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Abstract
Background: Cancer cells are different from normal healthy cells even though they reside within the same
tissue and adapt to others. This intra-tumoral heterogeneity is the reason for chemo-resistance, and the
emergence of one or more clones, which are resistant to chemotherapeutic drugs, causing clonal
outgrowth to form recurrent cancer mass. The need for personalized chemotherapy is increasing because
of the tumor heterogeneity and diverse mechanism of chemotherapy resistance. The recent accumulation
of extensive evidence for the existence of cancer stem cells strengthens the cancer stem cell hypothesis
for chemotherapy resistance and relapse. The development of a primary culture of cancer cells is
essential for functional analysis like the sensitivity of chemotherapeutic drugs and the evaluation of the
characteristics of cancer stem cells.

Methods: We used a clonal cylinder to establish sub-clones originated from a single cell. Twenty-two sub-
clones were successfully established, and eleven clones were selected according to their growth rate and
analyzed. The sub-clones with low expression of BRAF, MEK2, and ERK, but not EGFR or KRAS, showed a
correlation with the doubling time. We grouped the sub-clones as the fast-growing group and the slow-
growing group of the HT29 cell line. Three out of �ve slow-growing sub-clones showed resistance to
oxaliplatin treatment. All oxaliplatin-resistant sub-clones overexpressed ABCC2, and no relevance was
found with ABCB1 and ABCG2. Active e�ux of the drug by ABCC2, but not by ABCB1 or ABCG2, was
con�rmed with the inhibitor study using each speci�c inhibitor. The viability of resistant sub-clones
decreased after the MK571 treatment, but other clones were not responsive. CD44 expression in
oxaliplatin-resistant sub-clones was higher than that of sensitive clones.

Conclusions: This study provides de�nite evidence of heterogeneity using a cancer cell line. Based on our
studies, it appears that intra-tumoral heterogeneity of human cancer tissue is responsible for the
development of chemotherapy resistance in cancer. These sub-clones are an excellent model for testing
e�cacy of anti-cancer drug candidates for advanced cancer therapy. The experimental design and
concept of this study could be applied to personalized chemotherapy.

Background
According to the WCU reports, colorectal cancer (CRC) is the third leading cancer-related cause of death
worldwide, and each year it is responsible for 14,000 million deaths [1]. The incidence of colorectal cancer
is increasing rapidly in Asian countries because of environmental changes such as increasing average
life span and western-style diet [2].

Despite receiving surgical resection and chemotherapy, 50% of the patients develop tumor relapse and
metastasis [3–7]. Surgical therapy is usually applied to a colorectal cancer patient despite the advanced
stage at diagnosis, the recurrence rate of which is 20 to 30% in stage  and 40 to 50% in stage . Various
chemotherapeutic strategies are applied to prevent recurrence, but the development of resistance is the
main reason for treatment failure.
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Tumor heterogeneity is de�ned as the simultaneous presence of multiple clonal sub-populations of tumor
cells within a single neoplasm, having different properties including cellular morphology, motility,
proliferation, differentiation, metastasis formation, and sensitivity to radiation [8, 9]. The various cells
within a tumor may present signi�cant differences in functional capabilities, such as drug resistance,
resistance to radiotherapy and growth rate [10, 11]. The pathological diagnosis indicates the type of
cancer cells, histological grade, and genetic abnormalities. However, present diagnostic routines showed
some limitations on the assessment of functional characteristics of heterogeneous cancer cells [12, 13].

Recent studies suggest that cancer stem cells, which have self-renewal ability along with multi-lineage
differentiation potential and tumorigenic ability, are resistant to chemotherapy and radiotherapy, implying
that they are the origin of recurrent cancer [14]. One particularly intriguing property of stem cells is that
they express high levels of drug transporters [15] such as ATP-binding cassette (ABC) transporters, which
can transport xenobiotic toxins, including anti-cancer drugs. The high expression of ABC transporters is
believed to be the main reason for the multi-drug resistance in cancer and cancer stem cells [16, 17].

Extensive evidence of intra-tumoral heterogeneity was collected with H&E stain or immunostaining.
However, living cells are needed for the functional study, which can lead to the discovery of new valuable
markers. Here, we report de�nite evidence of cancer heterogeneity in vitro and provide a new system for
the functional study of the development of the anti-cancer drug screening system and personalized
chemotherapy for relapsed cancer.

Methods
Cell line and culture conditions

HT29 human colorectal cancer cell line (ATCC, HTB-38) was maintained in McCoy’5A Medium
supplemented with 10% fetal bovine serum, 1% Penicillin at 37℃ in a humidi�ed atmosphere of 5% CO2
(v/v). Cell line was subcultured after detachment with trypsin/EDTA. McCoy’5A medium, fetal bovine
serum, penicillin and trypsin/EDTA were purchased from Invitrogen.

Chemicals

The following drugs were studied: Oxaliplatin (BORYUNG Inc. Seoul, Korea). The concentrations of the
studied drugs were in the range from 1 to 500 μM. The drugs were dissolved in 100% dimethylsulfoxide
(DMSO; Sigma, St. Louis, MO, USA) and then diluted in the media for experiments. In all experiments,
control cells were incubated with DMSO alone. The �nal concentration of DMSO was maintained at 0.2%.

Isolation of sub-populations

Sub-clones were isolated in parental cell by cloning cylinder (Corning Glass Works, Corning, NY, USA).
Distinct colonies are circled with a marker on base 150 mm dishes. Cloning cylinder is placed with
forceps onto the marked circle, into the well of the cloning cylinder trypsinized and transferred in 24-well
plates.
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Cell proliferation assay

 Determination of cellular proliferation was accomplished by MTT assay [18]. 4,000 cells/well were
seeded in 96-well plates in appropriate medium and incubated at 37 ℃ for 6 to 72 h. Medium was
removed and wash 3 times with 100 μl of PBS. 100 μl of 5 mg/ml Me3-(4,5-Dimethylthiazolyl)-2,5
diphenyltetrazolium bromide (Sigma, St. Louis, MO, USA) in McCoy medium was added and incubated at
37 ℃ for 1 h. Medium was removed and 100 μl of DMSO was added to dissolve formazan. The
absorbance was measured at 570 nm in a microplate spectrometer (Thermo Fisher Scienti�c). All
experiments were performed three times. Data plotted are means ± standard deviation.

Western blot analysis

Cell were lysed RIPA lysis buffer containing protease inhibitor, cell homogenates containing equivalent
amounts of protein were centrifuged at 17000rpm, and the supernatant fractions subjected to SDS-PAGE.
Proteins were transferred to polyvinylidene �uoride (PVDF) membranes (Millipore, Billerica, MA).
Membranes blocked for 1h at room temperature in 5% skim milk (1% Tween 20-TBS buffer). Membranes
were incubated for O/N at 4℃ with primary antibodies. The antibodies were as follows: EGFR, ERK,
ABCB1, ABCC2 and ABCG2 were obtained from Santa cruz Biotechnology and MEK1, RAS, and RAF were
obtained from Cell Signaling Technology. Goat anti-rabbit and anti-mouse secondary antibodies were
purchased from Calbiochem. Next, membranes were washed for 1h with TBS-T, and incubated with
secondary antibody (anti-mouse or anti-rabbit IgG-peroxidase conjugate, 1:2000 dilution in TBS-T) for 1h
at room temperature. Membranes were washed for 1h with TBS-T. Bound peroxidase was detected using
ECL® reagents (Millipore, Billerica, MA, USA).

Cell viability

4,000 cells of each cell were seeded per well in 96-well plates and incubated overnight. Cells were treated
Oxaliplatin (concentration 0.16 to 500 μM). After 72 h, medium was removed and the cells were treated
with 200 μl of MTT mixture for 2 h at 37 ˚C. Subsequently, medium was removed and treated 100 μl of
Dimethyl sulfoxide. The absorbance was measured at 570 nm in a microplate spectrometer (Thermo
Fisher Scienti�c). All experiments were performed three times, and data plotted are means ± standard
deviation.

 

In vivo experiments

All the animal experiments followed the guidelines of Institutional Review Board (IRB) of animal (No.
CNUH-A0012). 5 – 6 weeks old male athymic nude mice were obtained from the Central Lab Animal Inc.
(Seoul, Korea) and acclimated for 1 weeks. 2x106 cells in 100 μl of PBS were injected subcutaneously in
mice right �ank and day of the implantation of the tumor cells was designated day 0(DOI 0). 10 mg/kg of
oxaliplatin or saline was treated intravenously from DIO14, once a week, for 30 days. The tumor’s greatest
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dimension and the one perpendicular to it were measured every 2 to 3 days using calipers and expressed
as length x width = tumor size and 0.5 x (width) x length = tumor volume. After the experiment, mice were
euthanized with carbon dioxide.

ABC transporter inhibitor studies

4,000 cells/well of each clones were seeded in 96-well plates and incubated overnight. They were treated
with ABC transporter inhibitor (20 μM of verapamil, 100 nM of mitoxantrone, 40 μM of MK571) 1hr before
the treatment of oxaliplatin (0.16 to 500 μM). After 72h, medium was removed and replaced by 200 μl of
MTT (5mg/ml) in culture media followed by 2h incubation 37˚C incubator. Subsequently, medium was
removed and treated 100 μl of dimethyl sulfoxide for the solubilization of formazan. The plates were
immediately read at 570 nm using a scanning multi-well spectrometer (Bio-Tek instruments Inc.,
Winooski, VT). All experiments were performed three times, and data plotted are means ± standard
deviation.

Statistical analysis

The statistical signi�cance of difference between control and treated groups was analyzed using one-
way ANOVA. The difference was considered signi�cant when p value was less than 0.05 and marked as
***. IC50 values were calculated using the ED50 Plus v1.0 online software.

Results
Isolation of sub-clones from parent HT29 cells and expression of RAS, RAF and MAPK pathway proteins
in HT29 sub-clones

To investigate the heterogeneity of the cell line, we established sub-clones from HT29 colon cancer cell
line. We prepared sub-clones using a traditional cloning cylinder method. The morphology of sub-clones
showed a round shape and clustered growth, and almost no difference was observed among clones.
However, the growth rate was quite different among sub-clones with a full con�uency time ranging from
20 to 32 h (Figure 1A).

The clone cell stock took 7 to 21 days to prepare. The doubling time was different for each clone. We
used western blotting to analyze heterogeneous protein expression in RAS, RAF and MAPK pathway in
sub-clones (Figure 1B), which are activated for cell growth, division and differentiation [19]. The
expression of EGFR was higher in HT29s01, HT29s02, HT29s06, and HT29s08 than in parental cell line,
and the KRAS expression was higher in HT29s03 but differed between each clone. The expression of
BRAF, MEK, and ERK was lower in HT29s03, HT29s05, HT29s07, and HT29s12 than in other clones.

HT29 cells are EGFR positive, containing wild-type KRAS and mutant BRAF proteins [20]. In practice, it is
considered that EGFR-positive as well as KRAS wild-type cells have differences in downstream signaling.
The results showed differential expression in the BRAF/MEK/ERK pathway. Six clones (HT29s01,
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HT29s02, HT29s06, HT29s08, HT29s10, HT29s11 cells) exhibited a relatively high level of protein
expression than other clones (HT29s03, HT29s05, HT29s07, HT29s09).

The doubling time of each sub-clone

Distinct subpopulations expressed cell growth pathway proteins, as shown in Figure 1B. We next
analyzed the growth rate of eleven clones using the MTT assay. Approximately 4,000 cells/well were
seeded in a 96-well plate and allowed to attach for 24, 48, and 72 h (Figure 1A). The doubling time of
parental HT29 cells was 23 h, whereas, for each sub-clone, it was different. Growth rates were: 20.3 h for
HT29s01 cells; 20.9 h for HT29s02 cells; 29.6 h for HT29s03 cells; 26.25 h for HT29s04 cells; 31.8 h for
HT29s05 cells; 20.9 h for HT29s06 cells; 28.6 h for HT29s07 cells; 19.3 h for HT29s08 cells; 24 h for
HT29s09 cells; 21.1 h for HT29s10 cells; 21.1 h for HT29s11 cells [27]. Heterogeneous growth of the cells
in each clone was observed. We divided the cells into two groups according to the doubling time: Fast-
growing group (HT29s01, HT29s02, HT29s08, HT29s10, HT29s11(red lines)), and slow-growing group
(HT29s03, HT29s04, HT29s05, HT29s07 (blue lines)).

Oxaliplatin Cytotoxicity in HT29 sub-clones

Cancer stem cells exhibited a decrease in cellular proliferation. Cells were treated with various
concentrations of oxaliplatin for 72 h to investigate oxaliplatin cytotoxicity in HT29 sub-clones (Figure 2).
Oxaliplatin had a different effect on each HT29 sub-clone. HT29 parental cells had an IC50 value of 0.53
μM. HT29s01 (IC50 0.12 μM), HT29s02 (IC50 0.15 μM), HT29s04 (IC50 0.58 μM), HT29s06 (IC50 0.11
μM), HT29s08 (IC50 0.12 μM), HT29s09 (IC50 0.62 μM), HT29s10 (IC50 0.13 μM) and HT29s11 (IC50
0.16 μM) were more sensitive than HT29s03 (IC50 4.8 μM), HT29s05 (IC50 11.1 μM) and HT29s07 (IC50
3.69 μM). Parental cells and the fast-growing group were sensitive to oxaliplatin. However, HT29s03,
HT29s05 and HT29s07 cells were resistant to oxaliplatin after 72 h of exposure. In the previous data
(Figure 1A), the slow-growing group had signi�cantly higher chemoresistance than the fast-growing
group. Oxaliplatin resistant cells showed the same features as cancer stem cells.

The response of sensitive and resistant cells to oxaliplatin treatment in vivo

The clones were classi�ed as oxaliplatin sensitive or resistant according to their sensitivity to the
oxaliplatin treatment in vitro. However, the sensitivity of cancer cells is not always correlated with in vivo
experiments. Therefore, we examined the in vivo response of oxaliplatin in nude mice. The clones, which
had similar growth rates, were selected from the oxaliplatin-sensitive (HT29s04) and -resistant group
(HT29s05). Further, 2×106 cells were subcutaneously inoculated into nude mice �ank and oxaliplatin
treatment (10 mg/kg, once a week, for 30 days) followed 2 weeks later. The average �nal tumor volume
of HT29s04 was 164 ± 148.6 mm3 in the control group and 46.2 ± 12.8 mm3 in the oxaliplatin treatment
group. Furthermore, the average �nal tumor volume of HT29s05 was 442.7 ± 324.7 mm3 in the control
group, and 385.1 ± 123.4 mm3 in the oxaliplatin treated group (Figure 3). The treatment of HT29s05 with
oxaliplatin did not show a signi�cant difference (p>0.05) in tumor growth, but a dramatic decrease of
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tumor growth was observed in HT29s04, which was in the oxaliplatin sensitive group. These data are
consistent with the results of the in vitro cytotoxicity assay.

Expression of ABC transporter in HT29 sub-clones

 Drug transporters are an important mechanism of chemotherapy resistance. The ABC drug transporters
were shown to protect cancer stem cells from chemotherapeutic agents[21]. We examined the protein
levels of ABC transporters in the sub-clones using by western blot analysis (Figure 4).

The overexpression of ABC transporters in cancer is considered to be a primary determinant of the
multidrug-resistant (MDR) phenotype. We detected the expressions of three primary ABC transporters
(ABCB1, ABCC2, ABCG2) by western blot analysis to �nd whether the resistant cells showed drug
resistance to oxaliplatin through these ABC transporters. ABCG2 showed low expression, whereas ABCB1
showed mostly high expression. However, ABCC2 was expressed in high levels in HT29s03, HT29s05,
HT29s07 and HT29s09 cells, but not in HT29s04 cells, among the slow-growing group when compared to
the fast-growing group.

Discussion
A variety of cell separation methods are currently available. Fluorescence-activated cell sorting (FACS) is
the most popular method due to its convenience and simple procedure. Despite the bene�ts, FACS has
some limitations such as the reliance on the cell surface, limitation in single-cell preparation and a limited
number of fractionations for one run [22]. Similarly, magnetic-activated cell sorting (MACS) system is a
method for separating various cells using magnetic bead �uorescent antibody. However, purity is the
main problem with the MACS system. Therefore, we used the traditional clonal cylinder to establish
subclones of the HT29 cell line.

A total of 22 clones were obtained from HT29, but only 11 sub-clones were subjected to analysis, and it is
believed to be enough to prove the concept that each clone from one cell line could be heterogeneous at
the molecular and functional level. Especially heterogeneity in the expression of growth-related factors,
growth rate and sensitivity to oxaliplatin treatment were evident (Fig. 1–2). It is generally believed that
slow-growing cells are resistant to anti-cancer drugs [18, 19, 22]. Chen et al. claim that slow-cycling
cancer cell populations are resistant to anti-cancer drug treatment. They showed that only quiescent cell
populations remain after temozolomide treatment of genetically engineered mouse glioblastoma model,
and those are responsible for the recurrence of cancer, adopting cancer stem cell theory [23].

Our data showed that three out of �ve clones in the slow-growing group were oxaliplatin resistant;
however, HT29s04 and HT29s09, which were classi�ed as slow-growing, were sensitive to oxaliplatin
treatment. Expression patterns of the main actors of growth signaling in HT29s04, slow-growing
subclone, was almost the same as the fast-growing subclones that had a high expression of BRAF, MEK2
and ERK. The expression of BRAF, MEK2, and ERK was decreased in HT29s09 like in the oxaliplatin
resistant group, but it also showed sensitivity with an IC50 of 620 nM when compared to an IC50 of



Page 8/16

11,000 nM (HT29s05). Thus, no correlations between growth rate and oxaliplatin sensitivity were
deduced. HT29s04 and HT29s05 were selected for the xenograft experiment because their doubling
times were similar (HT29s04: 26.25 h; HT29s05: 31.8 h) but the oxaliplatin sensitivity was quite different
(IC50 of HT29s04: 0.62 µM; HT29s05: 11 µM). The growth rate of HT29s04 was faster than that of
HT29s05 in vitro, but in the in vivo experiment showed the opposite, where the tumor size of HT29s05
was greater than that of HT29s04. Cancer cells interact with the cells and the diverse components in their
environment in vivo, and it affects their growth [24], but the environment in the in vitro cell culture system
cannot simulate the real environment. EGRF expression in HT29s04 and HT29s05 were almost the same,
but the other cell survival factors were low in HT29s05.

The resistance to Platinum (Pt)-based chemotherapeutic compounds by ABC subfamily C transporter has
been reported [25]. Among ABC transporters, ABCB1, ABCC2 and ABCG2 are the most widely evaluated
and known, major transporters. Our data showed that the variation of ABCC2 expression was most
prominent than others, and the involvement of ABCC2 was con�rmed by inhibitor studies (Fig. 4). In
summary, the heterogeneous cells exist in the HT29 cell line, and heterogeneous response to anti-cancer
drugs is related to ABC transporters.

With this study, we provide de�nite evidence for the heterogeneity in the HT29 cell line and the importance
of establishing subclones for functional assays like the drug sensitivity assay. Further, this study
highlights that the average cytotoxicity data of the heterogeneous cells give us little information on the
characteristics of the cells and what should be done next. The set of the experiments in this study can be
applied to the cells from human cancer tissues and could be a good system for personalized
chemotherapy.

Conclusions
To summarize, this study provides de�nite evidence of heterogeneity using a cancer cell line. Based on
our studies, it appears that intra-tumoral heterogeneity of human cancer tissue is responsible for the
development of chemotherapy resistance in cancer. These sub-clones are an excellent model for testing
e�cacy of anti-cancer drug candidates for advanced cancer therapy. The experimental design and
concept of this study could be applied to personalized chemotherapy(Fig. 5).
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Figure 1

Growth rate and expression level of MAPK in HT29 subclones. (A) For 24 to 72 h, growth rates were
evaluated in MTT assay. Sub-clones were divided two groups to be based on parental cells. Fast-growing
group (HT29s01, HT29s02, HT29s08, HT29s10, HT29s11(red lines)), and slow-growing group (HT29s03,
HT29s04, HT29s05, HT29s07 (blue lines)). All experiments were performed three times, and data plotted
are means  standard deviation. (B) Expression levels of EGFR, RAS, RAF and MAPK of each clone were
determined by western blot and actin was used as a loading control. Note, sub-clones were showed
heterogeneity in the expression of growth signaling molecules.
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Figure 2

Cytotoxicity of oxaliplatin in HT29 sub-clones. Sub-clones were seeded in 96well plate. After 24h, HT29
cells were exposed at different concentrations ranging from 0.16 to 500 μM of Oxaliplatin for 72h (A-C).
Data represent the mean percentage of cell viability (±SD) from three independent experiments. The
difference was considered signi�cant when p value was less than 0.05 and marked as ***.
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Figure 3

The response of sensitive and resistant clones to the treatment of oxaliplatin. (A) HT29s04 (sensitive
clone) and HT29s05 (resistant clone) were subcutaneously inoculated into nude mice. Two weeks later,
mouse was treated with oxaliplatin 10 mg/kg once a week for 30 days. (B) The data plotted are
mean±SD of size and volume of tumor.
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Figure 4

Oxaliplatin resistant cells caused by high expression of ABCC2. Expression levels of ABC transporter were
analyzed by Western blot (A) and inhibition studies was done by MTT assay (B-D). Sub-clones showed
heterogeneity in the ABCC2 expression (A). Combinatorial treatment of ABC transporter inhibitor and
oxaliplatin showed no difference between drug sensitive group and HT29 parental cells but the cytotoxic
effect of oxaliplatin was enhanced by ABCC2 inhibitor in oxaliplatin resistant cells (B-D).
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Figure 5

Proposed schematic diagram of functional heterogeneity in HT29 cells.
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