SO /B N - S S BFEY F/ETFHERXHF PCR ISMIFER AFEIFIK DNA KRAS RERIH 5 % 407
Chinese Journal of Biotechnology

http://journals.im.ac.cn/cjbcn Mar. 25, 2018, 34(3): 407-420

DOI: 10.13345/j.cjb.170350 ©2018 Chin J Biotech, All rights reserved

- EYIRARE R

PCR DNA

200433

PCR DNA KRAS . , 2018, 34(3):

407-420.
Luo YW, Li Y. Detection of KRAS mutation in colorectal cancer patients' cfDNA with droplet digital PCR. Chin J Biotech, 2018,
34(3): 407-420.

W OE: ATmEXHSTEAMEXE A (Droplet digital polymerase chain reaction, ddPCR) 3% it — k4 i &
%% B Y53 DNA (Circulating cell free DNA, cfDNA) ¥ KRAS (V-Ki-ras2 Kirsten ratsarcoma viral oncogene homolog)
ABARRH 7 k e LR B A #tE . ARIEM B RA KRAS K E 69 X R EA R H 4/, KA ddPCR 4~
3 IR A% R B A A ARYE AMRS-PCR 7] 4353+ R 32353t KRAS JK B 49 5 if £ 2 PCR 473 5| #h JF+F 4% 3L
A, BEd bbEX ddPCR A= qPCR =4 Z 18] 49 # bk & 3R /G 4 &F 52 41 M % s A 49 cfDNA % A ddPCR #4714,
A5 ddPCR £ cfDNA KRAS A B & T A 64 52 A . A 1% K ddPCR #= qPCR Fi#t 7 x4 KRAS AR A 74 &
TR S MW T ik, AR R AAT R S B R AR SR IR Z P AT 7 sk ST AT SRR AR P R KM B B ) T RS
B HEAT T AR, B AR AT 52 416 R E A Fe 20 B IEF A A3 cfDNA KRB ATAN, 16K R4 A 97.64%,
& FRAF M A 81.43%. ddPCR #9426t F qPCR, LOD X %) AMxfk DNA # M, JAKT #A R TR E L 5|
0.01%-0.04%. #ARBKEEFT RFEI P+ TR, AEY B ZHEF Cut Off ey F 2. ERELL
M4t R R T H KRAS B E 2T RE KT,

C MAARKRF RO XR L, MBEHB IR DNA, KRAS, RAEZFHK

Received: September 8, 2017; Accepted: December 11, 2017
Corresponding author: Yao Li. Tel: +86-21-51630559; E-mail: yaoli @fudan.edu.cn



408 ISSN 1000-3061 CN 11-1998/Q Chin J Biotech

Detection of KRAS mutation in colorectal cancer patients
cfDNA with droplet digital PCR

Yuwen Luo, and Yao Li

Institute of Genetics, School of Life Sciences, Fudan University, Shanghai 200433, China

Abstract: This study aims to develop a new method for the detection of KRAS mutations related to colorectal cancer in
cfDNA, and to evaluate the sensitivity and accuracy of the detection. We designed a method of cfDNA based KRAS detection
by droplets digital PCR (ddPCR). The theoretical performance of the method is evaluated by reference standard and compared
to the ARMS PCR method. Two methods, ddPCR and gPCR, were successfully established to detect KRAS wild type and
7 mutants. Both methods were validated using plasmid standards and actual samples. The results were evaluated by false
positive rate, linearity, and limit of detection. Finally, 52 plasma cfDNA samples from patients and 20 samples from healthy
people were tested, the clinical sensitivity is 97.64%, clinical specificity is 81.43%. ddPCR method shows higher performance
than gPCR. The LOD of ddPCR method reached single digits of cfDNA copies, it can detect as low as 0.01% to 0.04%
mutation abundance.

Keywords: droplet digital PCR colorectal cancer, cell free DNA, KRAS, liquid biopsy

DNA (Circulating cell free DNA

cfDNA) DNA PCR DNA
180 bp cfDNA
DNA (Circulating PCR
cell freetumor DNA  ctDNA)MY
cfDNA 3]
2]
(6l PCR
3l cfDNA (Limits of detection
LOD)[ ddPCR
PCR [8-9]
PCR 30 pg PCR
1%
PCR
PCR (Droplet digital pCR ddPCR  cfDNA
ddPCR) KRAS
PCR ( PCR) LOD
0.001%“! PCR PCR
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PCR
PCR

1 M5 7#

1.1 FRERIIE
KRAS 12 13 7

Gl12C Gi12v G12D
Gl12R G12S G12A G13D

( C )

Xba I ( « ) )

1.2 Mm% cfDNA BJ1EEX
52

20 45

Cell-Free DNA™ BCT (218962

Streck Inc. USA) 5mL 1 600xg
20 min 1 6000xg
10 min
QlAamp® Circulating Nucleic Acid Kit
(Qiagen) cfDNA
QlIAamp Mini
PCR
50 uL
K 60 C
1lh 30 uL -20°C
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1.3 WERXEF PCR 519k it i 18
Beacon Designer 8.10 (Primer Biosoft)
(http://www.softpedia.com/get/Science-CAD/

Beacon-Designer.shtml) Blast
7 KRAS
KRAS
KRAS
cfDNA
KRAS

(5'-GACTGAATATAAACT
TGTGGTA-3'; 5-GTCCACAAAATGATTCTGA-3)
FAM Tagman

KRAS HEX Tagman

PCR

(Bio-Rad) 8 “Sample’
8 PCR 8

20 pL 1xbuffer control (Bio-Rad)

(Bio-Rad)
8 “ail” 70 uL
(Bio-Rad) 8 (Bio-Rad)

QX200™ Droplet Generator(Bio-Rad)
20 000

(Bio-Rad) 8 “Sample”

x1 WEXEF PCR R FS

Tablel Sequence of digital PCR probes
Type Sequence

G12C FAM-5-ACTCTTGCCTACGCCACAAG-3-BHQ1
G12S FAM- 5-ACTCTTGCCTACGCCACTAG-3-BHQ1
G12R FAM-5-ACTCTTGCCTACGCCACGAG-3-BHQ1
G12V FAM-5-ACTCTTGCCTACGCCAACAG-3-BHQ1
G12D FAM-5-ACTCTTGCCTACGCCAT CAG-3-BHQ1
G12A FAM-5-ACTCTTGCCTAC GCCAGCAG-3-BHQ1
G13D FAM-5-ACTCTT GCCTACGTCACCAG-3-BHQ1
WT HEX-5-ACTCTTGCCTACGCCACCAG-3-BHQ1
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96 PCR OD260
PCR (OD2sp>1) OD260/OD2gp (1.6<OD260/OD280<1.9)
cfDNA
25 Cl/s cfDNA
PCR 96 QX200™ Droplet 15.2
Reader (Bio-Rad) QuantaSoft (Bio-Rad) ddPCR
RED FAM  HEX  gPCR LOD (Limit of quantification
LOQ) (CV%)
QuantaSoft
PCR 153
( copies/ul) ddPCR
14 BEMEXYT EESRT RS S| ¥EIT 52 20
ySEopl!
ARMS- ddPCR
PCR PCR ¥ H KRAS
PNA PNA 1.5.4
2
PNA - ( ) 5-TGGAGCTGGT (Limit of blank LOB) LOD LOQ
GGCGTAGGC-P04-3' HEX Tag-man 1
5-HEX-TCTGAATTAGCTGTATCGTCAAG LOB
GCACTCT-BHQ1-3' LoB LoD
15 FHEZFRIE LOD
151 cfDNA LOO
CfDNA LOD LOQ
%2 QqPCR 3|95 LOQ
Tablel Sequenceof gPCR primers
Type Sequence (5'-3') LOD
G12C AACTTGT GGTAGTTGGAGCGT
G12S ATAAACTTG TGGTAGTTGGAGCTA
G12R ATAAACTT GTGGTAGTTGGAGCCC
G12v AAACTT GTGGTAGTTGGAGCGGT LoD
G12D CTTGTG GTAGTTGGAGCTTA
G12A AACTTGTGG TAGTTGGAGCTGC 95%
G13D GTGGTAGTTG GAGCTGGTAA LOD
Universd  ACCTCTATTGTTGGATCATATTCGT C LoD
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— ] |
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e I 1
& |
|
|
|
!
I

alevel E Measured value
0 Dynamic range

Bl 1 #®NEEDSEEXRE
Fig. 1 Dynamic range schematic of diagnostic method.

16 GiitEain 0.04% 0.1% cVv
SPSS v21.0 (http:/spss. 25% 0%
en.softonic.com/) Re
gPCR + 0.98 3
ddPCR 22 BERAMARHE ddPCR &M & I2$ LOD &
Ct 20
ddPCR
/ ( 9
95% 2 copies/uL
1-2 droplets
2 %% ddPCR LOD
2.1 ddPCR i 1EEER T
ddPCR 7
KRAS ( ) LOD
95% (LOD 1)
3 ddPCR
FPR=false droplets number/wells
100% (False positive rate
2A 2B ddPCR FPR) FPR 95%
10 000 ( Y
10 000 LOD 95%
PCR LOD (LOD 2)
(101 2 G12C  G12D 3
0.01% LOD 2
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Chl Pos: 32 067 Neg: 226 790
C01 C02 C03 DOI D02 D03 EOIL E03 FOI FO2 FO3 GOl G0O2 GO3 A0l A02 AO03

3
2
a
=
<
=
Q
50 000 100 000 150 000 200 000 250 000
Event number
ChZ Pos: 165 912 Neg: 92 945
C01 C02 C03 DO1 D02 D03 EOIL E03 FO1 F02 F03 GO1 GO0z G03 A0l A02 AO3
N 6 000 |} | ] ] ]
o
=
=, 4000
5 2 000
,(;::l O » W 1 w =
© 0 | 'l
50 000 100 000 150 000 200 000 250 000
Event number
B
Ch1+Ch2+: 20282 Chl1+Ch2-: 11 785 Ch1-Ch2+: 145630 Ch1-Ch2-: 81 160
14 000 .
12 000
3
£ 10000 ¢
=
g 8000 ¢
< 6000rF
g
S 4000t X
&} e i
2000 | e T
oy e R RTRIERS
0 1 i n i i i
1 000 2 000 3000 4000 5000 6 000 7 000

Channel 2 amplitude

E 2 ddPCR ¥ #HEE (W G12D i ik B MNERHH). (A) ddPCR ¥ 1E7E—4E, Chl ) FAM
Wi (REH),Ch2 h HEX BiE (F4E). BREHBALT EBAMHE, EEMFERES A A FAM M HEX
Big PCR PR IBHUE, RELLFIMNEZGHRORFER. (B) dIPCR T IBRUB 4B, il FAM LB E,
A HEX SR8, MBELTRARNRER 45%: A TAXERMYE, £LAHRE FAM ESHRE, AT
ARA HEX FESHRE, ALARR %L FAM 5 HEX {5589 PR M 7.

Fig. 2 ddPCR amplification chart (G12D as an example). (A) ddPCR 1D amplification charts, Chl is FAM Channel
(mutant type) and Ch2 is HEX channel (wild type). In these charts, black points signify PCR negative droplets, blue and
green points respectively signify PCR positive droplets in FAM channel and HEX channel, the mutation abundances
descend from left to right. (B) ddPCR 2D amplification chart, Y axis shows amplitude in FAM channel and X axis shows
amplitude in HEX channel, the droplets are separated in 4 clusters: lower |eft points signify no template droplets, upper
left points signify the FAM signal positive droplets, lower right points signify HEX signal positive droplets, upper right
points signify double positive dropletsin both FAM and HEX channel.
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3 KRASEEATRERLTHEiMERGERRLESEE. (A) KRASEE GI2C REVIGERBERBREMELE
. (B) KRAS £ [H G12D REBFE M ERFL M S EE. (C) KRASEE G12A RE AR mE EHR& M
7772 [E. (D) KRAS &£ G12V RER R EMBERRL M HEE. (E) KRASEE G12R REBITE MG EHRE
%M FHEE. (F) KRASERE GI12S RE AR E M EHFL M HFEE. (G) KRASE[E G13D REBIRE mih E i
B 5TEE. G12D & G12C HIKE#HEH 100%-0.01%, 10 EHE; HARTRMNHEREER 1%, 0.2%,
0.1% . 0.04%

Fig. 3 ddPCR linear curves of KRAS mutant abundances. (A) shows linear curve of KRAS G12C type. (B) shows
linear curve of KRAS G12D type. (C) shows linear curve of KRAS G12A type. (D) shows linear curve of KRAS G12V
type. (E) shows linear curve of KRAS G12R type. (F) shows linear curve of KRAS G12S type. (G) shows linear curve
of KRAS G13D type. The samples of G12D and G12C are tenfold diluted from 100% to 0.01%, the dilution gradients of
other mutant types are 1%, 0.2%, 0.1% and 0.04%.
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Chl Pos: 18  Neg: 1 468 700
A01A06A11B04B09C02C07D01D06DI12E05 E11 FO4 F09 G0O2G07GI12HO05HI10

) 1 L ] I

6000 -

5000

4000 -

3000 | .

Chl amplitude

2000 [ .

1000

-1 000 L !

0 400 000 800 000 1200 000

Event number

Bl 4 BAME T BRAM BY R —4E [E
Fig. 4 1D droplets chart of negative control tests.

*3 FAMARESZEFIER ddPCR KRAS RIE AR LOD
Table3 LODsof ddPCR KRAS detection evaluated by 2 different algorithms

LOD Gl2C G12S G12R G12v G12D G12A G13D
LOD algorithm 1 (copies/well) 1.39 1.63 2.26 221 1.80 1.72 1.80
LOD algorithm 2 (positive droplets/well) 3.00 3.00 3.00 3.00 3.00 3.00 3.00

Note: LOD algorithm 1 is according to normal distribution, LOD algorithm 2 is according to Poisson distribution, There are

significant differences between LODs and negative controlsin all mutant type, P < 0.05.

QX200 ddPCR 20 000
0.89 nL 20 uL
) 3.49
copies/uL=20-(-In(1-PD/20 000))/0.89
PD
LOD=3 positive droplets/well CV<25%
3.49 QX200 ddPCR KRAS

100 000
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2.3 SERTEE PCR M AERN
5

Ct>35 0.1%

Ct 12%

Ct 2

50% gPCR
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24 BERAMHAHIEREEZ PCR N AIEL
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Ct 40 Ct
PCR LOD
4 LOD
0.1% Ct G12S
0.1%

501

45 ¢ l

w0l v G12C

35| : 1GI2A
é 30 L i G]ZR
-
T 25+t I x G128
2 1
% 20+ ' x G12D
sy ' GI12V

10 + G13D

5

O | | | | |

10 103 102 10! 10

Theoretical mutation abundances

5 qPCRIKREHEE Ct EEIZ
Fig. 5 Ct/concentration gradient curve of qPCR.
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% 4 oPCREAESRTHMNASAIER LOD (Ct fH)
Table4 Theoretical LODs of qPCR methodsin all
mutant type (Ct value)

Mutant

type
LOD 27.23 3598 3059 32.82 37.23 3500 34.33

G12S GI12R GI12C G12D GI12A G112V G13D

Note: There are significant differences between LODs and
negative controls in all mutant type, P<0.05.

25 RES5EEM

6 ddPCR gPCR LOQ
Ccv ddPCR
Ccv gPCR
2.6 ddPCR SCRRHEEARIMLE R
ddPCR 7
KRAS
LOD 1
LOD
PCR
cfDNA
( 5 LOD
1
* dPCRCV%  x qpCRCV% 13000 g
X 425.00 5
. :
* 420.00 8
¥ X 8
e $ 115.00 2
X =
¢ * 410.00 €
% ¥ g
1500 &
: ' .-
L_¢ ! ' 0.00 =
0.10 1.00 10.00 100.00

Variable coefficients

6 ddPCR 5 qPCR R R #xHRE
Fig. 6 Comparison of variable coefficients between
ddPCR and gPCR. X axis shows.
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#5 ETJIPCRMBIGARMA KRASEHER, RTBENHRELNRES=E
Table5 Clinical sample mutation abundances calculated from ddPCR detection results of KRAS wild and

mutant type copy numbers

Sample G12R G12C G12A G12S G12D Gl2v G13D
1 4.48% 10.13% 0.00% 14.89% 0.00% 1.52% 10.52%
2 8.76% 0.00% 0.00% 9.79% 2.12% 0.00% 1.86%
3 3.51% 0.00% 2.39% 4.99% 0.00% 0.00% 5.54%
4 20.73% 4.76% 4.41% 15.00% 2.78% 3.88% 12.18%
5 37.50% 19.60% 17.65% 38.14% 47.10% 26.83% 45.51%
6 3.35% 4.35% 0.00% 12.89% 0.00% 1.50% 16.29%
7 1.33% 0.10% 0.25% 0.80% 0.26% 0.30% 0.00%
8 0.00% 0.00% 1.96% 0.00% 8.09% 4.44% 0.00%
9 14.15% 0.00% 0.00% 22.48% 0.00% 0.00% 7.69%

10 12.28% 8.23% 5.24% 8.11% 0.00% 3.06% 0.00%
11 65.12% 0.00% 54.55% 75.12% 55.10% 71.05% 0.00%
12 44.83% 0.00% 38.14% 10.42% 43.50% 4.59% 0.00%
13 45.65% 0.00% 42.86% 55.45% 20.62% 1.93% 13.73%
14 0.00% 0.00% 8.97% 0.00% 17.53% 3.61% 0.00%
15 0.00% 50.00% 0.00% 44.13% 4.11% 0.00% 0.00%
16 1.11% 0.37% 4.63% 1.39% 0.28% 0.40% 0.00%
17 11.71% 0.00% 5.19% 18.75% 7.53% 3.19% 0.00%
18 23.00% 0.00% 21.11% 2.95% 5.98% 0.00% 0.00%
19 14.89% 0.00% 5.14% 6.86% 0.00% 3.41% 0.00%
20 0.00% 0.06% 0.00% 0.13% 0.06% 0.03% 0.00%
21 1.64% 1.25% 0.00% 4.97% 0.00% 1.35% 0.00%
22 3.10% 2.27% 1.26% 17.43% 1.23% 8.11% 0.00%
23 13.73% 0.00% 15.79% 0.00% 0.00% 1.26% 0.00%
24 50.00% 0.00% 3.23% 56.00% 2.74% 23.08% 0.00%
25 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
26 0.00% 28.57% 0.00% 0.00% 0.00% 0.00% 13.73%
27 0.00% 6.04% 0.00% 0.00% 5.41% 0.00% 0.00%
28 0.00% 0.00% 0.00% 0.00% 0.00% 1.57% 0.00%
29 0.00% 0.00% 0.00% 2.32% 0.00% 0.00% 0.00%
30 0.00% 0.00% 0.00% 0.00% 0.00% 1.19% 0.00%
31 0.00% 1.45% 0.00% 3.38% 62.79% 0.00% 0.00%
32 0.00% 0.00% 0.00% 0.54% 0.00% 1.71% 0.00%
33 0.48% 0.00% 0.00% 9.88% 0.00% 6.54% 0.00%
34 0.00% 0.00% 0.00% 0.00% 56.90% 0.00% 0.00%
35 0.00% 0.00% 10.83% 0.00% 0.00% 0.00% 0.00%
36 0.00% 0.00% 0.00% 0.00% 45.00% 0.00% 0.00%
37 0.00% 0.00% 0.00% 35.38% 0.81% 0.00% 0.00%
38 0.00% 33.33% 25.00% 1.99% 48.28% 1.01% 13.95%
39 0.00% 10.45% 4.19% 0.00% 5.51% 6.35% 0.00%
40 0.00% 0.98% 1.43% 1.13% 0.46% 0.69% 0.00%
41 0.00% 6.18% 3.34% 0.00% 1.15% 0.00% 1.39%
42 0.00% 0.00% 4.19% 0.00% 5.23% 8.31% 0.00%
43 0.00% 0.00% 0.00% 0.00% 0.00% 3.60% 0.00%
44 0.00% 1.57% 0.00% 0.00% 1.10% 0.00% 0.00%
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45
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0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

0.00%
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0.00%
0.00%
6.25%
0.40%
0.00%
2.57%

0.00%
0.00%
0.00%
0.00%
12.00%
0.00%
0.00%
0.49%

1.16%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

11.50%
0.52%
0.00%
0.00%
0.00%
2.24%
0.00%
0.00%

0.00%
1.08%
0.00%
0.00%
11.29%
0.32%
0.00%
0.59%

0.00%
0.89%
3.33%
0.00%
3.41%
0.00%
0.00%
0.00%

Note: the bold numbers show the positive repeated verification results of samples under LOD (false negative in single test).
The numbers with underline show the negative repeated verification results of samples under LOD (false positive in single

test).
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Fig. 7 Blood cfDNA extraction efficiency of 52 colorectal cancer patients’ sample in this study.
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®6 LUARMREREINRMESHARR LOD XHRFEK

Table6 Relationship between total blood capacity and sample LOD according to the result of this study

Sample LOD Total copies Mass Extraction efficiency (ng/mL) Total blood requirement (mL)
1/1 000 3000 10 ng ~2
1/10 000 30 000 100 ng 5.19 ~20
1/100 000 300 000 1ug ~200
3 it *
KRAS RAS EGFR
12p12.1 (DNA RNA)
p21 [12]
EGFR
[18]
38%
KRAS >96%
12-13 23] KRAS
EGFR cfDNA
EGFR [14]
KRAS
30%—40%
KRAS 12 [19]
13 7 (15] KRAS
(FISH)
[20]
DNA TKI
ddPCR
ddPCR
LOD 3.49 copies/well
LOD 0.01%-0.04% R?
25%
[16] gPCR Ct
1974 Sorrells RB ddPCR LOD LOQ
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ddPCR LOD
gPCR
gPCR gPCR (P<0.05)
ddPCR ARMS PCR
PCR
ddPCR
Ct
0.06% LOD
ddPCR
gPCR ddPCR
KRAS 35.43%
(38%
) (P>95)
(P<0.05)
52
97.64% 81.43%
cfDNA
cfDNA
ddPCR cfDNA Cut Off
ddPCR
LOD Cut Off Cut Off
cfDNA

& 010-64807509

REFERENCES

[1] Li SW, Han L, Ma P, et a. New hope of tumor
diagnosis-circulating free DNA detection. Chin J Lab
Pathol, 2015, 7(2): 119-121, 89 (in Chinese).

DNA . , 2015, 7(2):
119121, 89.

[2] Snyder MW, Kircher M, Hill AJ, et al. Cell-free DNA
comprises an in vivo nucleosome footprint that informs
its tissues-of-origin. Cell, 2016, 164(1/2): 57-68.

[3] Abbosh C, Birkbak NJ, Wilson GA, et a. Phylogenetic
ctDNA anaysis depicts early-stage lung cancer
evolution. Nature, 2017, 545(7655): 446-451.

[4] Hindson BJ, Ness KD, Masquelier DA, et al.
High-throughput droplet digital PCR system for absolute
quantitation of DNA Copy number. Anal Chem, 2011,
83(22): 8604-8610.

[5] Low H, Chan SJ, Soo GH, et a. Clarity™ digital PCR
system: a novel platform for absolute quantification of
nucleic acids. Anal Bioana Chem, 2017, 409(7):
1869-1875.

[6] Jones M, Williams J, Gartner K, et a. Low copy target
detection by droplet digital PCR through application of a
novel open access  bioinformatic pipeline,
‘definetherain’. J Virol Methods, 2014, 202: 46-53.

[7] Whale AS, Huggett JF, Cowen S, et al. Comparison of
microfluidic digital PCR and conventional quantitative
PCR for measuring copy number variation. Nucleic
Acids Res, 2012, 40(11): e82.

[8] Dingle TC, Sedlak RH, Cook L, et al. Tolerance of
droplet-digital PCR vs real-time quantitative PCR to
inhibitory substances. Clin Chem, 2013, 59(11):
1670-1672.

[9] Racki N, Dreo T, Gutierrez-Aguirre |, et al. Reverse
transcriptase droplet digital PCR shows high resilience
to PCR inhibitors from plant, soil and water samples.
Plant Methods, 2014, 10(1): 42.

[10] Tsui NB, Kadir RA, Chan KC, et a. Noninvasive
prenatal diagnosis of hemophilia by microfluidics
digital PCR analysis of maternal plasma DNA. Blood,
2015, 117(13): 3684-3691.

[11] Milbury CA, Zhong Q, Lin J, et al. Determining lower
limits of digital PCR assays for
cancer-related gene mutations. Biomol Detect Quantific,

detection of

< cjb@im.ac.cn

419




420

ISSN 1000-3061 CN 11-1998/Q

Chin J Biotech

[12]

[13]

[14]

[15]

[16]

[17]

(18]

2014, 1(1): 8-22.
Cicenas J, Tamosaitis L, Kvederaviciute K, et al. KRAS,
NRAS and BRAF mutations in colorectal cancer and
melanoma. Med Oncol, 2017, 34(2): 26.
Knijn N, Mekenkamp LJ, Klomp M, et a. KRAS
mutation analysis. a comparison between primary
tumours and matched liver metastases in 305 colorectal
cancer patients. Br J Cancer, 2011, 104(6): 1020—1026.
Sameen S, Barbuti R, Milazzo P, et al. Mathematical
modeling of drug resistance due to KRAS mutation in
colorectal cancer. J Theor Biol, 2016, 389: 263-273.
Xu ZN, Yang YF. Influences of storage status and time
on the mutations of EGFR gene. China J Tradit Chin
Med Pharm, 2017, 32(3): 1029-1032 (in Chinese).
, KRAS
BRAF NRAS
, 2017, 32(3): 1029-1032.
Qian K, Zhang Y. Influences of storage status and time
on the mutations of EGFR gene. Chin Clin Oncol, 2014,
19(2): 132-135 (in Chinese).
, . EGFR

, 2014, 19(2):
132-135.
Sorrells RB. Synovioanalysis (“liquid biopsy”). J Ark
Med Soc, 1974, 71(1): 59-62.
Zhu MH. Liquid Biopsy: opportunities and challenges of
the development of pathology. Chin J Pathol, 2015,

http://journals.im.ac.cn/cjbcn

[19]

[20]

[21]

[22]

44(9): 617-618 (in Chinese).

, 2015, 44(9): 617-618.
Wang C, Li YM, Fang XD. Research progress on liquid
biopsy in oncology and its clinical applications.
Hereditas (Beijing), 2017, 39(3): 220-231 (in Chinese).
, 2017, 39(3): 220-231.
Kinugasa H, Nouso K, Tanaka T, et al. Droplet digital
PCR measurement of HER2 in patients with gastric
cancer. Br J Cancer, 2015, 112(10): 1652—-1655.
Zhang Y. Detection of EGFR in plasma cfDNA with
ddPCR and analysis of the correlation with EGFR-TKI
curative effect[D]. Beijing: Beijing Union Medical
College, Chinese Academy of Medical Sciences Peking
Union Medical College, Chinese Academy of Medical
Sciences, Tsinghua University School of Medicine,
2016 (in Chinese).

. ddPCR DNA EGFR
EGFR-TKI [D].
, , 2016.

Watanabe M, Kawaguchi T, Isa SI, et al. Multiplex
ultrasensitive genotyping of patients with non-small cell
lung cancer for epidermal growth factor receptor
(EGFR) mutations by means of picodroplet digital PCR.
EBioMedicine, 2017, 21: 86-93.

(R3CTtg AR IT)



