall, a significant difference in the percentage of
EpCAM-positive cells expressing CEA in tumour sections, spheroids at day 3 and spheroids at
day 10 was detected (p = 0.040), but Bonferroni corrected post hoc analysis did not reveal any
significant differences when performing pairwise comparisons. The obtained results indicated
that the percentage of cells expressing CEA was higher at day 3 compared to the tumour and
day 10, but the differences did not reach significance.

Individual spheroid cultures exhibit variation in chemosensitivity

The chemosensitivity of spheroids from five tumour samples were tested using IndiTreat™
arrays. Dose dependent inhibition of spheroid growth was observed for all the investigated
drugs (5-FU, oxaliplatin and SN38) and combination treatments (FOLFOX and FOLFIRI).
The resulting dose response curves and calculated ED25 values showed clear differences in
sensitivity towards the different chemotherapeutic drugs. ED25 values for all of the screened
cultures are shown in the table in Fig 6A. Dose response curves for two representative cultures
are shown in Fig 6B. One of the examined cultures displayed differential sensitivity to the che-
motherapeutic drugs (patient 22). Two of the spheroid cultures demonstrated high sensitivity
to all the tested drugs (patient 19 and 21), whereas the two remaining cultures were generally
more resistant (patient 20 and 23).

Several of the spheroid cultures displayed either general sensitivity or resistance to all the
tested drugs. This could be caused by multidrug resistance mechanisms, such as drug efflux by
ATP-dependent pumps [36]. The ATP-binding cassette transporters ABCG2 and ABCB1 have
previously been associated with chemotherapy resistance, early disease recurrence and shorter
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A
EpCAM Cytokeratin 20 Hoechst Overlay
Spheroid
Tumour
Spheroid
Tumour
B
Cytokeratin 20 (%)
Patient ID Spheroid
Tumour
Day 3 Day 10

2 93.0 94.8 96.8

4 8.7 98.8 85.7

5 78.5 81.4 84.7

7 92.5 94.3 98.9

11 99.4 97.9 97.8

15 74.3 81.2 52.3

16 94.8 100.0 99.0

18 90.2 94.8 91.0

Mean 89.1 95.6 93.8

(95% Cl)  (68.7-96.6) (88.4-98.7) (82.4-98.2)

Fig 4. Spheroid cultures preserve cytokeratin 20 expression of their original tumours. (A) Immunostaining
of spheroids and corresponding tumours from two different patients for epithelial cell marker EpCAM (red) and
gastrointestinal epithelial marker cytokeratin 20 (green). Nuclei are stained with Hoechst (blue). Spheroids were
stained after 10 days of culture. Size bars =50 um. (B) No significant difference in percentage of EpCAM-positive
cells stained for cytokeratin 20 in tumours and spheroid cultures at day 3 and day 10 (p = 0.149) was observed.

https://doi.org/10.1371/journal.pone.0183074.9004
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A
EpCAM CEA Hoechst Overlay
Spheroid
Tumour
Spheroid
Tumour
B
CEA (%)
Patient ID Spheroid
Tumour
Day 3 Day 10

2 88.1 83.3 82.4

4 62.4 91.5 66.6

5 89.7 90.1 98.5

7 65.0 81.9 57.9

11 80.8 94.9 86.7

15 88.3 98.1 55.9

16 95.8 98.7 92.4

18 93.5 98.6 90.7

Mean 83.0 92.1 78.9

(95% Cl)  (72.3-93.6) (86.5-97.8) (65.1-92.7)

Fig 5. Spheroid cultures preserve CEA expression of their original tumours. (A) Immunostaining of
spheroids and corresponding tumours from two different patients for epithelial cell marker EpCAM (red) and
adenocarcinoma marker CEA (green). Nuclei are stained with Hoechst (blue). Spheroids were stained after
10 days of culture. Size bars = 50 ym. (B) Significant difference in percentage of EpCAM-positive cells stained
for CEA in tumours and spheroid cultures at day 3 and day 10 (p = 0.040), but Bonferroni corrected post hoc
analysis did not reach statistical significance (tumour vs. day 3 p = 0.139, tumour vs. day 10 p = 1.000 and day
3vs.day 10 p =0.158).

https://doi.org/10.1371/journal.pone.0183074.9005
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A
Pt.19 Pt.20 Pt.21 Pt.22 Pt.23
Treatment ED25 adj. r? ED25 adj. r? ED25 adj. r? ED25 adj. r? ED25 adj. r?
5-FU 0.6 UM 0.92 3.7uM 0.84 3.3uM 0.57 1.6 uM 0.95 6.7 uM 0.86
Oxaliplatin 10.1 uM 0.5 >37.5uM 0.64 0.2 uM 0.95 27.1uM 0.59 3.8uM 0.81
SN38 1.5nM 0.79 >500 nM* 0.21* 27.2nM 0.88 2.0nM 0.81 201.9nM 0.84
Folfox 1.0% 0.92 18.8 % 0.69 <02 % 0.72 0.4% 0.48 92% 0.90
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Fig 6. Chemosensitivity screening is possible using spheroid cultures. (A) Screening results for spheroid cultures
exposed to common chemotherapy drugs and combinations from five patients. ED25: the dose at which a given drug
resulted in 25% growth reduction compared to untreated spheroids. * poor curve fit, however, max growth reduction was
17% so ED25 was assigned >500nM. (B) Curve fit graphs for Pt.20 and Pt.21 demonstrating different chemosensitivity

https://doi.org/10.1371/journal.pone.0183074.9006

survival in colorectal cancer [37-39]. Immunostaining of the original tumours demonstrated
that the cancer cells expressed ABCG2 in all five tumours, but to varying extent (Panel A in S3
Fig). Four out of five examined colorectal tumours expressed ABCB1, however only few posi-
tive cancer cells were detected (Panel B in S3 Fig). Neither ABCG2 nor ABCBI expression
seemed to reflect overall chemosensitivity of the derived spheroid cultures.

Discussion

Development of functional assays for predicting chemosensitivity of individual tumours is
needed to improve clinical response rates. 3D culture of cancer cells is considered to reflect the
in vivo tumour conditions more closely than conventional 2D culture and therefore represents
a promising system for chemosensitivity testing. In the current study, colorectal cancer cells
were isolated as tumour fragments and cultured in 3D as spheroids. Characterisation of the
spheroids showed that important properties of the original tumour were retained during
short-term (i.e. up to 10 days) in vitro culture. Importantly, spheroid cultures displayed hetero-
geneous response profiles when exposed to chemotherapy.

Spheroid cultures were successfully established in 83% of the colorectal adenocarcinoma
samples. Staining confirmed that the spheroids consisted of epithelial-derived neoplastic cells.
Two previous studies have reported a high overall success rate in establishing spheroid suspen-
sion cultures (99% and 89%) from resected colorectal tissue [31,33], while a third study only
reported a success rate approximating 50% [30]. Differences in definition of “a successful cul-
ture” might explain some of the variation in success rates. Furthermore, the media composi-
tion might affect the success rate. Like the two studies reporting high success rates, we
established cultures in serum-free medium, whereas the study with low culture success used
serum-containing medium. This indicates that serum-free medium is more efficient for form-
ing colorectal spheroids. In the study by Ashley et al., addition of ROCK1 inhibitor to the cul-
ture medium increased the success rate dramatically both in terms of establishing (from 75%
to 100%) and maintaining cultures short-term (from 46% to 89%) [33]. ROCKI1 inhibitor has
been shown to reduce dissociation-induced apoptosis, known as anoikis, in both embryonic
stem cell cultures and primary intestinal cultures [40,41]. Even though we did not add any
inhibitors to the culture media, our success rate was comparable to the achieved short-term
culture success in the study using ROCK1 inhibitor.

As in previous spheroid studies, we observed that established cultures predominantly con-
sisted of epithelial-derived cells [30,31,33,42]. This is important, because overgrowth by fibro-
blasts remains one of the major challenges when culturing primary colorectal cancer cells in
conventional 2D culture [43,44]. Immunostaining for the fibroblast marker TE-7 showed that
only few fibroblasts were found in the spheroid cultures and no increase in fibroblasts was
observed during culture. Studies have shown that fibroblasts grow poorly under serum-free
culture conditions [45-47] which could explain the low number of fibroblasts detected in our
spheroids. As more than 95% of cells in the spheroids stained for EpCAM and the percentage
of EpCAM positive cells did not decrease with time in culture, staining for other stromal cells
was not performed. In line with our observations, previous studies only detected few fibro-
blasts, endothelial and immune cells in primary colorectal spheroids [31,33,42], but the cell
composition of spheroids over time was not studied.
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A significant increase in spheroid size could be observed over a 7 day period for all the stud-
ied cultures. Interestingly, spheroid growth rate did not depend on size of the isolated tumour
fragments, at least not within the investigated range. These results indicate that all the investi-
gated spheroid sizes can be used for assaying growth and growth inhibition as a measure of
drug sensitivity. Variation in growth rate was evident for cultures from different tumours,
indicating that some intertumour heterogeneity was preserved. During 10 days of culture,
active proliferation persisted in spheroids and very limited apoptosis was detected. Taken
together, these data show that the primary spheroids remain viable for at least 10 days in the
tested culture system.

In line with previous studies [31,33,42,48,49], we have demonstrated that primary colorectal
3D cultures display a number of features found in the original tumours. Histological staining
of established cultures confirmed that spheroids retained characteristic features of colorectal
adenocarcinomas. Furthermore, the degree of glandular organisation was similar to the origi-
nal tumours.

A previous study also identified crypt-like structures in their primary colorectal spheroids
[31]. Like in the present study, epithelial organisation was preserved by isolating cancer cells as
fragments of tumour tissue that maintained cell-to-cell contacts. Many tumours display inher-
ent molecular heterogeneity, and therefore random dissociation of tumour tissue might gener-
ate a heterogeneous population of spheroids. In our study, cultures derived from tumours with
varying expression of cytokeratin 20 or CEA, also demonstrated variation in expression for
individual spheroids. However, average expression in spheroid cultures was comparable with
the average expression in the original tumours. Spheroid expression seemed to reflect the orig-
inal tumour better after 10 days of culture than after 3 days. This is somewhat surprising, since
it is well-established that cancer cells maintained in culture for longer time tend to become
more deviating from their original tumour [50-52]. However, in this context 10 days is a rela-
tively short time and molecular evolution might not have occurred yet. On day 3 the cultured
cells might still be stressed from the isolation procedure performed on day 0. Tissue hypoxia,
dissociation of tissue and artificial culture conditions can induce cellular stress responses that
generate changes in e.g. protein expression and cell signalling [53-55]. Therefore, it might be
important to consider the time since isolation when conducting experiments with spheroids.

We have demonstrated that chemosensitivity testing is possible using the IndiTreat™ screen-
ing array combined with tumour spheroids derived from both primary colorectal tumours and
metastases. The results from five screens show varying sensitivities towards the chemotherapeu-
tic drugs most commonly used for treatment of colorectal cancer. To our knowledge, this is the
first time all the drugs used for first-line treatment of colorectal cancer (both as mono and com-
bination therapies) have been tested on patient-derived tumour spheroids. Our results are in
line with previous studies that also have observed variation in the sensitivity of 3D cultures
derived from different colorectal tumours [31,42,48]. This coincides well with the heterogeneity
of response seen when patients are treated with chemotherapy, indicating that chemosensitivity
testing on tumour-derived spheroids may be useful in treatment selection. Importantly, the
short time from sample to result (10-14 days) presented in the current study means that treat-
ment selection can be accomplished in a patient-relevant timeframe. Van de Wetering et al.

[48] observed organoid cultures displaying general sensitivity or resistance to chemotherapy. In
agreement with their results, two of the spheroid cultures examined in the present study exhib-
ited generally higher sensitivity to all the tested drugs. Two drug resistance mechanisms relevant
to 3D culture are lack of drug penetration [56] or active drug efflux by e.g. ATP-dependent
pumps [36]. The spheroids used for chemosensitivity screening were all of similar size. Conse-
quently, the observed differences in drug sensitivity are not likely to be caused by size-mediated
variance in drug penetration. Likewise, ABCG2 and ABCBI1 expression levels in the original
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tumours did not explain the multidrug resistance observed in the derived cultures. This sup-
ports that functional in vitro characterisation of cancer cell chemosensitivity provides additional
information to biomarker profiling of the tumour tissue.

In conclusion, primary colorectal spheroids generated in the present study successfully
maintained histology and protein expression patterns of their original tumours. Our screening
results indicate that patient-to-patient differences in response to chemotherapy are present in
the spheroid cultures. Short-term spheroid culture of patient-derived cancer cells therefore
represents a promising in vitro model for use in individualized medicine. Further studies are
needed to determine how spheroid cultures functionally relate to the original tumour, espe-
cially in terms of chemosensitivity. To facilitate this, we are currently performing an interven-
tional study to validate the screening system. In addition, more detailed investigation of
intratumour heterogeneity and how this translates to the established spheroid cultures would
be of clinical interest.

Supporting information

S1 Table. Overview of included patients. All tumours were classified as adenocarcinomas,
except for one mucinous adenocarcinoma denoted with a *. MSI: microsatelite instability, MSI
was not determined for liver metastasis (pt: 21, 22 & 23), M: male, F: female.

(DOC)

S1 Fig. Spheroid cultures and their original tumours display heterogeneity in cytokeratin
20 expression. (A) Immunostaining of spheroids and different tumour areas from the same
patient for epithelial cell marker EpCAM (red) and gastrointestinal epithelial marker cytokera-
tin 20 (green). Nuclei are stained with Hoechst (blue). Spheroids were stained after 10 days of
culture. Size bars = 50 um.

(TTF)

S2 Fig. Spheroid cultures and their original tumours display heterogeneity in CEA expres-
sion. (A) Immunostaining of spheroids and different tumour areas from the same patient for
epithelial cell marker EpCAM (red) and adenocarcinoma marker CEA (green). Nuclei are
stained with Hoechst (blue). Spheroids were stained after 10 days of culture. Size bars = 50 um.
(TIF)

S3 Fig. Heterogeneous expression of ABCG2 and ABCBI in colorectal tumours. (A) Immu-
nostaining for epithelial cell marker EpCAM (red) and ATP-binding cassette transporter
ABCG?2 (green). Nuclei are stained with Hoechst (blue). (B) Immunostaining for epithelial cell
marker EpCAM (red) and ATP-binding cassette transporter ABCB1 (green). Nuclei are
stained with Hoechst (blue). Size bars = 50 yum.

(TIF)

Acknowledgments

The authors thank Tina Lee Brondum for help with inclusion of patients and Jane Andersen
for sectioning of primary tumour tissue.

Author Contributions

Conceptualization: Maria Jeppesen, Grith Hagel, Henrik Harling, Ole Thastrup, Lars N.
Jorgensen, Jacob Thastrup.

Data curation: Jacob Thastrup.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183074  September 6, 2017 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183074.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183074.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183074.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183074.s004
https://doi.org/10.1371/journal.pone.0183074

@° PLOS | ONE

Spheroid culture as an in vitro model for personalizing cancer medicine

Formal analysis: Maria Jeppesen, Lars N. Jorgensen, Jacob Thastrup.
Funding acquisition: Ole Thastrup, Lars N. Jergensen, Jacob Thastrup.
Investigation: Maria Jeppesen, Grith Hagel, Anders Glenthoj, Jacob Thastrup.
Methodology: Maria Jeppesen, Grith Hagel, Anders Glenthoj, Jacob Thastrup.
Project administration: Ole Thastrup, Lars N. Jergensen, Jacob Thastrup.
Resources: Anders Glenthoj, Ben Vainer, Per Ibsen, Henrik Harling, Lars N. Jorgensen.
Software: Jacob Thastrup.

Supervision: Ole Thastrup, Lars N. Jergensen, Jacob Thastrup.

Validation: Maria Jeppesen, Jacob Thastrup.

Visualization: Maria Jeppesen, Jacob Thastrup.

Writing - original draft: Maria Jeppesen, Ole Thastrup, Jacob Thastrup.

Writing - review & editing: Maria Jeppesen, Grith Hagel, Anders Glenthoj, Ben Vainer, Per
Ibsen, Henrik Harling, Ole Thastrup, Lars N. Jergensen, Jacob Thastrup.

References

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer statistics. CA Cancer J Clin.
2011; 61(2):69-90. https://doi.org/10.3322/caac.20107 PMID: 21296855

2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144(5):646-674.
https://doi.org/10.1016/j.cell.2011.02.013 PMID: 21376230

3. Huang M, Shen A, Ding J, Geng M. Molecularly targeted cancer therapy: some lessons from the past
decade. Trends Pharmacol Sci. 2014; 35(1):41-50. https://doi.org/10.1016/j.tips.2013.11.004 PMID:
24361003

4. De Sousa EMF, Vermeulen L, Fessler E, Medema JP. Cancer heterogeneity—a multifaceted view.
EMBO Rep. 2013; 14(8):686—695. https://doi.org/10.1038/embor.2013.92 PMID: 23846313

5. Edge SB, Compton CC. The American Joint Committee on Cancer: the 7th edition of the AJCC cancer
staging manual and the future of TNM. Ann Surg Oncol. 2010; 17(6):1471-1474. https://doi.org/10.
1245/s10434-010-0985-4 PMID: 20180029

6. Gospodarowicz MK, Miller D, Groome PA, Greene FL, Logan PA, Sobin LH. The process for continuous
improvement of the TNM classification. Cancer. 2004; 100(1):1-5. https://doi.org/10.1002/cncr.11898
PMID: 14692017

7. LaThangue NB, Kerr DJ. Predictive biomarkers: a paradigm shift towards personalized cancer medi-
cine. Nat Rev Clin Oncol. 2011; 8(10):587-596. https://doi.org/10.1038/nrclinonc.2011.121 PMID:
21862978

8. Ferte C, Andre F, Soria JC. Molecular circuits of solid tumors: prognostic and predictive tools for bed-
side use. Nat Rev Clin Oncol. 2010; 7(7):367-380. https://doi.org/10.1038/nrclinonc.2010.84 PMID:
20551944

9. Logue JS, Morrison DK. Complexity in the signaling network: insights from the use of targeted inhibitors
in cancer therapy. Genes Dev. 2012; 26(7):641-650. https://doi.org/10.1101/gad.186965.112 PMID:
22474259

10. Giraud S, Loum E, Bessette B, Fermeaux V, Lautrette C. Oncogramme, a new promising method for
individualized breast tumour response testing for cancer treatment. Anticancer Res. 2011; 31(1):139—
145. PMID: 21273591

11. Loum E, Giraud S, Bessette B, Battu S, Mathonnet M, Lautrette C. Oncogramme, a new individualized
tumor response testing method: application to colon cancer. Cytotechnology. 2010; 62(5):381-388.
https://doi.org/10.1007/s10616-010-9298-5 PMID: 20820914

12. Herzog TJ, Krivak TC, Fader AN, Coleman RL. Chemosensitivity testing with ChemoFx and overall sur-
vival in primary ovarian cancer. Am J Obstet Gynecol. 2010; 203(1):68 e61-66.

13. TakamuraY, Kobayashi H, Taguchi T, Motomura K, Inaji H, Noguchi S. Prediction of chemotherapeutic
response by collagen gel droplet embedded culture-drug sensitivity test in human breast cancers. Int J
Cancer. 2002; 98(3):450—455. PMID: 11920599

PLOS ONE | https://doi.org/10.1371/journal.pone.0183074  September 6, 2017 16/19


https://doi.org/10.3322/caac.20107
http://www.ncbi.nlm.nih.gov/pubmed/21296855
https://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1016/j.tips.2013.11.004
http://www.ncbi.nlm.nih.gov/pubmed/24361003
https://doi.org/10.1038/embor.2013.92
http://www.ncbi.nlm.nih.gov/pubmed/23846313
https://doi.org/10.1245/s10434-010-0985-4
https://doi.org/10.1245/s10434-010-0985-4
http://www.ncbi.nlm.nih.gov/pubmed/20180029
https://doi.org/10.1002/cncr.11898
http://www.ncbi.nlm.nih.gov/pubmed/14692017
https://doi.org/10.1038/nrclinonc.2011.121
http://www.ncbi.nlm.nih.gov/pubmed/21862978
https://doi.org/10.1038/nrclinonc.2010.84
http://www.ncbi.nlm.nih.gov/pubmed/20551944
https://doi.org/10.1101/gad.186965.112
http://www.ncbi.nlm.nih.gov/pubmed/22474259
http://www.ncbi.nlm.nih.gov/pubmed/21273591
https://doi.org/10.1007/s10616-010-9298-5
http://www.ncbi.nlm.nih.gov/pubmed/20820914
http://www.ncbi.nlm.nih.gov/pubmed/11920599
https://doi.org/10.1371/journal.pone.0183074

@° PLOS | ONE

Spheroid culture as an in vitro model for personalizing cancer medicine

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Kawamura M, Gika M, Abiko T, Inoue Y, Oyama T, Izumi Y, et al. Clinical evaluation of chemosensitivity
testing for patients with unresectable non-small cell lung cancer (NSCLC) using collagen gel droplet
embedded culture drug sensitivity test (CD-DST). Cancer Chemother Pharmacol. 2007; 59(4):507—
513. https://doi.org/10.1007/s00280-006-0292-8 PMID: 16896928

Nagourney RA, Blitzer JB, Shuman RL, Asciuto TJ, Deo EA, Paulsen M, et al. Functional profiling to
select chemotherapy in untreated, advanced or metastatic non-small cell lung cancer. Anticancer Res.
2012; 32(10):4453-4460. PMID: 23060572

Mitra A, Mishra L, Li S. Technologies for deriving primary tumor cells for use in personalized cancer
therapy. Trends Biotechnol. 2013; 31(6):347—-354. https://doi.org/10.1016/j.tibtech.2013.03.006 PMID:
23597659

Tentler JJ, Tan AC, Weekes CD, Jimeno A, Leong S, Pitts TM, et al. Patient-derived tumour xenografts
as models for oncology drug development. Nat Rev Clin Oncol. 2012; 9(6):338-350. https://doi.org/10.
1038/nrclinonc.2012.61 PMID: 22508028

Yamada KM, Cukierman E. Modeling tissue morphogenesis and cancer in 3D. Cell. 2007; 130(4):601—
610. https://doi.org/10.1016/j.cell.2007.08.006 PMID: 17719539

Debnath J, Brugge JS. Modelling glandular epithelial cancers in three-dimensional cultures. Nat Rev
Cancer. 2005; 5(9):675-688. https://doi.org/10.1038/nrc1695 PMID: 16148884

Hirschhaeuser F, Menne H, Dittfeld C, West J, Mueller-Klieser W, Kunz-Schughart LA. Multicellular
tumor spheroids: an underestimated tool is catching up again. J Biotechnol. 2010; 148(1):3—15. https://
doi.org/10.1016/j.jbiotec.2010.01.012 PMID: 20097238

Kimlin LC, Casagrande G, Virador VM. In vitro three-dimensional (3D) models in cancer research: an
update. Mol Carcinog. 2013; 52(3):167—-182. https://doi.org/10.1002/mc.21844 PMID: 22162252

Birgersdotter A, Sandberg R, Ernberg |. Gene expression perturbation in vitro—a growing case for
three-dimensional (3D) culture systems. Semin Cancer Biol. 2005; 15(5):405—412. https://doi.org/10.
1016/j.semcancer.2005.06.009 PMID: 16055341

Smalley KS, Lioni M, Herlyn M. Life isn’t flat: taking cancer biology to the next dimension. In Vitro Cell
Dev Biol Anim. 2006; 42(8-9):242—-247. https://doi.org/10.1290/0604027.1 PMID: 17163781

Asthana A, Kisaalita WS. Microtissue size and hypoxia in HTS with 3D cultures. Drug Discov Today.
2012; 17(15-16):810-817. https://doi.org/10.1016/j.drudis.2012.03.004 PMID: 22484546

Griffith LG, Swartz MA. Capturing complex 3D tissue physiology in vitro. Nat Rev Mol Cell Biol. 2006; 7
(3):211-224. https://doi.org/10.1038/nrm1858 PMID: 16496023

Mehta G, Hsiao AY, Ingram M, Luker GD, Takayama S. Opportunities and challenges for use of tumor
spheroids as models to test drug delivery and efficacy. J Control Release. 2012; 164(2):192—204.
https://doi.org/10.1016/j.jconrel.2012.04.045 PMID: 22613880

Siolas D, Hannon GJ. Patient-derived tumor xenografts: transforming clinical samples into mouse mod-
els. Cancer Res. 2013; 73(17):5315-5319. https://doi.org/10.1158/0008-5472.CAN-13-1069 PMID:
23733750

De Angelis R, Sant M, Coleman MP, Francisci S, Baili P, Pierannunzio D, et al. Cancer survival in
Europe 1999-2007 by country and age: results of EUROCARE—5-a population-based study. Lancet
Oncol. 2014; 15(1):23-34. https://doi.org/10.1016/S1470-2045(13)70546-1 PMID: 24314615

Siegel R, DeSantis C, Virgo K, Stein K, Mariotto A, Smith T, et al. Cancer treatment and survivorship
statistics, 2012. CA Cancer J Clin. 2012; 62(4):220—241. https://doi.org/10.3322/caac.21149 PMID:
22700443

Weiswald LB, Richon S, Validire P, Briffod M, Lai-Kuen R, Cordelieres FP, et al. Newly characterised ex
vivo colospheres as a three-dimensional colon cancer cell model of tumour aggressiveness. Br J Can-
cer. 2009; 101(3):473-482. https://doi.org/10.1038/sj.bjc.6605173 PMID: 19603013

Kondo J, Endo H, Okuyama H, Ishikawa O, lishi H, Tsuijii M, et al. Retaining cell-cell contact enables
preparation and culture of spheroids composed of pure primary cancer cells from colorectal cancer.
Proc Natl Acad Sci U S A. 2011; 108(15):6235-6240. https://doi.org/10.1073/pnas.1015938108 PMID:
21444794

Sato T, Stange DE, Ferrante M, Vries RG, Van Es JH, Van den Brink S, et al. Long-term expansion of
epithelial organoids from human colon, adenoma, adenocarcinoma, and Barrett’s epithelium. Gastroen-
terology. 2011; 141(5):1762—1772. https://doi.org/10.1053/j.gastro.2011.07.050 PMID: 21889923

Ashley N, Jones M, Ouaret D, Wilding J, Bodmer WF. Rapidly derived colorectal cancer cultures reca-
pitulate parental cancer characteristics and enable personalized therapeutic assays. J Pathol. 2014;
234(1):34-45. https://doi.org/10.1002/path.4371 PMID: 24797403

Moll R, Lowe A, Laufer J, Franke WW. Cytokeratin 20 in human carcinomas. A new histodiagnostic
marker detected by monoclonal antibodies. Am J Pathol. 1992; 140(2):427—-447. PMID: 1371204

PLOS ONE | https://doi.org/10.1371/journal.pone.0183074  September 6, 2017 17/19


https://doi.org/10.1007/s00280-006-0292-8
http://www.ncbi.nlm.nih.gov/pubmed/16896928
http://www.ncbi.nlm.nih.gov/pubmed/23060572
https://doi.org/10.1016/j.tibtech.2013.03.006
http://www.ncbi.nlm.nih.gov/pubmed/23597659
https://doi.org/10.1038/nrclinonc.2012.61
https://doi.org/10.1038/nrclinonc.2012.61
http://www.ncbi.nlm.nih.gov/pubmed/22508028
https://doi.org/10.1016/j.cell.2007.08.006
http://www.ncbi.nlm.nih.gov/pubmed/17719539
https://doi.org/10.1038/nrc1695
http://www.ncbi.nlm.nih.gov/pubmed/16148884
https://doi.org/10.1016/j.jbiotec.2010.01.012
https://doi.org/10.1016/j.jbiotec.2010.01.012
http://www.ncbi.nlm.nih.gov/pubmed/20097238
https://doi.org/10.1002/mc.21844
http://www.ncbi.nlm.nih.gov/pubmed/22162252
https://doi.org/10.1016/j.semcancer.2005.06.009
https://doi.org/10.1016/j.semcancer.2005.06.009
http://www.ncbi.nlm.nih.gov/pubmed/16055341
https://doi.org/10.1290/0604027.1
http://www.ncbi.nlm.nih.gov/pubmed/17163781
https://doi.org/10.1016/j.drudis.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22484546
https://doi.org/10.1038/nrm1858
http://www.ncbi.nlm.nih.gov/pubmed/16496023
https://doi.org/10.1016/j.jconrel.2012.04.045
http://www.ncbi.nlm.nih.gov/pubmed/22613880
https://doi.org/10.1158/0008-5472.CAN-13-1069
http://www.ncbi.nlm.nih.gov/pubmed/23733750
https://doi.org/10.1016/S1470-2045(13)70546-1
http://www.ncbi.nlm.nih.gov/pubmed/24314615
https://doi.org/10.3322/caac.21149
http://www.ncbi.nlm.nih.gov/pubmed/22700443
https://doi.org/10.1038/sj.bjc.6605173
http://www.ncbi.nlm.nih.gov/pubmed/19603013
https://doi.org/10.1073/pnas.1015938108
http://www.ncbi.nlm.nih.gov/pubmed/21444794
https://doi.org/10.1053/j.gastro.2011.07.050
http://www.ncbi.nlm.nih.gov/pubmed/21889923
https://doi.org/10.1002/path.4371
http://www.ncbi.nlm.nih.gov/pubmed/24797403
http://www.ncbi.nlm.nih.gov/pubmed/1371204
https://doi.org/10.1371/journal.pone.0183074

@° PLOS | ONE

Spheroid culture as an in vitro model for personalizing cancer medicine

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Hammarstrom S. The carcinoembryonic antigen (CEA) family: structures, suggested functions and
expression in normal and malignant tissues. Semin Cancer Biol. 1999; 9(2):67-81. https://doi.org/10.
1006/s¢cbi.1998.0119 PMID: 10202129

Gillet JP, Gottesman MM. Mechanisms of multidrug resistance in cancer. Methods Mol Biol. 2010; 596
(47-786. https://doi.org/10.1007/978-1-60761-416-6_4 PMID: 19949920

Wang X, Xia B, Liang Y, Peng L, Wang Z, Zhuo J, et al. Membranous ABCG2 expression in colorectal
cancer independently correlates with shortened patient survival. Cancer Biomark. 2013; 13(2):81-88.
https://doi.org/10.3233/CBM-130344 PMID: 23838136

Tuy HD, Shiomi H, Mukaisho KI, Naka S, Shimizu T, Sonoda H, et al. ABCG2 expression in colorectal
adenocarcinomas may predict resistance to irinotecan. Oncol Lett. 2016; 12(4):2752—-2760. https://doi.
org/10.3892/01.2016.4937 PMID: 27698852

Yamauchi K, Kokuryo T, Yokoyama Y, Uehara K, Yamaguchi J, Nagino M. Prediction of Early Recur-
rence After Curative Resection of Colorectal Liver Metastasis and Subsequent S-1 Chemotherapy. Anti-
cancer Res. 2016; 36(5):2175-2179. PMID: 27127120

Olson MF. Applications for ROCK kinase inhibition. Curr Opin Cell Biol. 2008; 20(2):242-248. https://
doi.org/10.1016/j.ceb.2008.01.002 PMID: 18282695

Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE, et al. Single Lgr5 stem cells
build crypt-villus structures in vitro without a mesenchymal niche. Nature. 2009; 459(7244):262—-265.
https://doi.org/10.1038/nature07935 PMID: 19329995

Lee SH, Hong JH, Park HK, Park JS, Kim BK, Lee JY, et al. Colorectal cancer-derived tumor spheroids
retain the characteristics of original tumors. Cancer Lett. 2015; 367(1):34—42. https://doi.org/10.1016/.
canlet.2015.06.024 PMID: 26185002

Farrell TM, Pettengill OS, Longnecker DS, Cate CC, Cohn KH. Growing colorectal tumors: minimizing
microbial and stromal competition and assessing in vitro selection pressures. Cytotechnology. 2000;
34(3):205-211. https://doi.org/10.1023/A:1008131428992 PMID: 19003396

Tong WM, Bises G, Sheinin Y, Ellinger A, Genser D, Potzi R, et al. Establishment of primary cultures
from human colonic tissue during tumor progression: vitamin-D responses and vitamin-D-receptor
expression. IntJ Cancer. 1998; 75(3):467—472. PMID: 9455810

Murakami H, Masui H. Hormonal control of human colon carcinoma cell growth in serum-free medium.
Proc Natl Acad Sci U S A. 1980; 77(6):3464—-3468. PMID: 6932031

Oie HK, Russell EK, Carney DN, Gazdar AF. Cell culture methods for the establishment of the NCI
series of lung cancer cell lines. J Cell Biochem Suppl. 1996; 24(24—-31. PMID: 8806091

Emerman JT, Wilkinson DA. Routine culturing of normal, dysplastic and malignant human mammary
epithelial cells from small tissue samples. In Vitro Cell Dev Biol. 1990; 26(12):1186—1194. PMID:
2079464

van de Wetering M, Francies HE, Francis JM, Bounova G, lorio F, Pronk A, et al. Prospective derivation
of a living organoid biobank of colorectal cancer patients. Cell. 2015; 161(4):933-945. hitps://doi.org/
10.1016/j.cell.2015.03.053 PMID: 25957691

Weeber F, van de Wetering M, Hoogstraat M, Dijkstra KK, Krijgsman O, Kuilman T, et al. Preserved
genetic diversity in organoids cultured from biopsies of human colorectal cancer metastases. Proc Natl
Acad SciU S A. 2015; 112(43):13308—-13311. https://doi.org/10.1073/pnas.1516689112 PMID:
26460009

van Staveren WC, Solis DY, Hebrant A, Detours V, Dumont JE, Maenhaut C. Human cancer cell lines:
Experimental models for cancer cells in situ? For cancer stem cells? Biochim Biophys Acta. 2009; 1795
(2):92-103. https://doi.org/10.1016/j.bbcan.2008.12.004 PMID: 19167460

Gazdar AF, Gao B, Minna JD. Lung cancer cell lines: Useless artifacts or invaluable tools for medical
science? Lung Cancer. 2010; 68(3):309-318. https://doi.org/10.1016/j.lungcan.2009.12.005 PMID:
20079948

Gillet JP, Calcagno AM, Varma S, Marino M, Green LJ, Vora MI, et al. Redefining the relevance of
established cancer cell lines to the study of mechanisms of clinical anti-cancer drug resistance. Proc
Natl Acad Sci U S A. 2011; 108(46):18708—18713. https://doi.org/10.1073/pnas.1111840108 PMID:
22068913

Spruessel A, Steimann G, Jung M, Lee SA, Carr T, Fentz AK, et al. Tissue ischemia time affects gene
and protein expression patterns within minutes following surgical tumor excision. Biotechniques. 2004;
36(6):1030-1037. PMID: 15211754

Jenke AC, Postberg J, Raine T, Nayak KM, Molitor M, Wirth S, et al. DNA methylation analysis in the
intestinal epithelium-effect of cell separation on gene expression and methylation profile. PLoS One.
2013; 8(2):e55636. https://doi.org/10.1371/journal.pone.0055636 PMID: 23409010

PLOS ONE | https://doi.org/10.1371/journal.pone.0183074  September 6, 2017 18/19


https://doi.org/10.1006/scbi.1998.0119
https://doi.org/10.1006/scbi.1998.0119
http://www.ncbi.nlm.nih.gov/pubmed/10202129
https://doi.org/10.1007/978-1-60761-416-6_4
http://www.ncbi.nlm.nih.gov/pubmed/19949920
https://doi.org/10.3233/CBM-130344
http://www.ncbi.nlm.nih.gov/pubmed/23838136
https://doi.org/10.3892/ol.2016.4937
https://doi.org/10.3892/ol.2016.4937
http://www.ncbi.nlm.nih.gov/pubmed/27698852
http://www.ncbi.nlm.nih.gov/pubmed/27127120
https://doi.org/10.1016/j.ceb.2008.01.002
https://doi.org/10.1016/j.ceb.2008.01.002
http://www.ncbi.nlm.nih.gov/pubmed/18282695
https://doi.org/10.1038/nature07935
http://www.ncbi.nlm.nih.gov/pubmed/19329995
https://doi.org/10.1016/j.canlet.2015.06.024
https://doi.org/10.1016/j.canlet.2015.06.024
http://www.ncbi.nlm.nih.gov/pubmed/26185002
https://doi.org/10.1023/A:1008131428992
http://www.ncbi.nlm.nih.gov/pubmed/19003396
http://www.ncbi.nlm.nih.gov/pubmed/9455810
http://www.ncbi.nlm.nih.gov/pubmed/6932031
http://www.ncbi.nlm.nih.gov/pubmed/8806091
http://www.ncbi.nlm.nih.gov/pubmed/2079464
https://doi.org/10.1016/j.cell.2015.03.053
https://doi.org/10.1016/j.cell.2015.03.053
http://www.ncbi.nlm.nih.gov/pubmed/25957691
https://doi.org/10.1073/pnas.1516689112
http://www.ncbi.nlm.nih.gov/pubmed/26460009
https://doi.org/10.1016/j.bbcan.2008.12.004
http://www.ncbi.nlm.nih.gov/pubmed/19167460
https://doi.org/10.1016/j.lungcan.2009.12.005
http://www.ncbi.nlm.nih.gov/pubmed/20079948
https://doi.org/10.1073/pnas.1111840108
http://www.ncbi.nlm.nih.gov/pubmed/22068913
http://www.ncbi.nlm.nih.gov/pubmed/15211754
https://doi.org/10.1371/journal.pone.0055636
http://www.ncbi.nlm.nih.gov/pubmed/23409010
https://doi.org/10.1371/journal.pone.0183074

o e
@ : PLOS | ONE Spheroid culture as an in vitro model for personalizing cancer medicine

55. Shay JW, Wright WE. Tissue culture as a hostile environment: identifying conditions for breast cancer
progression studies. Cancer Cell. 2007; 12(2):100—101. https://doi.org/10.1016/j.ccr.2007.07.012
PMID: 17692800

56. Xu X, Farach-Carson MC, Jia X. Three-dimensional in vitro tumor models for cancer research and drug
evaluation. Biotechnol Adv. 2014; 32(7):1256—1268. https://doi.org/10.1016/j.biotechadv.2014.07.009
PMID: 25116894

PLOS ONE | https://doi.org/10.1371/journal.pone.0183074  September 6, 2017 19/19


https://doi.org/10.1016/j.ccr.2007.07.012
http://www.ncbi.nlm.nih.gov/pubmed/17692800
https://doi.org/10.1016/j.biotechadv.2014.07.009
http://www.ncbi.nlm.nih.gov/pubmed/25116894
https://doi.org/10.1371/journal.pone.0183074

