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Abstract

Constitutively active KRAS mutations have been found to be involved in various processes of cancer development, and
render tumor cells resistant to EGFR-targeted therapies. Mutation detection methods with higher sensitivity will increase the
possibility of choosing the correct individual therapy. Here, we established a highly sensitive and efficient microfluidic
capillary electrophoresis-based restriction fragment length polymorphism (mCE-based RFLP) platform for low-abundance
KRAS genotyping with the combination of mCE and RFLP techniques. By using our self-built sensitive laser induced
fluorescence (LIF) detector and a new DNA intercalating dye YOYO-1, the separation conditions of mCE for WX174 HaeIII DNA
marker were first optimized. Then, a Mav I digested 107-bp KRAS gene fragment was directly introduced into the
microfluidic device and analyzed by mCE, in which field amplified sample stacking (FASS) technique was employed to obtain
the enrichment of the RFLP digestion products and extremely improved the sensitivity. The accurate analysis of KRAS
statuses in HT29, LS174T, CCL187, SW480, Clone A, and CX-1 colorectal cancer (CRC) cell lines by mCE-based RFLP were
achieved in 5 min with picoliter-scale sample consumption, and as low as 0.01% of mutant KRAS could be identified from a
large excess of wild-type genomic DNA (gDNA). In 98 paraffin-embedded CRC tissues, KRAS codon 12 mutations were
discovered in 28 (28.6%), significantly higher than that obtained by direct sequencing (13, 13.3%). Clone sequencing
confirmed these results and showed this system could detect at least 0.4% of the mutant KRAS in CRC tissue slides.
Compared with direct sequencing, the new finding of the mCE-based RFLP platform was that KRAS mutations in codon 12
were correlated with the patient’s age. In conclusion, we established a sensitive, fast, and cost-effective screening method
for KRAS mutations, and successfully detected low-abundance KRAS mutations in clinical samples, which will allow
provision of more precise individualized cancer therapy.
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Introduction

Colorectal cancer (CRC) represents a major public health

problem due to its high incidence and mortality rate. Especially,

the metastatic CRC (mCRC) is the leading cause of cancer-related

deaths [1]. Over the last decade, treatment for mCRC has evolved

from single agent 5-fluorouracil (5FU) to combination chemother-

apy, and more recently to the inclusion of monoclonal antibodies

(mAbs) such as cetuximab and panitumumab which can block the

extracellular domain of the epidermal growth factor receptor

(EGFR) and has significantly improved the median overall survival

to 2 years and the 5-year survival to 10% [1–5]. However, patients

with CRC who express a mutated version of the KRAS gene won’t

benefit from this expensive targeted therapy and might be exposed

to some side effects [1–6]. The KRAS proto-oncogene encodes a

P21 protein which is a key downstream effector of EGFR and

plays a critical role in controlling signal transduction pathways

during cell growth. Activating mutations of KRAS is the most

common oncogenic alteration in various human cancers. In CRC,

constitutively active KRAS mutation has been found to render

tumor cells independent of EGFR signaling and thereby resistant

to EGFR-targeted therapies [7–10].

In 2009, the U.S. Food and Drug Administration (FDA) and

European Medicines Agency approved labeling changes to

cetuximab and panitumumab indicating that these agents are

not recommended for the treatment of mCRC harboring KRAS

mutations. Therefore, KRAS gene status becomes a mandatory

prerequisite to mCRC therapy, and accurate detection of KRAS

mutations in these patients is an urgent need. DNA sequencing is

considered the gold standard for KRAS mutation detection, but
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the high cost and laborious operations prevent it from being

employed universally [11]. Moreover, considering cancer-derived

samples often consist of highly heterogeneous mixtures of stromal

cells and cancer cells, lower sensitivity of sequencing analysis (20%)

tends to cause false negative results and misconduct the clinical

therapy [12]. Consequently, a variety of more sensitive PCR-based

screening techniques have been developed, and indicated that

methods with high sensitivities could achieve higher mutation

detection rate, which will in turn improve the CRC treatment [13–

15]. Because only limited hotspot mutations in KRAS codons 12

and 13 are proved to be related to the clinical medicine [16], the

simple and cost-effective PCR/restriction fragment length poly-

morphism (RFLP) analysis has been extensively used to detect

KRAS mutations [17–20], which allows the reliable discrimination

between wild-type sequences and homozygous or heterozygous

point mutations by generating or destructing restriction sites

through PCR and subsequent electrophoresis [21]. At present,

several commercial kits based on this principle are available and

have been applied to reveal mutant KRAS, but their sensitivities

just equal to or a little higher than sequencing [22], [23]. Some

modified methods have also been developed to increase the

sensitivity, such as nested PCR-RFLP (0.2%) [24], enrichment

double PCR-RFLP-PAGE (0.001%) [25], and RFLP-PAGE-silver

staining (0.1%) [26]. The disadvantages of these assays are that

multiple steps involved make the whole detection process time-

consuming, expensive, and easily contaminated, which does not

lend themselves to rapid and cost-effective detection [24–26].

At present, microfluidic chips have attracted increasing

attention as a powerful platform for biological assays and clinical

tests because of their remarkably increased speed, reduced

consumption of samples and reagents, and disposability [27],

[28]. Considering these distinct advantages, RFLP has been

transplanted onto this microscale platform to detect gene

mutations [29–31]. Some groups have also established on-chip

direct endonuclease digestion and electrophoresis detection

systems, which demonstrated the capabilities for integration and

parallel analysis and the possibility to further increase the detection

speed and throughput [32], [33]. However, up to now, quite few

reports focused on how to take the unique advantages of

microfluidic electrophoresis to achieve highly sensitive screening

for low-abundance mutants in cancer biopsies, especially those in

trace clinical sample, so detection methods with high sensitivity

still remains to be developed to fulfill the clinical and diagnostic

utility.

In this study, we established a highly sensitive and efficient

RFLP-microfluidic capillary electrophoresis (mCE) platform for the

detection of low-abundance KRAS codon 12 mutations by

combining the technologies of RFLP and microfluidic chip to

subject digested fragments to CE separation. Our self-built

sensitive laser-induced fluorescence (LIF) system and the adoption

of a new DNA intercalating dye YOYO-1 incrementally enhanced

the fluorescence signal. In addition, the utilizing of field amplified

sample stacking (FASS) technique during sample introduction

further improved the sensitivity. Here, 0.01% of KRAS mutations

could be successfully identified with picoliter-scale sample consump-

tion, and the feasibility for genotyping low-abundance KRAS gene

in 98 DNA extracted from paraffin-embedded tissues (PETs) was

also explored to indicate its special usefulness in the detection of

clinical samples and personalized cancer therapy.

Materials and Methods

Ethics Statement
Ninety-eight PETs were obtained from patients with primary

CRC at the First Hospital of China Medical University. None of

Table 1. K-ras codon 12 mutation rate and clinicopathological parameters.

Category Subcategory Total (n) Direct sequencing (%) mCE-based RFLP (%)

Age .50 81 12 (13.3) 27 (33.3) *

#50 17 1 (5.9) 1 (5.9)

Gender Male 62 8 (12.9) 16 (25.8)

Female 36 5 (13.9) 12 (33.3)

Histologya W. D. 35 6 (17.1) 12 (34.3)

M. D. 57 7 (12.3) 15 (26.3)

L. D. 6 0 (0) 1 (16.7)

Dukes stage A+B 56 5 (8.9) 15 (25)

C+D 42 8 (19.5) 13 (33.3)

Lymph node metastasis + 26 6 (23.1) 11 (42.3)

2 72 7 (9.7) 17 (23.6)

Distant metastasis + 22 3 (13.6) 3 (13.6)

2 76 10 (13.2) 25 (32.9)

Tumor size .5 cm 42 5 (11.9) 11 (26.2)

#5 cm 56 8 (14.3) 17 (30.4)

Pathological type Ulcer type 67 9 (13.4) 18 (26.9)

Eminence type 31 4 (12.9) 10 (32.3)

Tumor location Colon 42 8 (19.5) 14 (33.3)

Rectum 56 5 (8.9) 14 (25)

aW. D.: Well-differentiated adenocarcinoma; M. D.: Moderately differentiated adenocarcinoma; L. D.: Low-differentiated adenocarcinoma.
*P,0.05.
doi:10.1371/journal.pone.0054510.t001
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the patients underwent pre-operative radiotherapy or chemother-

apy. Ethics review committees in China Medical University

approved the study. Written informed consent was provided by all

study participants.

Cell Lines and Clinical Specimens
The human CRC cell lines SW480, HT29, CCL187, LS174T,

Clone A, and CX-1 were cultivated at 37uC with 5% CO2 in

DMEM supplemented with 10% fetal bovine serum. The

characteristics of the patients are summarized in Table 1. Median

age was 59 years (range, 32–84 years). Male/female ratio was 1.72

(62 males and 36 females). Well, moderately, and low-differenti-

ated adenocarcinomas were present in 35, 57, and 6 patients,

respectively. Clinical stage of the patients according to Dukes’

classification was as follows: stage A+B in 56 patients, stage C+D

in 42 patients. Lymphatic invasion happened in 26 patients, and

distant metastasis occurred in 22 patients. Fifty six patients’ tumors

were 5 cm or less, and others’ were more than 5 cm. Ulcer type

tumors were found in 67 patients, and eminence type tumors were

discovered in the remaining. Forty two tumors were located in

colons, and 56 tumors were in rectum.

Genomic DNA Extraction
QIAamp DNA mini kit (Qiagen, Inc.) was applied to extract the

genomic DNA (gDNA) of cell lines. For the PETs, gDNA was

isolated by using the following simple, low-cost protocol. One 10-

mm thick section of each block was added to a 1.5 mL micro tube

containing 150 mL digestion buffer (50 mM Tris-HCl, pH 8.3;

1 mM EDTA; 1% Tween-20; 500 mg/mL proteinase K). Digestion

was performed for 3 h at 56uC with agitation every 30 min.

Proteinase K was inactivated by heating for 10 min at 95uC. The

supernatant containing gDNA was collected by centrifugation at

13,000 g for 10 min and used as a PCR template.

RFLP Analysis of KRAS Mutation by Neutral PAGE
To detect KRAS point mutations in codon 12, a 107-bp

fragment of KRAS was amplified from DNA templates extracted

from CRC cells or PETs via mismatched primer PCR (Figure 1).

The PCR primers used were: forward, 59-GACTGAATA-

TAAACTTGTGGTAGTTGGACCT-39, and reverse, 59-

CTATTGTTG GATCATATTCGTCC- 39. The mismatched

forward sense primer was designed to introduce a base substitution

that created a Mva I restriction endonuclease (Fermentas, Inc.)

recognition site for only the wild-type codon 12, so the 107-bp

fragment could be completely cleaved into 77- and 30-bp

fragments, while amplicon from the mutant template could not

be digested due to the loss of recognition site, and the amplicon

from heterozygous template was half-digested. The 25 mL PCR

reaction mixture contained 0.2 mM dNTPs, 0.5 mM of each

primer, 16PCR buffer (10 mM Tris-HCl, pH 8.3, 1.5 mM

MgCl2, 50 mM KCl), and 2.5 U Pyrobest DNA polymerase.

Total 0.25 mg of gDNA obtained from cells and PETs was used as

the templates. PCR was performed by preheating at 94uC for

5 min, followed by 30 cycles of 94uC for 30 s, 65uC for 1 min,

72uC for 1 min, and 72uC for 7 min. The Mva I digestion reaction

mixture contained 10 mM Tris-HCl (pH 8.5), 100 mM KCl,

10 mM MgCl2, 0.1 mg/mL BSA, 1 unit/mL restriction endonu-

clease Mva I, and 4 mL of 107 bp PCR product of KRAS. The

Figure 1. Schematic view of microfluidic capillary electrophoresis-based restriction fragment length polymorphism (mCE-based
RFLP) platform. (a) Mismatched primer PCR. A KRAS gene fragment containing codon 12 was amplified from gDNA with mismatched primer, by
which a base substitution was introduced to the amplicon and a Mva I restriction endonuclease recognition site was created for wild-type codon 12.
(b) Mva I digestion. The amplicon from wild-type template could be cleaved into two fragments, the amplicon from mutant template could not be
digested due to the loss of recognition site, and the amplicon from heterozygous template was halfly digested. (c) mCE. The digested amplicon was
loaded into microfluidic chip and separated by CE according to the fragment length. The wild type template resolved into two peaks, the mutant
template only showed one peak, and the heterozygous template resolved into three peaks. gDNA, genomic DNA. SR: sample reservoir; BR: buffer
reservoir; SW: sample waste reservoir; BW: buffer waste reservoir. R, the direction of fluid flow during sample loading and separation modes.
doi:10.1371/journal.pone.0054510.g001
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digestion mixture was incubated at 37uC for 3 h. Then, the

digestion product was run in the 5% of neutral PAGE, followed by

the staining with ethidium bromide (EtBr).

Microfluidic Device Fabrication
As shown in Figure 1, a cross channel glass chip with a 1.0-cm

long sample-loading channel and a 4.5 cm separation channel

from the crossing to the buffer waste (BW) reservoir (total length

5.0 cm) was fabricated by wet etching and thermal bonding [34].

We used a self-built autofocusing confocal LIF detection device,

equipped with a 473 nm diode laser [35]. Fluorescence of the

DNA fragments was recorded by a BD11 chart recorder

(Kipp&Zonen, Inc.). A homemade four-output programmable

power supply was used for on-chip sample injection and

electrophoretic separation.

RFLP Analysis of KRAS Mutation by mCE
2-(4-morpholino)ethanesulfonic acid (MES)-Tris buffer at

pH 6.1 was prepared by dissolving MES-Tris in water to a

concentration of 80 mM MES and 40 mM Tris. The coating

solution was made by adding 2% (w/v) of Hydroxypropyl cellulose

(HPC, 100,000 MW; Sigma-Aldrich, St. Louis, MO) to the MES-

Tris buffer. A 56Tris-Borate-EDTA (TBE) stock buffer at pH 8.6

was prepared by dissolving Tris-borate-EDTA in water to a

concentration of 450 mM Tris, 450 mM borate, and 10 mM

EDTA. The sieving solution was made by adding appropriate

amount of HPC to different concentration of TBE electrophoresis

buffers. Both coating and sieving solutions were stirred thoroughly

for 10 min to dissolve the polymer. Following stirring, the

solutions were stored overnight at 4uC to remove bubbles, and

then filtered twice with a 0.45 mm filter to remove particulates.

The DNA intercalating dye YOYO-1 (excitation 473 nm,

Figure 2. Optimization of separation parameters for the microfluidic capillary electrophoresis-based restriction fragment length
polymorphism (mCE-based RFLP) platform. (A) The effect of field strength. Conditions for separation were 2% HPC, 36TBE with varied field
strength. (B) The effect of polymer concentration. Conditions for separation were 36TBE, 180 V/cm with varied polymer concentrations. (C) The
effect of buffer concentration. Conditions for separation were 2% HPC, 180 V/cm with varied ionic strength. (D) mCE-based RFLP analysis of the
products of enzymatic digestion. Products were separated in sieving buffers with 36TBE, 26TBE, or 16TBE. Separations were performed using 2%
HPC under a 180 V/cm electric field.
doi:10.1371/journal.pone.0054510.g002
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emission 509 nm) (Molecular Probes, Inc.) was added to a concen-

tration of 1 mM in the sieving solution.

All microchannels were rinsed sequentially with water and MES

and then filled with coating solution for 12 h. Before using, the

coating solution in the channels was expelled and refreshed with

the sieving solution using a 5 mL syringe. Ten microliters of

sieving solution were added to buffer reservoir (BR), BW, and

sample waste reservoir (SW). Different DNA samples including

10 mL of 100-fold diluted WX174-HaeIII DNA marker with 11

fragments ranging from 72 to 1353 bp (TaKaRa, Inc.) or 10 mL of

Mva I digestion product were added into the sample reservoir

(SR). Platinum electrodes were inserted into the reservoirs, and the

chip was aligned for LIF detection. The sample was loaded using a

pinched injection procedure for 80 s. The voltages applied to the

BR, SR, SW, and BW were as follows: +200 V, 0 V, +400 V, and

+300 V; and during the separation stage, 0 V, +150 V, +150 V,

and +600 V/900 V/1200V, were applied. Wild-type templates

would resolve into two peaks, mutant templates would show only

Figure 3. Sensitivity analysis of the mCE-based RFLP platform. SW480 cells carrying mutant KRAS were mixed with KRAS wild-type HT29 cells
at various ratios and detected by Natural PAGE (A), direct sequencing (B), and mCE-based RFLP (C), respectively. Conditions for separation were 2%
HPC, 36TBE, and 180 V/cm.
doi:10.1371/journal.pone.0054510.g003

Figure 4. Analysis of reproducibility. (A) intra-assay. (B) inter-assay.
doi:10.1371/journal.pone.0054510.g004
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one peak, and heterozygous templates could produce three peaks

(Figure 1). Each sample was run in triples to confirm the results.

Detection Sensitivity of mCE-based RFLP
To explore the detection sensitivity of this method, gDNA from

SW480 cells (which have two mutant alleles at codon 12 of the

KRAS gene) was mixed with gDNA from HT29 cells (which have

the wild-type KRAS gene) at the decreasing ratios, 1:1, 1:10,

1:102, 1:103 1:104, and 1:105, respectively. Extracted gDNA was

then subjected to PCR, followed by digestion with Mva I and mCE

separation.

Direct Sequencing
KRAS status in codon 12 of the CRC cell lines and PETs were

detected by direct sequencing. The following KRAS primers were

used: forward, 59-GTACTGGTGGAGTATTTGATAGTG-39,

and reverse, 59-AAAGAATGGTCCTGCACCAGTAATA-39.

The PCR was performed with preheating at 95uC for 5 min,

followed by 35 cycles at 94uC for 40 seconds, 55uC for 40 seconds,

72uC for 1 min, and a final extension at 72uC for 7 min. All

amplicons of the KRAS gene were purified using a DNA

purification kit (Zymo, Inc.) and directly sequenced using both

forward and reverse primers on an ABI 377 sequencer.

Clone Sequencing
Clone sequencing was performed for the PETs that showed

mutation peak profiles in the mCE electropherograms that were

not detectable by direct sequencing. The PCR product was

purified and inserted into pMD18-T vector and was transformed

into E. coli DH5a. The positive recombinant clones were

sequenced by using M13 universal primers on an ABI 377

sequencer.

Statistical Analysis
All statistical analysis employed the Fisher exact test to compare

proportions. A two-tailed p value of less than 0.05 was considered

statistically significant.

Results

Investigation of the Optimal Separation Conditions
The electrophoresis conditions were optimized for the best

separation efficiency and sensitivity, including separation voltage,

sieving matrix (HPC) concentration, and TBE electrophoresis

buffer concentration. First, WX174 HaeIII DNA Marker contain-

ing 11 fragments ranging from 72 to 1353-bp was separated under

various electric fields of 240 V/cm, 180 V/cm, and 120 V/cm.

The separation under 180 V/cm produced the best combination

of resolution and analysis time (Figure 2A). The effect of HPC

concentration on the separation is shown in Figure 2B. All the

fragments were successfully separated, and the resolution im-

proved as the concentration increased, but when the concentration

was higher than 2%, filling the sieving matrix to the micro-channel

manually with the syringe became very difficult. Therefore, 2% of

Figure 5. Electropherograms of the KRAS gene in six CRC cell lines.
doi:10.1371/journal.pone.0054510.g005
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HPC was selected as the optimal sieving matrix. Figure 2C

demonstrated the effect of the TBE buffer concentration on the

separation. As the concentration of TBE increased, the resolution

of most DNA fragments were improved, and the peaks of all

fragments were slightly higher.

To further optimize the conditions for analyzing digestion

products, we separated them without any purification process at

180 V/cm, with 2% HPC in different TBE buffer. All three

digestion fragments (30-, 77-, 107-bp) from a mixture in which

SW480 cells carrying mutant KRAS gene were in a 1000-fold

excess of KRAS wild-type HT29 cells could reach baseline

separation. Different from DNA marker, these peaks increased

significantly with an increase in TBE buffer concentration from

16 to 36, and an assay time of 5 min was realized with picoliter-

scale sample consumption (Figure 2D).

Detection Sensitivity and Reproducibility of mCE-RFLP
One-step PCR based RFLP-PAGE, product direct sequencing,

and RFLP-mCE were performed individually to compare the

sensitivity. The result of neutral PAGE indicated that it could

detect 10% of mutant KRAS (Figure 3A), and the PCR product

direct sequencing showed a lower detection sensitivity around 20%

(Figure 3B). Figure 3C revealed that mCE could identify mutant

KRAS in concentrations as low as 0.01% (1:104). Intra- and inter-

assay of mCE detection for the 1:103 (SW480:HT29) sample

demonstrated good reproducibility, and the relative standard

deviation (RSD) of migration time reached 2.1% (n = 3), and

3.1% (n = 3), respectively (Figure 4), where intra-assay means

continual electrophoretic detection without changing the sieving

matrix, and inter-assay means that each assay is performed in a

newly filled sieving matrix.

Detection of Mutant KRAS in Cell Lines
To study the applicability of this mCE-based RFLP platform, we

tested point mutations in codon 12 of KRAS gene from 6 CRC

cell lines. The KRAS statuses of these cell lines were all confirmed

by direct sequencing. HT29, CX-1 and Clone A cells were

revealed to be wild-type; SW480 cells were homozygously

mutated; cell lines CCL187 and LS174T were found to be

heterozygously mutated (Table 2). Figure 5 showed the electro-

pherograms: HT29, CX-1, and Clone A cells were resolved into

two enzymatic-digest fragments of 77- and 30-bp, indicating the

absence of mutations; SW480 cells displayed a mutation profile

clearly composed of a 107-bp sized major peak; CCL187 and

LS174T cells showed two enzymatic-digest fragments (77- and 30-

bp) coexisting a 107-bp fragment without restriction site,

confirming the coexistence of wild-type and mutant KRAS. The

results of using mCE to detect KRAS statuses in 6 CRC cell lines

were in complete agreement with those obtained by DNA

sequencing.

Detection of Mutant KRAS in Clinical Samples
Here, 98 PETs from CRC patients were analyzed using mCE-

based RFLP and PCR product direct sequencing. The results of

mCE-based RFLP showed that aberrant electrophoretic migration

peaks present in 28 cases, suggesting 28.6% of PETs carried

mutations in KRAS codon 12, higher than the frequency obtained

by direct sequencing (13, 13.3%). There were 15 KRAS gene

mutation-positive PETs detected by mCE-based RFLP, but not by

direct sequencing. Clone sequencing confirmed the presence of

codon 12 mutation in these samples and verified the accuracy of

mCE-based RFLP. The genotypes and proportions of the mutant

alleles of all 28 KRAS mutation-positive paraffin-embedded CRC

tissues detected by mCE-based RFLP were shown in Table S1.

Three representative samples harbored low levels of mutations in

KRAS codon 12 were exhibited in Figure 6, and the lowest

proportion of mutations was 0.4%, which occurred in PET sample

G-14. We compared the clinicopathological data from CRC

patients with the mutation status of KRAS in PETs (Table 1).

Univariate analysis of the results of mCE-based RFLP revealed that

the KRAS mutation in codon 12 was not associated with gender,

histology, Dukes stage, lymph node and distant metastasis, tumor

size, pathological type, and tumor location, but the patients older

than 50 years are much more likely to have KRAS mutations.

Direct sequencing didn’t reveal any associations between KRAS

mutations and clinical parameters.

Discussion

KRAS mutation is one of the most common oncogenic alterations

in various human cancers and plays a very important role in multi-

step process of cancer development, including cancer initiation,

metastasis, and prognosis [10]. Especially, many recent studies

have shown that KRAS codon 12/13 mutations are associated

with resistance to the anti-EGFR therapy in mCRC patients and

some drug side effects [7–10]. Therefore, accurate identification of

KRAS status is becoming more essential not only for guiding

treatment, but also for reducing side effects and economic burden.

However, it is also very important to note that not all patients

currently classified as ‘‘wild-type’’ for KRAS benefit from EGFR-

targeted therapies. Although there are many reasons for this,

including the involvement of other gene alterations such as loss of

PTEN expression and PIK3CA mutation [36], [37], it is most

possible that the limited sensitivity of employed detection methods

failed to reveal low-abundance mutations, and thus patients were

classified incorrectly. Some researchers have reported that

methods with high sensitivity could disclose more KRAS

mutations, which might increase the possibility of choosing the

correct individual therapy [38], [39]. Molinari et al. compared the

detection rates of KRAS mutations and the prediction accuracy of

anti-EGFR therapy efficacy between direct sequencing and more

sensitive method such as mutant-enriched PCR (ME-PCR) and

matrix-assisted laser desorption/ionization-time-of-flight (MALDI-

TOF) in the same group of mCRC patients, and found these

highly sensitive methods detected additional 13 KRAS alterations

after direct sequencing, all occurring in nonresponders, which

meant the increased sensitivity significantly improved the identi-

fication rate of mCRC patients resistant to cetuximab or

panitumumab from 39% to 50% [39]. Therefore, more sensitive

methods for assessing mutation burden are in a great need,

particularly for the assessment of response in biomarker-defined

clinical trials.

Table 2. Characteristics of the K-ras codon 12 in different
colon cancer cells confirmed by sequencing analysis.

Cell name Mutation status Mutation position Mutation type

CCL187 Heterozygous Codon 12 GGTRGAT

LS174T Heterozygous Codon 12 GGTRGAT

SW480 Mutant Codon 12 GGTRGTT

HT29 Wild-type – –

CX-1 Wild-type – –

Clone A Wild-type – –

doi:10.1371/journal.pone.0054510.t002
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In this study, we established a novel mCE-based RFLP platform

by incorporatingmCE and RFLP to perform sensitive KRAS

mutation screening. This platform could reveal 0.01% of CRC

cells with mutant KRAS, which was 1 000 times of Sanger

sequencing [12], and as least 100 times of most commercially

available kits [22], [23], [40]. The detection rate of KRAS

mutation in CRC samples was significantly higher than that

obtained by direct sequencing; the presence of codon 12 mutation

in samples undetectalbe by direct sequencing was all confirmed by

clone sequencing, which demonstrated the platform’s capability to

detect low-abundance mutations without influencing the accuracy.

In addtion, the on-line automatic mCE, staining, recording, and

analysis significantly increased detection speed (,5 min) and

decreases the risk due to manipulation and cross-contamination in

the multiple steps used in conventional gel-based electrophoresis

and staining. The assembly of the whole platform was also

straightforward and at low cost, which made it readily established

in normal molecular labs.

There are some factors attributed to the significantly increased

sensitivity in our detection system. At first, a highly sensitive self-

built LIF system is applied in combination with a new type of

fluorescent dye, YOYO-1. LIF is one of the most sensitive

technique available for detection in microfluidic chips, because the

coherence and low divergence of a laser beam makes it easy to

focus on very small detection volumes and to obtain very high

irradiation [41], [42]. YOYO-1 can exhibit up to a 1000-fold

increase in fluorescence upon binding to DNA, while the

fluorescence of the commonly used EtBr is only enhanced 20–30

fold after intercalation into dsDNA [43], [44]. We also developed

a combined acidic buffer-based dynamic and static absorptive

coating method to modify the microfluidic channel surface. The

results have shown that the coating layer was sufficient to

effectively passivate the surface, and therefore gave a high

resolution and sensitivity.

Compared with the easy purification of normal PCR products,

the digestion fragments from RFLP is usually shorter than 100-bp,

dissolved in high salt buffer, and at very low concentration, which

make them difficult to purify, recover, and detection. Especially in

microfluidic platform, although the picoliter-scale sample assump-

tion due to micro-scaling extremely saved clinical samples and

enabled small amount of samples to be analyzed, the main

challenging thing is efficient detection of such low analyte

concentration. In this work, FASS was employed with some

modification to enrich the sample and increase the sensitivity. In

FASS, the electric field strength varies inversely with the sample

conductivity, so the sample zone with low conductivity has higher

field strength than running buffer zone, and the charged analyte

velocity will be higher in the sample zone, thus at the buffer

interface, analyte ions decelerate abruptly and stack into a narrow

and discrete band resulting in sample enrichment [45–48]. Feng

et al. dissolved a DNA 100-bp marker in three solvents with

different ionic strengths: deionized water, 0.26 TBE, and 16
TBE, and separated them in microchips, and found that the DNA

dissolved in deionized water gave larger peak area [49], but this

won’t work for the RFLP digestion product with high ionic

strength. To address this problem, Yang et al. tried to introduce a

water plug prior to electrokinetic sample injection and produce a

short low-conductivity zone [50], nevertheless this step complicat-

ed the CE process and increased the difficulty of operation. Here,

we effectively enriched RFLP digestion sample by increasing the

difference of ionic strengths between running buffer and samples,

and a three-fold increase in peak signal was observed in 36TBE

Figure 6. Three representative KRAS gene mutation-positive CRC PETs detected by mCE-based RFLP but not by direct sequencing.
The empty arrows indicate the peaks of mutant fragments. The underlined bases in the sequencing results are codons 12 (exon 2) of KRAS. Mutant
sites are marked with black arrows.
doi:10.1371/journal.pone.0054510.g006
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buffer in the analysis of enzymatic digestion product. This simple

modification of FASS eliminated the complicated purification step,

facilitated the manipulation of the automatic ‘‘lab-on-a-chip’’, and

enabled the detection of trace quantities of biological samples. In

addition, different with conventional CE, the inherently elevated

ratio of surface area to the volume of the microfluidic channel

facilitated the release of joule heating, so a higher electric field

could be employed to enhance the ability for separating the

components [51], [52].

Under the optimized condition, KRAS mutations in 98 patients

were analyzed. Compared with direct sequencing, the RFLP-mCE

achieved a higher detection rate for KRAS codon 12 mutation,

13.3% versus 28.6%. Current reports show that codon 12

mutations are found in 12–30% of Asian patients [53], [54],

[55], and in 35–50% of patients from western countries [56], [57],

[58]. Our results approached the upper limit of the codon 12

mutation rate in Asian patients, but lower than that of the later.

The different mutation rates in different areas and different races

might be due to the divergence of environment, dietary habit, and

genetic factors.

The results of clinicopathological factors from 98 CRC tissues

indicated a strong association between KRAS codon 12 mutation

and patient’s age. KRAS mutations in patients older than 50 years

(n = 81) were more frequent than that in the young age groups,

which indicated that the older patients would have worse

therapeutic effects, and it is necessary for them to take KRAS

testing early to update therapy strategy. Other clinicopathological

factors, such as gender, histology, Dukes stage, tumor size,

pathological type, and location of the tumor showed no positive

relationship with KRAS mutations. With the enlargement of

sample size, the correlation between KRAS gene and clinicopath-

ological factors may be further disclosed.

In conclusion, the electrophoresis step in RFLP was successfully

transferred onto microfluidic chip platform in this study. By using

sensitive LIF, new fluorescence dye, optimized electrophoretic

conditions, and FASS technique, highly sensitive mutation

detection were achieved, with picoliter-scale sample assumption.

Especially, the biological samples in high salt concentration such

as RFLP digestion products were significantly enriched by FASS,

which provided a universal way to detect these types of samples. In

the detection of CRC samples, the RFLP-mCE platform remark-

ably increased the KRAS mutation positive rate, which will be

very helpful to accurately identify patients for anti EGFR therapy.

The sensitivity of this platform can be further increased by

combining with other mutation enrichment techniques in our

future work, such as co-amplification at lower denaturation

temperature-PCR (COLD-PCR) and peptide nucleic acid (PNA)

[59], [60]. Finally, the strategy of RFLP is capable of being

employed to detect mutations of any gene sequences as long as

there are digestion sites or digestion sites can be generated, thus a

large number of different DNA fragments can be analyzed

simultaneously by developing continuous sample introduction

system or increasing the number of parallel channels on the

platform, so that the high-throughput detection can be realized.

Considering all of these technological superiorities, the mCE-based

RFLP platform posseses a very high potential for more compre-

hensive application.
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