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Primary culture of the cancer cells from patients’ tumors can pro-
vide crucial information of individual tumors, yet the technology
has not been optimized until now. We developed an innovative
culture method for primary colorectal cancer cells, based on the
principle that cell–cell contact of cancer cells was maintained
throughout the process. When tumor tissue was dissociated into
cell clusters, in which cell–cell contact was retained, they rapidly
formed spheroids that we termed cancer tissue-originated sphe-
roids (CTOSs). CTOSs of colorectal cancer consisted of highly puri-
fied and viable cancer cells, and they were prepared with high
efficiency. In immunodeficient mice, CTOSs formed xenograft
tumors that retained the features of the parental tumors. More-
over, CTOSs were able to be cultured and expanded in vitro using
a 3D culture system and stem cell culture medium. This method
allowed evaluation of chemosensitivity and signal pathway activa-
tion in cancer cells from individual patients. Easy preparation and
culture of pure primary cancer cells provides an innovative platform
for studying cancer biology and developing personalized medicine.

colon | drug sensitivity

Cancer remains a leading cause of death in developed coun-
tries despite intensive research and recent progress in mo-

lecular targeted therapies. The diversity or heterogeneity of
cancer presents an obstacle to the development of new therapies
(1) and also makes it difficult to identify likely responders (2, 3).
It is imperative to find biomarkers, which are characteristics that
indicate normal biological or pathogenic processes, or pharma-
cological responses to a therapeutic intervention. Studying bi-
ological samples from patients provides crucial information to
further elucidate the characteristics of individual cancer (2).
Most clinical cancer specimens used for assessing individual

characteristics are denatured and fixed or frozen at sampling for
further analysis. These samples represent a snapshot, a status of
the cells at the time point when they were denatured. With these
snapshot samples, it is difficult to examine the response of cancer
cells to each intervention. For instance, in molecular targeting
therapies, pathway activation and its inhibition by targeting
molecules should be evaluated (2, 4). Although cell lines are
suitable for investigating the response of cells to various stimuli
with easy handling and reproducibility, cell lines acquire sub-
stantial bias and lose several characteristics of parental tumors
during culture establishment and passage (5, 6). In contrast, cells
in primary culture would better retain the properties of the
original tumor (6, 7). However, the conditions for primary cul-
ture of cancer cells are currently not optimized. Primary culture
can be laborious, with the potential for low cancer cell viability,
contamination by host cells, and results that are difficult to re-
produce (7). Thus, it is imperative to develop a method by which
primary cancer cells can be cultured as feasibly and effectively as
cell lines.
In a normal colon, cells at the villous tips undergo rapid ap-

optosis and shed into the lumen (8, 9). The cells in isolated crypts

also undergo apoptosis (10). Thus, once detached from a matrix,
epithelial cells undergo anoikis (11, 12), a particular type of ap-
optosis. Although resistance to anoikis is believed to be a hallmark
of malignancy, most of the cancer cells in solid tumors, especially
those of epithelial origin, depend on cell-matrix interactions for
their survival (11, 12). It is reported that cell–cell contact rescues
cancer cells (13, 14) and, partially, normal colonic epithelial cells
(10) from anoikis.
Here, we report an innovative culture method for primary

colorectal cancer cells, in which cell–cell contact of cancer cells is
retained throughout the process. We observed that partially
dissociated clusters of cells from colorectal cancer tissue rapidly
formed spheroids that we termed cancer tissue-originated
spheroids (CTOSs). By the CTOS method, highly purified and
viable primary colorectal cancer cells were effectively prepared
and cultured in vitro. CTOSs formed xenograft tumors that
retained the features of the parental tumors. Easy preparation
and culture of pure primary cancer cells will provide a unique
preclinical model for personalized medicine.

Results
Preparation of Primary Cancer Cells from Tumor Specimens. We hy-
pothesized that if cell–cell contact is crucial for maintaining the
viability of cancer cells, then these cells could best be isolated
and cultured from patient samples if the cell–cell interactions
were maintained throughout the process. To successfully main-
tain the cell–cell contact, we used Liberase DH (Roche Diag-
nostics) as a blend of digestion enzymes. The enzyme is used for
the pancreas islet isolation in the practice of islet transplantation
(15, 16). It is imperative to isolate islets as intact and functional
masses for the success of transplantation. We optimized the
enzyme concentration and the digestion time to avoid over-
digestion of colorectal tissues. Cancer specimens from colorectal
cancer patients were mechanically and enzymatically digested
and separated into two fractions using a cell strainer: the orga-
noid fraction (ORG), which was retained in the 40-μm strainer,
and the flow-through fraction (FT), which passed through the
strainer (Fig. 1A). The FT mainly contained single cells (Fig. 1A,
a and b), and many of the cells in the FT with epithelial markers
were dead, even immediately after dissociation (Fig. S1A). After
overnight suspension culture, most of the epithelial cells in the
FT were dead (Fig. 1B and Fig. S1A). In contrast, the ORG
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contained irregular sheet- or tube-like structures, which we
termed organoids (Fig. 1A, c and d). After overnight culture, the
organoids became spherical and bright with a smooth surface
(Fig. 1A, g and h). We termed the spherical structures CTOSs.
During formation, the CTOSs were draped with cellular debris
(Fig. 1A, e and f) that easily detached with pipetting. The di-
ameter of the CTOSs was ∼40–500 μm, depending on the cell
strainer size. A CTOS with a diameter of 100 μm consisted of
∼100 cells. Although most of the cells in the FT fraction were
single cells, we also observed tiny CTOSs, smaller than 40 μm in
diameter, in the FT fraction. We were able to prepare CTOSs in
most of the colorectal cancer specimens (Fig. S1B and Table 1),
regardless of the disease stage and histology (Table S1). CTOSs
were highly viable with only a few dead cells on the outside (Fig.
1B). TUNEL staining revealed a few apoptotic cells outside the
CTOSs and, rarely, within the CTOSs (Fig. S1C). The spheroid
structure was also prepared from normal colon mucosa, although
the spheroids disrupted over time when cultured in the CTOS
culture conditions (Fig. S1D). Next, the process of CTOS for-
mation was monitored. Aliquots of the ORG fraction were ob-
served over time in 96-well plates (Fig. 1C). The edge of a sheet-
like organoid structure curled up within a few hours and formed
a spherical CTOS within several hours.

Sustained E-cadherin–Mediated Cell–Cell Interaction Allowed Cancer
Cells to Survive. We next investigated whether cell–cell contact
was necessary for survival of the CTOS-forming cells. Once
CTOSs were dissociated into single cells, the amount of cleaved
caspase-3 and poly(ADP-ribose) polymerase (PARP) increased
over time in dissociated CTOS cells but not in nondissociated
CTOS cells, even at longer culture periods (Fig. 2A). The via-
bility of cells in CTOSs was maintained from 1 wk to several
months, depending on the cases, under suspension culture con-
ditions. In addition, when CTOSs were dissociated into single
cells, the number of annexin-V single-positive cells and annexin-
V and PI double-positive cells increased with time; in contrast,
cells in nondissociated CTOSs remained negative (Fig. S2 A and
B). The cell–cell contact through E-cadherin, accompanied by
AKT activation, is crucial for the survival of epithelial cells (10,
17, 18). In CTOSs, E-cadherin expression was localized to the
cell surface, which was lined by β-catenin (Fig. 2B). We in-
vestigated whether E-cadherin was necessary for maintenance of
the CTOSs. When treated with a neutralizing antibody of E-
cadherin, CTOS structure was destroyed over time, accompanied
by massive cell death within 24 h (Fig. 2C and Fig. S2C). Western
blotting analysis revealed cleavage of caspase-3 and PARP in-
creased after treatment with the anti–E-cadherin antibody, al-
though the sensitivity and the change in AKT phosphorylation
were different between individual CTOSs (Fig. 2D and Fig.
S2C). Thus, cell–cell contact mediated by E-cadherin was crucial
for preparing and maintaining highly viable tumor cells in sus-
pension culture.
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Fig. 1. Formation of CTOSs from colorectal cancer tissue. (A) Phase contrast
images: a and b, flow-through (FT) fraction; c–f, organoid (ORG) fraction; g
and h, CTOSs. (Scale bars: Upper, 200 μm; Lower, 100 μm.) (B) Dead cells in
the FT, ORG, and CTOS preparations. PI (red) and annexin V-FITC staining
(green) are indicated. (Upper) Merged bright-field images. (Scale bar: 100
μm.) (C) CTOS formation from a mC45 sample over time. (Scale bar: 100 μm.)

Table 1. Success rate of CTOS formation, growth in ECM, and
passage in vitro

Formation (%) Growth (%) Passage (%)

OP 74/75 (98.7) 30/38 (79.0) 13/21 (61.9)
Biopsy 29/32 (90.6) 11/20 (55.0) 7/9 (77.8)
Xeno 10/10 (100.0) 9/10 (90.0) 4/5 (80.0)
Total 113/117 (96.6) 50/68 (73.5) 24/35 (68.6)

OP, surgically removed samples; biopsy, samples from endoscopic biopsy;
Xeno, samples from the mouse tumor generated by direct transplantation of
OP samples.
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Fig. 2. Role of E-cadherin mediated cell–cell contact in the survival of tumor
cells in CTOSs. (A) Immunoblot of apoptosis-related proteins after dissocia-
tion. CTOSs were dissociated into single cells (dissociated CTOS) or not
dissociated (intact CTOS), and cultured for the indicated time. (B) Immuno-
histochemistry of C97 CTOSs. E-cadherin (green), β-catenin (red), and Hoechst
33342 (blue). (C) Phase contrast images of CTOSs treated with control IgG
(Upper) or anti–E-cadherin neutralizing antibody (Lower) over time. (Scale
bar, 100 μm.) (D) Immunoblot of apoptosis-related proteins from CTOSs
treated with control IgG or anti–E-cadherin neutralizing antibody and cul-
tured for the indicated periods.
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CTOS Method Provides Clusters of Highly Purified Cancer Cells in High
Yield. Cancer tissue contains heterogeneous cells, so we next
evaluated the purity of the cells in the CTOSs. Flow cytometry
analysis revealed FT cells contained a substantial number of
CD45+ blood cells and CD31+ endothelial cells, in addition to
EpCAM+ epithelial cells (Fig. 3A). In contrast, the cells in the
CTOSs were almost entirely EpCAM+ cells (98.4 ± 0.4%; n= 5;
Fig. 3A). The CTOSs, derived from the parental tumors with
detectable E-cadherin expression, were subjected to immuno-
histochemical analysis. E-cadherin was localized to the cell
membranes of all cells in CTOSs (Fig. 3B). However, α-SMA,
a marker of activated fibroblasts, and CD68, a macrophage
marker, were detected in the stroma of the original tumors but
not at all in the CTOSs (Fig. 3B and Fig. S3A). To further
evaluate the purity of CTOSs, PCR-based genome analysis was
performed. CTOSs can form tumors in NOD/SCID mice as
described below (Fig. 4A, Fig. S3B, and Table S2). From the
same xenograft tumors, both bulk tumor-tissue fragment, which

contains host cells of mouse origin, and the CTOSs were derived,
and then genomic DNA were extracted from them. Using hu-
man- or mouse-specific primer sets, genomic analysis revealed
that CTOSs contained only human cells, whereas the bulk xe-
nograft tumors contained both human- and mouse-derived cells,
indicating that the CTOS cells were exclusive of murine cells
(Fig. 3C). Taken together, these findings indicate that CTOSs
are composed of highly purified cells of epithelial linage.
Next we evaluated the recovery rate of CTOSs. The pro-

portion of EpCAM+ cells in cancer tissues was 40.4–65.8%
(51.9% on average), which is consistent with a previous report
(19). The recovery rate of EpCAM+ cells in CTOSs was 14.9–
62.8% (37.0% on average; Fig. 3D and Fig. S3C), indicating that
CTOS formation is a common feature of colorectal cancers and
is not likely to originate from a minor subpopulation. The ex-
pression of CD133, a putative marker of cancer stem cells, was
not enriched in CTOSs (Fig. S3D). Taken together, these results
indicate that the CTOS preparation method provided a high
yield of purified cancer cells.

Characteristics of the Original Tumor Are Preserved in CTOSs. Next
we asked whether CTOSs had tumor-initiating capacity, using
s.c. transplantation in immunodeficient mice. When 40- to 100-
μm–diameter CTOSs (1 × 103 CTOSs, corresponding to ∼1 × 105

cells) from 12 patient tumors were transplanted into mice, all
formed tumors in at least one injection site (Table S2). This
indicated that CTOSs contain tumorigenic cancer cells. CTOS-
derived tumors showed histological characteristics of adenocar-
cinoma, including mucus production, and also characteristics
resembling the original tumors (Fig. 4 A and B). The villin ex-
pression was localized on the surface of every lumen in CTOSs
(Fig. 4B). In contrast, tumors or spheroids derived from colon
cancer cell lines had anaplastic features lacking glandular-like
structures (Fig. 4 B and C), and those spheroids were also lacking
villin expression (Fig. 4B). Next, we examined whether CTOS-
derived xenograft tumors preserved the genetic characteristics of
the parental tumors. About 50% of colorectal cancers have TP53
mutations (20, 21). Mutant TP53 proteins often evade degra-
dation; thus, positive p53 staining indicates the presence of
mutant p53 protein. The TP53 staining pattern of the parental
tumors was preserved in the CTOSs (Fig. S4A). Thus, CTOSs
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Fig. 3. High yield of purified cancer cells by the CTOS method. (A) Flow
cytometric analysis of cell surface antigens (red line) or isotype controls (blue
filled). (B) Immunohistochemistry of C93: E-cadherin (green), α-SMA (red),
and Hoechst 33342 (blue). (C) PCR analysis of genomic DNA using human- or
mouse-specific primers. CTOSs 1–3, isolated single CTOSs; CTOS mix, mixture
of ∼1,000 CTOSs; bulk tumor, fragment of xenograft tumor. (D) Proportion
of EpCAM+ cells. EpCAM+ content is ratio of the number of EpCAM+ cells to
that of total cells in tumor specimens. EpCAM+ recovery is the ratio of the
number of EpCAM+ cells in CTOSs to that of total EpCAM+ cells.
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had the molecular characteristics of the cancers from which they
were derived. KRAS and BRAF mutations are common in co-
lorectal cancer and are markers of resistance to EGFR-targeted
therapy (22). We examined KRAS status in original tumors as
well as in CTOSs (Fig. S4B). KRAS mutations were detected in 8
of 25 (32%) parental tumors, whereas in 20 of 25 (80%) cases,
the KRAS status of the original tumor was the same as the cor-
responding CTOSs, and the type of mutation was the same if
present. In four cases (16%), KRAS mutations were detected
only in the CTOSs but not in the corresponding parental tumors,
and in one case, the mutation was detected in the corresponding
parental tumor but not in the CTOSs. The BRAF mutation was
detected in 1 of 25 cases, and the same type of mutation was
found in the corresponding CTOSs.

CTOSs Can Be Cultured and Expanded in Vitro. For optimization,
various culture conditions were screened, and the best pro-
liferation was accomplished with serum-free medium designed
for embryonic stem cells. Extracellular matrix was also critical
for favorable growth of CTOSs. A comparison of each culture
condition is shown in Fig. 5A; CTOSs were cultured in stem cell
medium (SC) or in conventional medium containing serum (S)
using both suspension cultures and a 3D type I collagen-based
culture system. The CTOSs in 3D culture grew best in SC (Fig.
5A). We applied the culture system to 68 cases, and the success
rate for growth was 73.5% (Table 1). Immunohistochemical
analysis of the growing CTOSs revealed that, as in the tumors,
proliferating cells predominantly localized to the outer rim of the
CTOSs (Fig. S5A).
The survival and proliferation of cancer cells depend largely

on activation of several signaling pathways, which is the basis of
molecular targeted therapy (23–25). We further investigated the
signal pathway that contributed to the advantage of SC over S.
AKT and ERK, two major molecules for signal transduction that
are crucial for survival and proliferation of cancer cells (23, 25),
were evaluated. Western blotting analysis revealed that marked
AKT phosphorylation was observed more with SC than S,
whereas ERK phosphorylation did not change (Fig. 5B). We next

evaluated whether the increase of AKT phosphorylation was
related to the growth advantage of CTOS in SC. When AKT
phosphorylation was inhibited by LY294002 (Fig. 5C), the
growth of CTOSs was repressed in a dose-dependent manner
(Fig. 5D). Thus, CTOS growth in vitro in stem cell culture
depends, at least partially, on efficient AKT activation.
Next, we attempted to expand the primary cancer cells in vitro

using CTOSs. In most of the CTOSs, the increase in size slowed
down after about 14 d of culture, even if the medium was changed
frequently. We found CTOSs can be passaged; when a CTOS
was mechanically divided, each fragment formed a new CTOS
in a short period and grew well in 3D culture. This could be
repeated, allowing expansion of CTOSs in vitro (Fig. S5B). Be-
cause the success rate of CTOS passage was 68.6%, including
the biopsy samples (Table 1), even a single CTOS will provide
enough cancer cells for many analyses. The success rate was much
higher than that of establishing cancer cell lines (11–38%; Table
S3). The passage was able to be repeated in some CTOSs—up to
22 times for 19 mo in CB3, followed by 12 times for 12 mo in C75.
The CTOSs, at passage 21 for CB3 and 10 for C75, formed xe-
nograft tumors, which retained morphological characteristics of
original tumors (Fig. S5C).

5-FU Sensitivity Assay with CTOSs from Colorectal Cancer.CTOSs are
composed of highly purified and viable cancer cells, retain the
characteristics of the parental tumors, and are stable and grow in
vitro. Thus, CTOSs may be useful for personalized diagnostic
applications, including chemosensitivity assays (26). When 5-FU,
a key drug for treating colorectal cancer, was added to the cul-
ture medium, CTOS growth was inhibited dose dependently
(Fig. 6A). Response of CTOSs to the drug differed in individual
cases (Fig. 6B). In the CTOSs from three patients, growth of the
CTOSs was significantly inhibited even at 0.1 μg/mL, whereas in
two cases, 10 μg/mL 5-FU was not enough to inhibit growth at
the same level (Fig. 6B), suggesting the potential of CTOSs for
detecting individual chemosensitivity of colorectal cancer.

Discussion
In this study, we report a unique method for preparing highly
purified viable colorectal cancer cells, from clinical specimens, with
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high yield and feasibility. Maintaining cell–cell contact during the
preparation process is a key principle of the CTOSmethod. Cancer
cells in CTOSs were highly viable even after prolonged culture, in
contrast to the fragility of the single cells in the FT fraction. Once
CTOSs were dissociated into single cells, massive apoptosis was
observed within a short period. We showed that cell–cell contact, at
least in part mediated by E-cadherin, contributed to the high via-
bility of CTOS cells. The method was applicable to various types of
cancer, including lung and bladder cancer. The success rate was
72.5% (58/80) and 70% (60/86), respectively.
When tumor specimens are digested into single cells, cancer

cells are contaminated with other types of cells, such as fibro-
blasts, blood cells, and endothelial cells. In contrast, CTOSs are
composed of pure epithelial cells with no detectable levels of
nonepithelial lineage cells. There must be some cell-sorting
process during CTOS formation. The purity is advantageous in
biochemical studies. Mutations of KRAS and BRAF are high-
lighted in colorectal cancers because they are inversely corre-
lated with the response to therapies targeting EGFR. At present,
the most frequently used method to test for these mutations is
direct sequencing of PCR products using formalin-fixed paraffin-
embedded (FFPE) or fresh biopsy samples as templates (22, 27).
This method has low sensitivity because, at least in part, the
samples substantially contain normal cells. Therefore, alternative
methods with higher sensitivity have been proposed, although
they tend to be costly and cumbersome (27). We demonstrated
here that direct sequencing using CTOSs provided higher sen-
sitivity than using FFPE samples as templates, probably because
CTOSs consisted of highly purified cancer cells. Therefore,
CTOSs might provide a better template for mutation analysis.
The high rate of recovery of cancer cells from tumor tissue is

another advantage of the CTOS method. The fraction of cancer
cells recovered as CTOSs ranged from 14.9% to ∼62.8%. The
recovery is advantageous for clinical applications from small bi-
opsy samples. However, not all cancer cells were recovered. The
loss of some cancer cells during the procedure might be a techni-
cal issue. Alternatively, the cells that failed to be included in
CTOSs had different characteristics from CTOS-composing cells.
In this study, we attempted to optimize the growth conditions

for CTOS cultures in vitro. Among the various culture media
examined, a serum-free medium for ES cell culture provided
the most favorable growth of CTOSs. We found the growth-
promoting effect of StemPro was accomplished, at least in part,
through significant activation of AKT. Additionally, we used type
I collagen gel as a matrix, which is a major component of the
stromal matrix in colorectal cancer (28). Nonetheless, the success
rate of growth in culture was still 73.5%. We are investigating
more appropriate conditions to increase the success rate of
CTOS growth in culture. Growth factors and ECM might have to
be individually optimized.
Tumorigenic capacity is a critical property of cancer cells and

is discussed often in recent reports on cancer stem-like cells (29,
30). We showed here that CTOSs were able to form tumors in
NOD/SCID mice, indicating that CTOSs contained tumor-initi-
ating cells. In the stem cell theory, it is assumed that a single cell
exists that is capable of forming tissue or tumor (29, 30). We
demonstrated here that most of the cells from tumor tissue that
dissociated into single cells died through apoptosis when they
were cultured in suspension. The tumor-initiating cells might be
the cells that are able to survive through single-cell status. Al-
ternatively, because the cells were stable in CTOSs, the tumor-
initiating cells are not necessarily single cells but rather a multi-
cellular unit. The integrity of the CTOS might provide a niche
for a subfraction of the cancer cells, supporting cancer stem-like
cells. The inability of culturing spheroids from normal colon
epithelium by the CTOS method might indicate that CTOS is the
functionally autonomous unit. It is unclear whether CTOSs
prepared from a biopsy specimen are genetically and functionally

homogenous. Genetically, a KRASmutation detected in the FFPE
samples from the original tumor was not detected in the CTOSs
in one exceptional case of the 25 matched cases examined. Al-
though this occurred at a low frequency, it is possible that the
original tumor was heterogeneous in terms of the KRAS muta-
tion, and cells with wild-type KRAS were selected during the
CTOS preparation in that particular case. E-cadherin expression
is often altered in colorectal cancer (31–33). During CTOS
preparation, a subpopulation of cells with high levels of E-cad-
herin expression might be enriched, whereas cells with reduced
expression of E-cadherin in the tumor budding at the invasive
front might be lost, but only when the change in E-cadherin
expression levels is irreversible.
There are some reported spheroid structures that can be

compared with CTOSs: the cell line-derived multicellular
spheroid (MCS) (5, 26, 34), colosphere (35), and stem cell-
originated spheroid (30, 36). The MCS is reported to recapi-
tulate, in part, the characteristics of in vivo cancer compared with
cultured cells on a dish (5, 26, 34). Cell lines are irreversibly
changed from original tumors (5, 6). The histological charac-
teristics of the originated tumors are preserved in xenograft
tumors derived from CTOSs, which is not the case in xenograft
tumors derived from cell lines. Recently, Weiswald et al. (35)
reported that formation of a primary MSC was observed in co-
lorectal cancer specimens, which was termed a colosphere. Al-
though colospheres and CTOSs are morphologically similar,
their correlation is not clear, as it was not elucidated whether the
structure is generated from cell aggregation or from tumor
fragments in the colosphere. In addition, the frequency of ob-
serving a colosphere is quite low compared with a CTOS: colo-
spheres were obtained in only 47% of the tumors, whereas
CTOSs were obtained in 98% of samples, including endoscopic
biopsy samples, with a higher yield. Mammary organoids have
been used for preparation of primary breast cancer cells, which
are also generated from tissue fragments (37). Heterogenous
components in mammary organoids are different from colorectal
cancer CTOS (38, 39). The study of breast cancer CTOS will
clarify the relation between CTOS and mammary organoids.
One of the characteristics of cancer stem cells (CSC) is the

capacity to form spheroids in culture (30, 36). By definition, these
spheroids must be derived from a single CSC. The CSC-derived
spheroid formation was observed in low frequency with enrich-
ment of CD133+ cells (30, 36). CTOS has markedly different
characteristics from CSC-derived spheroid: (i) CTOS was derived
from cell clusters but not from a single cell (Fig. 1); (ii) the levels
of CD133 expression were similar in the FT and CTOSs, sug-
gesting that CD133-expressing cells were not enriched in the
CTOSs (Fig. S3D); (iii) high rate of recovery of EpCAM+ cells in
CTOS indicates that CTOS did not originate from a minor sub-
population (Fig. 3D); and (iv) CTOS was tumorigenic, but a sub-
stantial number of cancer cells in CTOSs was required in general
to generate tumors in NOD/SCID mice (Table S2). Therefore,
CTOS might be a mixture of CSC and non-CSC in similar rep-
resentation to the frequency of CSCs in the original tumor.
Personalized medicine is an emerging issue in cancer treatment.

CTOSs might be useful for evaluating the response of cancer cells
to various stimuli. The sensitivity assay in personalized medicine
must be performed feasibly and reproducibly and reflect the clini-
cal response of the patients. CTOSs might be useful for these nec-
essary assays. As mentioned previously, CTOSs can be feasibly
prepared with high yield and are stable in culture, and assays can
be repeated. Furthermore, original cancer cell characteristics are
preserved in CTOSs. We demonstrated here that CTOSs can be
applied to chemosensitivity assays using a conventional key che-
motherapy drug, 5-FU. The responses of CTOSs to 5-FU differed
in individual cases, although clinical relevance must be studied in
the future.
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Evaluating pathway activation in CTOSs is a promising way to
find responders (2, 4). Recently, various molecular targeting drugs
emerged as clinical therapeutics. Molecular targeting drugs are
directed at specific signaling pathways; therefore, assessing the
changes in pathway activation by treating CTOSs with the drug
will provide useful information. A prediction of the responders to
each molecular targeting drug is imperative not only for the
benefit of individual patients, but also for reducing the spiraling
cost of those drugs. As an example, we showed here that inhibition
of the PI3K/AKT pathway by a PI3K inhibitor resulted in in-
hibition of pathway activation, followed by inhibition of CTOS
growth. CTOSs might be useful for other sensitivity assays, such as
for radiation and photodynamic therapy. Studies assessing if these
assays reflect the patient’s response to the therapy are underway.

Materials and Methods
Tumor Cell Preparation. A total of 117 colorectal cancer samples were
obtained from 107 patients at the Osaka Medical Center for Cancer and
Cardiovascular Diseases (Table S1). The study protocol was approved by the
local ethics committee. The detailed method for CTOS preparation and ex-
pansion is described in SI Materials and Methods and Fig. S6. Briefly, tumor
specimens were minced, washed, and digested with Liberase DH solution
(Roche). The partially digested tissue was filtered through cell strainer
(Becton Dickinson), and the tumor tissue retained in the strainer was col-
lected to stem cell medium. CTOSs were cultured in suspension in stem cell
medium. For 3D culture, the CTOSs were embedded in Cellmatrix type I-A
(Nitta Gelatin) droplets with stem cell medium.

Animal Studies. Animal studies were performed in compliance with the
guidelines of our institutional animal studies committee. For primary colon
cancer transplantation, tissue specimens were implanted s.c. in the flanks of
NOD/SCID mice (Charles River). For implantation, CTOSs were injected s.c. in
the flanks of the mice. The CTOSs prepared from mouse xenografts, which
were generated by transplantations of primary tumor pieces, were desig-
nated with prefix of “m” in the figures and the legends.

Cell–Cell Contact Inhibition. CTOSs were suspended in fresh medium con-
taining anti E-cadherin neutralizing antibody (Takara) or mouse IgG isotype
control (Sigma), collected at the indicated time points, and analyzed by
Western blotting.

Inhibition of the PI3K/AKT Signaling Pathway. To evaluate the influence of
PI3K inhibition on growth, CTOSs were cultured in the presence or absence of
LY294002 (Calbiochem) at the indicated concentrations. After 7 d of culti-
vation, growth ratios were calculated.

Statistical Analysis. Data are expressed as mean ± SD. Statistical analysis was
performed using Student’s t test. Differences were considered significant at
P < 0.05.

Detailed information can be found in SI Materials and Methods, including
information on genomic analysis, flow cytometry, apoptosis detection, and
immunohistochemistry.
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