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ABSTRACT
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World Class University Graduate School of
Convergence Science and Technology
Seoul National University

Colorectal cancer (CRC), the third most common cancer in the
world, develops through complicated genetic mutations that occur in
a stepwise progression. Therefore, examining cells for genetic
alterations has been considered important in furthering research
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into the treatment of CRC.
In support of such research, we first investigated the effects of
mutation of KRAS oncogene, which is the most common genetic
alteration in CRC. To determine the effects of KRAS substitutions in
different CRC cell lines, we initially generated plasmids for 7 KRAS
mutation subtypes that occur frequently. We then compared
downstream signaling and KRAS activity in transfected HEK293
cells and CRC cell lines harboring KRAS mutations. In HEK293 cells,
the

G12D

and

Q61L

mutant

substitutions

increased

RAS

downstream signaling, and KRAS activity was markedly increased
in both G12S and G13D. In contrast, among 18 CRC cells, SW480
harboring KRAS G12V exhibited the greatest level of signaling
activation and KRAS activity was noticeably high in HCT15 CRC
cells harboring G13D. Therefore, it seems that mutation at codon 12
and 13 activates K-RAS signaling and activity in CRC.
To

investigate

further

the

relationship

between

genetic

alterations and drug sensitivity, we initially confirmed the presence
of genetic alterations of major 5 genes (NRAS, KRAS, BRAF,

PI3KCA and PTEN) in 18 CRC cell lines by using Sanger
sequencing. Then, we selected hot-spot mutation of 5 genes based
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on Cancer Cell Line Encyclopedia data (CCLE). Drug sensitivities of
the 18 cell lines to 6 anti-cancer drugs (5-FU, oxaliplatin, SN-38,
AZD6244, regorafenib and PLX4720) were evaluated. Due to noncomputable IC50 values, the drug sensitivities of the 18 cell lines
were arranged by survival at clinically relevant concentrations.
Mann Whitney U test results indicated a significant association
between PIK3CA mutation and oxaliplatin sensitivity.
In addition, we confirmed that cell lines with a BRAF mutation
showed sensitivity to AZD6244 and PLX4720.
In conclusion, the presence of different effects of KRAS
substitutions on CRC and the presence of different relationships
between genetic alterations and drug sensitivity are indicative of
variability in CRC cell lines.

Keywords : colorectal cancer (CRC), KRAS, genetic alteration,
anti-cancer drug
Student Number : 2012-22835
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INTRODUCTION

Colorectal cancer (CRC) is a disease of the colon or rectum
resulting from the abnormal growth of cells [1]. CRC is the third
most common type of cancer in the world. It has a poor prognosis
and can spread to other parts of the body [2]. The abnormal cell
growth in CRC reflects genetic events that occur in stepwise
progression. Thus, research into genetic alterations in CRC cells
has been considered as being important in the development of
appropriate treatment strategies.
The v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog
(KRAS) is essential for normal signaling in cell proliferation,
survival and maintenance. KRAS mutations are found in 30%-40%
of CRC with the most common KRAS mutations being point
mutations of codons 12 and 13 with, the most common amino acid
substitution at codons 12 and 13 being an aspartate in place of a
glycine residue [3]. Mutant KRAS has a critical role in cancer
growth and resistance of cancer to therapy [4]. Due to its high
affinity to GTP/GDP and the absence of a known allosteric
regulatory site, studies directly targeting the KRAS oncogene have
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reported little success [5]. Recently, several studies have targeted
mutant KRAS by investigating differences between KRAS oncogene
substitutions [6-8], screening for synthetic lethality [9], or
identifying small molecules that inhibit KRAS activity [5].
Currently, the general strategies for CRC therapy involve
chemotherapeutic treatments with drugs such as 5-fluorouracil,
oxaliplatin and irinotecan.
The antimetabolite drug 5-fluorouracil (5-FU) prevents cell
proliferation and is used in the treatment of many cancer types,
particularly CRC. By inhibiting thymidylate synthase (TS) and
incorporating of its metabolites, 5-FU produces anti-cancer effects
[10]. Generally, 5-FU is combined with oxaliplatin or irinotecan to
increase drug efficacy in the treatment of CRC. Oxaliplatin in
combination with 5-FU and folinic acid is known as FOLFOX, which
is used in the treatment of CRC [11]. The cytotoxicity of oxaliplatin
results from the inhibition of DNA synthesis [12]. Irinotecan is
mainly used in combination with other chemotherapy drugs such as
5-FU and leucovorin in the treatment of CRC [13]. When activated
by hydrolysis, irinotecan can be turned into another form, SN-38,
an inhibitor of topoisomerase Ⅰ[14].

2

In addition to cytotoxic drugs, various molecular targeted drugs
target specific genetic alterations in cancer cells. For example,
selumetinib or AZD6244 is a MEK1/2 selective inhibitor and blocks

ERK1/2 activation. Several studies have reported that, AZD6244
resistance is associated with weak ERK1/2 activation or high
activation of the

PI3K pathway [15, 16], the combination of

AZD6244 and a PI3K pathway inhibitor has been effective in the
treatment of AZD6244 resistant cell lines [17]. Regorafenib is an
oral multi-kinase inhibitor that shows anti-angiogenic activity as a
result of VEGFR2-TIE2 tyrosine kinase inhibition [18] and is
reported to have potential therapeutic value in many tumor types
[19-21]. As an administered multi-kinase inhibitor, regorafenib
has increased overall survival of metastatic CRC patients [22].
PLX4720 is an RAF inhibitor and has been studied in cancers
harboring a BRAF V600E mutation and highly sensitive to PLX4720
[23]. For example, it has been shown to be beneficial in the
treatment of human melanoma, which is often associated with BRAF
V600E mutations.
Recently, due to the development of Next Generation Sequencing
(NGS), it has become possible to obtain personalized genetic
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information. With the availability of information on an individual’s
genetic alterations and the development of predictive drug markers,
there is potential for the development of personalized treatment
strategies. To date, there have been many reports on studies into
predictive markers associated with anti-cancer drugs [24, 25]. In
contrast to the presence of markers for CRC-targeted drugs, there
is an absence of predictive markers associated with chemotherapy
drugs.
In this study, we investigated the effects of 7 different KRAS
mutants on CRC cell lines. Among the tested subtypes, downstream
signaling, KRAS activity, and chemotherapy drug responses were
compared. In addition to KRAS, we analyzed the relationships
between gene mutation status and drug sensitivity for 5 confirmed
genes mutations in CRC cell lines. At a variety of clinically relevant
concentrations of 6 anti-cancer drugs, 18 CRC cell lines were
arranged in order of their survival. By analyzing these results, we
detected associations between gene mutations and CRC cell lines.
The study results contribute to elucidation of relationships between
gene alterations and drug sensitivity in CRC cell lines.
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MATERIALS AND METHODS

Cell lines and cell culture
Human colorectal cancer cell lines (Colo-201, -205, LS174T,
HCT-15, -116, HEK293, HT29, SNU-C1, -C2A, -C4, -C5, -61,
-81, -175, -283, -407, -1033, LOVO, SW480) were obtained
from the Korea Cell Line Bank (Seoul, Korea). All cell lines were
cultured in DMEM or RPMI1640 (Hyclone Laboratories, Ind., Logan,
UT, USA), supplemented with 10% fetal bovine serum (FBS) and
gentamicin

(10μg/mL)

at

37℃

in

a

humidified

5%

CO₂

atmosphere.

Plasmids and transfection
The pcDNA3 wt KRAS and pcDNA3 KRAS (G12D) were
purchased

from

ADDGENE.

Site-directed

mutagenesis

was

conducted on the pcDNA3 wt KRAS plasmid using a QuikChange
Site-Directed Mutagenesis kit (Stratagene) according to the
manufacturer’s protocol to generate the following KRAS mutations;
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G12V,

G12C,

G12A,

G12S,

Q61L

and

G13D

using

the

oligonucleotide primers described in Table 1. The mutant plasmid
construct was confirmed by sequencing, and then transfected into
each cell line. Transfection was conducted with Lipofectamine 2000
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instruction.

Table 1. Primer sequences for site-directed mutagenesis
Mutation

Forward Primer (5’ to 3’)

Reverse Primer (5’ to 3’)

G12V

TGGTAGTTGGAGCTGTTGGCGTAGGCAAGAG

CTCTTGCCTACGCCAACAGCTCCAACTACCA

G12C

GTGGTAGTTGGAGCTTGTGGCGTAGGCAAGA

TCTTGCCTACGCCACAAGCTCCAACTACCAC

G12A

GGTAGTTGGAGCTGCTGGCGTAGGCAAGA

TCTTGCCTACGCCAGCAGCTCCAACTACC

G12S

GTGGTAGTTGGAGCTAGTGGCGTAGGCAAGA

TCTTGCCTACGCCACTAGCTCCAACTACCAC

Q61L

TCGACACAGCAGGTCTAGAGGAGTACAGTGC

GCACTGTACTCCTCTAGACCTGCTGTGTCGA

G13D

TAGTTGGAGCTGGTGACGTAGGCAAGAGTGC

GCACTCTTGCCTACGTCACCAGCTCCAACTA

Western blot analysis
Cultured cells were washed with ice-cold PBS, and lysed with
lysis buffer (50mM Tris-HCL, pH 7.5, 1% NP-40, 0.1% sodium
deoxycholate,

150mM

NaCl,

50mM

NaF,

1mM

sodium

pyrophosphate, 1mM EDTA, and protease/phosphatase inhibitors).
Equal amounts of proteins were separated using SDS-PAGE. The
resolved

proteins

were

then

transferred

to

nitrocellulose

membranes. After blocking with 1% BSA and 1% skim milk/ TBST,
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membranes

were

incubated

with

primary

antibodies

at

4℃

overnight. Antibodies against p-CRAF, p-AKT (pS-473), p-ERK
(p44/42), p-p90RSK, p-MEK1/2, p-JNK, p-p38 and Cyclin D
were purchased from Cell signaling Technology (Beverley, MA,
USA). Antibodies against Actin and GST came from Santa Cruz
Biotechnology (Santa Cruz, CA ,USA). Anti-c-KRAS antibody was
from Calbiochem. Quantitation of western band intensity was
performed with Image J.

KRAS in vitro pull-down assay
Using GST-Ras binding domains (RBD) of Raf-1, measure the
active (GTP-bound) KRAS protein that interaction with these
effector

in

cell

lysates.

Plasmids

containing

pGEX-Raf-1

(ADDGENE) were transfected into Escherichia coli and induced
their expression with IPTG (1M), incubating for 3h at 37℃ and
pelleting at 3000 rpm for 15 min at 4℃. Cell pellets were lysed by
sonication on ice for 5 x 15s and separated by 15s intervals. Cell
debris was pelleted at 15,000 rpm for 30 min at 4℃. Supernatants
containing the GST fusion proteins were incubated with glutathione
agarose beads (GE Healthcare Life Science) overnight. After
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protein absorption, the GSH sepharose was washed with 1ml of cold
PBS. The purified GST-Raf-1 protein, immobilized on glutathione
agarose beads was incubated with cell lysates supernatants at 4℃
for 2h with gentle mixing. The beads were washed twice with 1ml
of RIPA buffer, twice with 1ml of PBS and centrifuged (6000 rpm, 2
min at 4℃). After boiling at 100℃ for 7 min, the beads were
eliminated by centrifuging at 3000 rpm for 5 min.

Reagent
5-FU was purchased from JW pharmaceutical Co. (Seoul, Korea).
Oxaliplatin was purchased from Sanofi-Aventis (U.S.). SN-38,
AZD6244 and PLX4720 were purchased from Selleck. Regorafenib
was purchased from Bayer. Stock solutions were prepared in saline
solution or dimethyl sulfoxide (DMSO) and diluted in fresh media
before each experiment.
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Mutational analysis of NRAS, KRAS, BRAF, PIK3CA
and PTEN gene
Total genomic DNA (gDNA) was extracted from the each cell line
using QIAamp DNA mini kit (Qiagen) following the manufacturer’s
instructions and was dissolved in H2O. Primers were synthesized by
Macrogen Inc. (Seoul, Korea). The sequences of all primers used
for PCR are listed in Table 2. All sequencing reactions were
conducted in both the forward and reverse directions. Sequencing
was carried out by Macrogen Inc. (Seoul, Korea). All mutations
were confirmed at least twice from independent PCR isolates.

Table 2. Primer sequences
No.

Gene

1

NRAS

2
3
4
5

Exon

Forward Primer (5' to 3')

Reverse Primer (5' to 3')

exon 3 AGCATTGCATTCCCTGTGGT

GTGTGGTAACCTCATTTCCCCA

KRAS

exon 2 TAGGCAAGAGTGCCTTGACG

CCCTCCCCAGTCCTCATGTA

BRAF

exon 15 GCATCTCACCTCATCCTAAC

GTAACTCAGCAGCATCTCAG

PIK3CA

exon 9 GCTATCGGCATGCCAGTGT

CAGTATAAGCAGTCCCTGCC

exon 20 GGCCTGCTTTTGGAGTCCTAT

CTTCTAAACAACTCTGCCCCAC

exon 5 TGGCTACGACCCAGTTACCA

GGAAGGATGAGAATTTCAAGCACT

exon 7 CTCAGCCGTTACCTGTGTGT

TCACCAATGCCAGAGTAAGCA

PTEN
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Cell growth inhibition assay
Cells were seeded in 96-well plates and incubated overnight at
37℃

in

5%

CO₂atmosphere.

5-FU

(Fluorouracil),

SN-38,

oxaliplatin, selumetinib (AZD6244), regorafenib and PLX4720 were
treated

and

incubated

for

3

days.

After

drug

treatment, 3-(4,5-dimethylthiazol-2yl)-2,5- diphenyltetrazolium
bromide (sigma-Aldrich, St. Louis, MO) solution was added to each
well and incubated for 4h at 37℃ before media removal. 150μl of
DMSO was added and the absorbance of each well was measured at
540 nm with micro-plate reader (Molecular Devices; Sunnyvale,
CA, USA). Graphs were generated by nonlinear regression of data
points to a four-parameter logistic curve, using Sigma Plot
software. Six replicate wells were utilized for each analysis; at least
three independent experiments were conducted.

Statistical analysis
The statistical significance of the results was calculated using a
Mann Whitney U test and p-value of <0.05 was considered to be
statistically significant.
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RESULT

Different effects of mutant forms of KRAS on
downstream signaling and KRAS activity in HEK293
and KRAS mutant CRC cell lines
Initially, we investigated the different effects of a variety of KRAS
mutant

types

on

downstream

signaling.

7

KRAS

mutant

substitutions (G12D, G12V, G12C, G12S, G12A, G13D, and Q61L)
were separately transfected into human embryonic kidney (HEK293)
cells. Following transfection, several downstream molecules related
to cell proliferation and cell survival were analyzed in each mutant
cell type by western blotting. Downstream molecules in the KRAS
mutant-types were activated compared to KRAS wild-type (Fig.
1A). Transfection efficiencies of each of KRAS subtypes varied;
therefore, to obtain a standardized comparison, each of the
downstream

signaling

band

intensities

were

quantitated

and

normalized by the expression in each KRAS subtype (Fig. 1B). The
results showed that the KRAS G12D and Q61L mutants exhibited
marked increases in the phosphorylation levels of ERK and AKT.
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Typically, however, cancer cells are observed to have more than
two genetic alterations. Therefore, we compared downstream
signaling between HEK293 cells and KRAS mutant CRC cell lines.
To investigate the effects of downstream signaling in CRC cell
lines, we selected 8 KRAS mutant CRC cell lines. Among the 8 CRC
cell lines, 2 cell lines (LS174T and SNU-407) harbored the KRAS
G12D mutation, 5 cell lines (HCT-15, -116, LOVO, SNU-283, and
SNU-1033) had the KRAS G13D mutation, and one cell line
(SW480) had the KRAS G12V mutation (Fig. 2A). Unlike the
results obtained from the KRAS mutant transfected HEK293 cells,
only SW480 expressing KRAS G12V showed high phosphorylation
of p-ERK, p-AKT and p-MEK1/2 (Fig. 2B).
In addition, we investigated the level of KRAS activity in the
HEK293 and CRC cell lines by performing RAS pull-down assay
(Fig. 3). KRAS activation, as indicated by the ratio of KRAS bound
to Raf-RBD/total KRAS, was highest in HEK293 cells transfected
with KRAS G12S and G13D (Fig. 3A). Among the 8 KRAS mutation
bearing CRC cell lines, KRAS activity was highest in HCT15 cell
harboring the KRAS G13D mutation (Fig. 3B). While the HEK293
cells contained no genetic alteration other than the transfected
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KRAS mutant, the tested CRC cell lines harbored various genetic
alterations. Through the results obtained from the transfected
HEK293 cells, we detected the different effects associated with
individual KRAS mutations only.
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Figure 1. Activation and expression of molecules downstream of

KRAS in HEK293 harboring 7 KRAS mutant substitutions. (A) Each
of 7 KRAS mutant subtype was transfected in HEK293. And KRAS
mutant subtypes showed very high levels of active downstream
molecules compared to KRAS wild type. (B) The band intensities
were quantitated and normalized by each KRAS expression. KRAS
G12D and Q61L showed enhanced phosphorylation of ERK and AKT
as compared with the others. Quantitation of band intensity was
performed with Image J.
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Fig. 1A

Fig. 1B
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Figure 2. Activation and expression of molecules downstream of

KRAS in 8 colorectal cancer cell lines harboring KRAS mutation. (A)
Among 8 colorectal cancer cell lines, SW480 harboring KRAS G12V
mutation showed high levels of active ERK, AKT and MEK1/2. (B)
The band intensities were quantitated and normalized by each Actin
expression. SW480 showed enhanced phosphorylation of ERK, AKT
and MEK1/2 as compared with the others. Quantitation of band
intensity was performed with Image J.
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Fig. 2A

Fig. 2B
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Figure 3. Different activities in HEK293 transfected with mutant

KRAS and 8 colorectal cancer cell lines harboring mutant KRAS.
Pull-down experiments of GTP-bound KRAS proteins were
performed to determine the level of active KRAS. (A) In HEK293
transiently harboring each KRAS mutation, KRAS G12S and G13D
showed higher activation of KRAS than the others. (B) In 8 KRAS
mutant colorectal cancer cell lines KRAS activity was high in HCT
15 harboring KRAS G13D. Below the western blot result, each
graph indicated the band intensities quantitated and normalized by

KRAS expression. Quantitation of band intensity was performed
with Image J.
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Fig. 3A
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Fig. 3B
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Genetic alterations of 5 genes in 18 colorectal cancer
cell lines
To confirm the presence of NRAS, KRAS, BRAF, PIK3CA, and

PTEN genetic alterations in our 18 CRC cell lines, we conducted
Sanger sequencing of the genomic DNA of each cell line (Table 3
and Fig. 4). The NRAS mutation was detected only in LOVO (Fig.
4A), whereas the KRAS exon 2 (G12D, G12V, and G13D) mutations
were detected in 11 CRC cell lines (HCT-15, -116, LOVO,
LS174T, SNU-C2A, -61, -175, -283, -407, -1033, and SW480)
(Fig. 4B). Among the 18 CRC cell lines, 4 cell lines (Colo-201, 205, HT29, and SNU-C5) had the BRAF V600E mutation (Fig. 4C),
9 of the CRC cell lines (LOVO, LS174T, HCT116, SNU-C5, -61, 175, -283, -407, and SNU-1033) had the PIK3CA H1047R
mutation, and only the HCT15 cell line had the PIK3CA E545K
mutation (Fig. 4D). The PTEN mutation was detected in SNU-81
and SNU-C4 (Fig. 4E). These results showed that most CRC cell
lines harbored KRAS and/or PIK3CA hot spot mutations. In addition,
the results showed that 11 cell lines had RAS and PI3K pathway
co-mutations, whereas 6 cell lines (Colo-201, -205, HT29, SNUC1, -C2A, -C4, and SW480) had single mutations. The distribution
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of genetic alterations in these CRC cell lines indicated a tendency
toward multiple mutations in CRC cell lines.
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Table 3. NRAS, KRAS, BRAF, PIK3CA and PTEN genetic alterations
of 18 colorectal cancer cell lines.
Cell line

RAS
NRAS

KRAS

Colo201

PI3K
BRAF

PIK3CA

V600E

Colo205

V600E

HCT116

G13D

H1047R

HCT15

G13D

E545K

HT29
LOVO

PTEN

V600E
Q61R

G13D

H1047R

LS174T

G12D

H1047R

SNU 1033

G13D

H1047R

SNU 175

G13D

H1047R

SNU 283

G13D

H1047R

SNU 407

G13D

H1047R

SNU 61

G13D

H1047R
R130Q/
R233Q

SNU 81
SNU C1
SNU C2A

G12D

SNU C4

F241S

SNU C5
SW480

V600E
G12V

23

H1047R

Figure 4. Validation of NRAS, KRAS, BRAF, PIK3CA and PTEN
genes in genomic DNA of 18 colorectal cancer cell lines. (A) NRAS
exon 3 was validated by PCR amplification and Sanger sequencing.
(B) KRAS exon 2 was validated by PCR amplification and Sanger
sequencing. (C) BRAF exon 15 was validated by PCR amplification
and Sanger sequencing. (D) PIK3CA exon 9 and exon 20 were
validated by PCR amplification and Sanger sequencing. (E) PTEN
exon 5 and exon 7 were validated by PCR amplification and Sanger
sequencing.
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Fig. 4A

Fig. 4B

KRAS G12D

KRAS G12V

KRAS G13D
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Fig. 4C

Fig. 4D

PIK3CA E545K

PIK3CA H1047R
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Fig. 4E
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Differential sensitivity to anti-cancer drugs in 18
colorectal cancer cell lines
To determine the effects of anti-cancer drugs on the proliferation
of human CRC cell lines, we treated each CRC cell line with 3
chemotherapy drugs [5-FU (0.01-10μM), oxaliplatin (0.001-10
μM), or SN-38 (0.001-1μM)] and 3 targeted drugs [AZD6244
(0.01-10μM), regorafenib (0.01-10μM), or PLX4720 (0.01-10
μM)] for 72h. After treatment, cell viabilities were estimated by
using the MTT assay (Fig. 5). To determine the effects on survival
of the tested drug concentrations in each cell line, IC50 values for
each drug were calculated (Table 4). However, some drugs’ IC50
values could not be computed. Therefore, to assess the relative
effectiveness of each drug, we examined results obtained from
clinically relevant concentrations of each drug.
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Figure 5. The growth inhibitory effects of 6 anti-cancer drugs in 18
colorectal cancer cell lines. Cells were incubated with 5-FU (A),
oxaliplatin (B), SN-38 (C), AZD6244 (D), regorafenib (E),
PLX4720 (F) for 72 hours at the indicated concentrations. Growth
inhibition was analyzed by the MTT assay. The results were
presented as percentages of the vehicle control.
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Fig. 5C
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Fig. 5E

140

SNU C1
SNU C4
HT29
COLO201
COLO205
SNU C2A
SNU C5
SNU 61
LOVO
SNU 1033
LS174T
SNU 175
SW480
HCT116
HCT15
SNU 283
SNU 407
SNU 81

Cell viability (%)

120
100
80
60
40
20
0
0

0.1

0.5

1

5

10

Regorafenib concentration (uM)

Fig. 5F

140
SNU C1
SNU C4
HT29
COLO201
COLO205
SNU C2A
SNU C5
SNU 61
LOVO
SNU 1033
LS174T
SNU 175
SW480
HCT116
HCT15
SNU 283
SNU 407
SNU 81

120

Cell viability (%)

100

80

60

40

20

0
0

0.01

0.1

1

PLX4720 concentration (uM)

32

10

Table 4. IC50 values of anti-cancer drugs in 18 colorectal cancer cell
lines.
Cell lines

IC50 (μ mol/L)
5-fu

Oxaliplatin

SN38

AZD6244

Regorafenib

PLX4720

Colo201

1.38

0.16

0.3165

0.091

>10

0.06

Colo205

0.2

0.02

0.1345

0.087

6.25

0.45

HCT116

>10

0.25

0.0039

0.02

5.39

>10

HCT15

7.21

0.89

0.007

>10

>10

>10

HT29

>10

0.66

0.0183

0.083

7.2

>10

LOVO

8.1

0.56

0.0054

1.27

4.52

>10

LS174T

>10

0.18

0.0044

0.03

9.33

>10

SNU 61

8.89

0.73

0.0217

0.911

>10

>10

SNU 81

>10

>10

>1

>10

8.41

>10

SNU C1

5.76

1.44

0.0688

>10

>10

>10

SNU C2A

>10

>10

0.5445

>10

>10

>10

SNU C4

9.02

0.4

>1

>10

>10

>10

SNU C5

>10

2.52

0.0149

>10

3.55

>10

SNU1033

4.39

0.34

0.0044

0.1

2.87

>10

SNU175

3.99

0.5

0.0044

0.13

4.38

>10

SNU283

5.39

0.28

0.0044

0.17

7.09

>10

SNU407

8.54

0.42

0.007

0.18

8.49

>10

SW480

>10

0.24

0.0039

0.02

>10

>10
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Oxaliplatin had a valid correlation between gene
mutation and drug sensitivity
The clinically relevant concentration of each drug used in our
study was based on previously reported clinical concentration
studies. The clinically effective concentration of 5-FU was 5μM
[26], whereas the clinically effective doses of oxaliplatin and SN38 were 3μM [27] and 20nM, [28] respectively. For each
respective dose for each drug, the results from the 18 cell lines
were arranged in ascending survival rate (vs. vehicle) order from
drug sensitive to drug resistant (Fig. 6). Mann Whitney U test was
used to assess viability differences between drug treated wild-type
and mutant-type cell lines. Treatment with 5μM of 5-FU produced
no significant difference (p > 0.05) in drug sensitivity between
wild-type and mutant-type for the 5 gene mutations (Fig. 6A).
Sensitivity to 3μM of oxaliplatin sensitivity did show significant
differences (p < 0.05) between wild-type and mutant-type for the

KRAS, PIK3CA and RAS pathway mutants (Fig. 6B). In comparison
to the PIK3CA mutation results, the average survival rates in KRAS
wild-type and RAS pathway mutation cells showed more modest
oxaliplatin effects indications that the PIK3CA mutation could
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increase sensitivity to oxaliplatin. Although there were significant
differences (p < 0.05) between wild-type and KRAS, PIK3CA and
PI3K pathway mutations, the mean survival rate changes only
indicated a modest effect of treatment with 20nM of SN-38 (Fig.
6C), suggesting that there was no useful relationship between cell
line genetic alterations and SN-38 treatment.
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Figure 6. Correlation diagrams between 5 gene alterations and 3
anti-cancer drugs sensitivity. Cell lines were incubated with each
drug for 72 hours at clinically revelant concentration. (A) The
effective dose of 5-fu was 5μM. (B) The effective dose of
oxaliplatin was 3μM. (C) The effective dose of SN-38 was 20nM.
The results were presented as survival points of vehicle control.
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A correlation between targeted drug sensitivity and
genetic alterations could be observed but not valid
We conducted a similar assessment to determine the drug
sensitivity of CRC cell lines associated with 3 targeted drugs (Fig.
7).

The

cell

lines

were

treated

with

clinically

relevant

concentrations of AZD6244, regorafenib and PLX4720 (1μM [29],
5μM [20], and 1μM [30], respectively). None of the three drugs
produced a significant change in cell viability between wild-type
and mutant-type CRC cell lines; however, each drug was associated
with tendency toward drug sensitivity. It has been reported that if a
cancer has BRAF mutation instead of a PIK3CA mutation then, drug
sensitivity to AZD6244 is increased [17]. In our results, the Colo201 and Colo-205 cell lines with the BRAF V600E mutation but no

PIK3CA or KRAS mutation were the cell lines most sensitive to
AZD6244 (Fig. 7A). Similarly, Colo-201 and Colo-205 cells
showed higher sensitivity to PLX4720 than that in the other cell
lines (Fig. 7C), indicating that Colo-201 and Colo-205 were
sensitive to both AZD6244 and PLX4720. In contrast, there was no
marked regorafenib sensitivity detected among the cell lines (Fig.
7B).
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Figure 7. Correlation diagrams between 5 gene alterations and 3
targeted drugs sensitivity. Cell lines were incubated with each drug
for 72 hours at clinically revalent concentration. (A) The effective
dose of AZD6244 was 1μM. (B) The effective dose of regorafenib
was 5μM. (C) The effective dose of PLX4720 was 1μM. The
results were presented as survival points of vehicle control.
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DISCUSSION

Colorectal cancer is the third most common cancer in the world.
There are many factors that may contribute to the development of
CRC including genetic and acquired factors, but CRC progression
has been particularly associated with genetic factors. The relative
importance of the relationship between genetic alteration and CRC
has resulted in many studies into relationships between genetic
status of CRC cells and sensitivity of those cells to treatment drugs
[24]. In support of those investigations, we investigated the effects
of KRAS oncogene substitutions, mutations that occur frequently in
CRC. We also investigated relationships between CRC gene
mutation status and cell responses to chemotherapy and targeted
drugs. Our results contributed to elucidating the association
between genetic alterations and drug sensitivity in CRC.
To investigate the effects of the different KRAS substitutions, we
generated plasmids for 7 KRAS mutation subtypes that occur
frequently. Of the KRAS mutation subtypes transfected into
HEK293 cells, KRAS G12D and Q61L increased RAS pathway
signaling to the greatest extent. In contrast to the HEK293 results,
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among the 8 CRC cell lines harboring KRAS mutations, only the
SW480 cells expressing KRAS G12V showed a marked increase in
downstream signaling. We also compared KRAS activity among cell
lines by performing RAS pull-down assay. Among the 7 KRAS
mutant subtypes tested, KRAS activity was significantly high in
HEK293 cells expressing KRAS G12S and G13D. In the 8 CRC cell
lines with different KRAS mutant subtypes, KRAS activity was
notably high in HCT15 cells harboring KRAS G13D. In contrast to
HEK293 cells, all 8 CRC cell lines harbored multiple-mutations.
The presence of more than one mutation suggested that the effects
of each KRAS subtypes could differ among cell lines. The results
from the transfected HEK293 cells allowed observation of KRAS
dependent effects in the absence of other mutations. As there were
only 3 KRAS mutation subtypes in the CRC cell lines used in our
study, we added other KRAS mutation subtypes to those cell lines
in order to obtain more varied results.
To investigate further the relationship between gene mutation
status and drug response, we selected 5 frequently mutated genes
common in CRC cell lines: NRAS, KRAS, BRAF, PIK3CA, and PTEN.
Although APC and TP53 are also frequently mutated in CRC cell
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lines, the APC mutation frequency was deemed too high for
inclusion in our study, and as validation of TP53 was difficult it was
also excluded. In the 18 human CRC cell lines assessed in our study,

NRAS and PTEN mutations were rare and KRAS and PIK3CA
mutations were common.
Subsequently, cell viability assay was conducted with 6 anticancer drugs (5-FU, oxaliplatin, SN-38, AZD6244, regorafenib and
PLX4720), of which three (5-FU, oxaliplatin and SN-38) are
widely used in CRC therapy [13]. We attempted to obtain IC50
values for the 6 anti-cancer drugs in order to rank their effects on
CRC cell lines; however, some IC50 values could not be calculated.
Therefore,

to

determine

the

relative

drug

sensitivity/drug

resistance of the tested cell lines we selected fixed, clinically
relevant concentrations, of each drug. Dosage was based on
previous clinical reports that included Cmax information .
In this study, relationships and tendencies between mutation status
and drug sensitivity were investigated by testing CRC cells with 3
chemotherapy drugs (5-FU, oxaliplatin, SN-38) and 3 targeted
drugs (AZD6244, regorafenib, PLX4720). The results indicated that
5-FU sensitivity was not affected by genetic alterations. In
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contrast, oxaliplatin did show a significant association between
presence of the PIK3CA mutation and drug sensitivity. However,
the frequency of PIK3CA mutations was much higher in our study
than in previous studies [31]. Therefore, although we detected a
relationship between oxaliplatin sensitivity and PIK3CA mutation,
the strength of that relationship may change if more cell lines are
tested. Previously, excision repair cross-complementation group 1
(ERCC1) expression was reported to be a predictive marker of
oxaliplatin [32] and another study demonstrated that ERCC1
expression was related to KRAS mutation status in CRC [33].
However, in our study, there was no significant association between

KRAS mutation status and oxaliplatin sensitivity. Although KRAS,
PIK3CA and PI3K pathway mutations were significantly associated
with SN-38 sensitivity, the mean survival rate exhibited a modest
change (Fig. 7C). Therefore, we suggested there was no meaningful
relationship between genetic alterations and SN-38 sensitivity.
Although AZD6244, regorafenib, and PLX4720 data indicated no
valid associations between sensitivity to those drugs and genetic
alterations, we inferred that there were tendencies toward such
relationships. In the tested CRC cell lines with BRAF V600E
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mutations, AZD6244 and PLX4720 sensitivities were increased.
One of the mechanisms of drug resistance in AZD6244 is activation
of the PI3K pathway [15] and, CRC cell lines with BRAF and

PIK3CA co-mutation showed resistance to AZD6244. Even though
BRAF V600E is reported to be a sensitive marker of PLX4720,
there is also a report indicating that CRC cell lines with PIK3CA or

PTEN mutations are less sensitive to PLX4720 [34]. In support of
previous studies, our results showed that CRC cell lines harboring

BRAF and PIK3CA co-mutation were more resistant than other
CRC cell lines to PLX4720. As a multi-tyrosine kinase inhibitor,
regorafenib has been studied in many cancer types. However, no
clearly defined predictive marker of regorafenib has been reported.
In this study, we did not detect an association between regorafenib
sensitivity and genetic alterations of 5 genes. Additional screening
of other CRC treatment drugs may identify predictive markers for
each

drug

and

possibly

for

multi-drug

combinations.

And

determining drug sensitivity on the basis of only 5 genes may seem
to be an oversimplification; however, those 5 genes are commonly
mutated in CRC. Moreover, the relationships between the genetic
alterations of those genes and CRC cell drug sensitivity have not
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been described. Therefore, even though this study was conducted
with a limited number of gene mutations, the results could be used
as basis for further research.
Our research was limited by the number of genes and drugs
investigated. We suggested that investigation of more genes, cell
lines, and drugs will elucidate drug effectiveness in CRC therapy.
In conclusion, further analyses of genetic status in CRC cell lines
could provide insights into effective use of drug and drug
combinations in CRC treatment.
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국문 초록

세계에서 세 번째로 발생빈도가 높은 대장암은 여러 순차적 단계에 거
친 유전적 변이로 인해 발생하게 된다. 그러므로 대장암 치료에 있어 유
전적 변이를 분석하는 것은 앞으로의 연구에 중요한 실마리로 여겨지고
있다. 이러한 연구들을 뒷받침하고자 본 연구에서는 여러 KRAS 유전자
변이들의 영향력을 관찰하고 대장암 세포주에서 유전자 돌연변이와 항암
제 반응성과의 관계를 보여주고자 하였다.

KRAS 돌연변이들의 영향력을 알아보기 위해 발생 빈도수가 높은
KRAS 유전자 변이 7가지를 선정하여 플라스미드를 제작하였다. 형질
주입한 HEK293세포와 KRAS 돌연변이 대장암 세포주 간의 하위 신호
전달 경향성과 KRAS activity를 각각 비교하여 각 KRAS 돌연변이들의
특성을 살펴볼 수 있었다. 형질 주입한 HEK293 세포에선 G12D, Q61L
돌연변이가 RAS 하위 신호가 가장 증가된 반면, 대장암 세포주에선
G12V 돌연변이를 지닌 SW480 세포의 RAS 하위 신호가 가장 활성화
되어 있음을 확인할 수 있었다. KRAS activity의 경우 HEK293 세포에
선 G12S와 G13D 돌연변이가, 대장암 세포주에선 G13D 돌연변이가 있
는 HCT15 세포가 가장 큰 KRAS 활성을 나타내었다.
다음으로, 항암제 반응성과 유전적 변이간의 연관성을 규명하기 위해
먼저 18개의 대장암 세포주에 대해 Sanger 시퀀싱을 통한 유전적 변이
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를 조사하였다. 대장암에서 변이빈도수가 높은 다섯 가지 유전자들
(NRAS, KRAS, BRAF, PIK3CA, PTEN)을 가지고 유전적 변이를 검증
하였으며, CCLE 자료를 바탕으로 각 유전자들의 잘 알려진 hot-spot
변이 위치를 확인하였다. 다음으로 6가지 항암제 (5-FU, oxaliplatin,
SN-38, AZD6244, regorafenib, PLX4720)에 대한 대장암 세포주의
감수성을 알아보기 위해 MTT 실험을 진행하였다. 각각의 MTT 결과를
가지고 IC50를 계산하여 각 항암제들에 대한 세포주의 감수성을 비교하
려 하였으나 계산 불가능한 IC50값들로 인해 감수성 검증에 어려움이 있
었다. 그리하여 실제 각 항암제들을 가지고 임상에서 실험한 데이터를
바탕으로 정해진 농도를 가지고 다시 MTT 실험을 진행하였다. 각 농도
에서 살아남은 정도를 숫자로 환산하여 6가지 항암제들에 대한 감수성
을 확인할 수 있었다. 유전적 변이 여부에 따라 항암제 반응성에 대해
Mann Whitney U test 검증을 실시하였고 그 결과, PIK3CA 유전자 변
이가 있을 경우 oxaliplatin에 대한 감수성과 유의한 관계가 있음을 검증
할 수 있었으며, 비록 표적치료 항암제의 경우 통계적으로 유효한 의미
가 있는 관계를 검증하진 못하였지만 BRAF 유전자 변이가 있을 경우
표적치료 항암제에 대한 감수성이 증가하는 경향성이 있음을 확인할 수
있었다.
요약하면, 본 연구에서 확인한 각 KRAS 돌연변이들에 대한 영향력과
대장암 세포주에서 유전자 분석과 각 항암제에 대한 세포 독성과의 관계
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분석을 통해 앞으로 대장암 연구에 대한 근거로 사용될 수 있음을 보여
주고 있다.

주요어 : 대장암, 유전적 변이, KRAS, 화학 항암제, 표적치료 항암제,
학번

: 2012-22835
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