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[ Abstract] Background and objective The mechanisms of small molecule targeting drug resistance and ways to
overcome resistance are now both urgent need to improve the clinical efficacy. This study aimed to investigate the feasibility of
using different methods to establish the crizotinib-resistant non-small cell lung cancer NCI-H2228/Crizotinib cell lines and
to clarify the mechanisms of resistance to small molecule targeting drug, thus providing experimental and theoretical bases for
further studies to overcome the mechanisms of Crizotinib resistance. Methods The study utilized stepwise increase of drug
concentrations and chemical mutagen to induce Crizotinib-resistant NCI-H2228 cells. The drug 50% inhibitory concentration
(ICy,) values of parental and resistant cells and the population doubling time were determined by MTT assay. The echinoderm
microtubule-associated protein-like 4-anaplastic lymphoma kinase (EML4-ALK) expression was evaluated by RT-PCR and
Western blot. Full-length sequencing method was used to compare the EML4-ALK genes in the parent and drug-resistant cells
and analyze the mechanisms of drug resistance. Results The method of gradually increasing drug concentration to induce
Crizotinib-resistant NCI-H2228 cells was time-consuming because the cell growth recovery was extremely slow. Thus, this

method was considered invalid. However, chemical mutagen ENU can effectively induce NCI-H2228 cells resistant to crizo-
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tinib in a short time [IC,]= (3.810+1.100) pmol/L, P=0.002,9 vs parental cells]. Furthermore, the gene mutation frequency of

EML4-ALK in the resistant cells was significantly higher than that in the parent cells. Conclusion Chemical mutagen-induced

cell resistance was easily operated and had effectively shortened the experimental process. Preliminary technical methods and

experimental evidence for in-depth study of drug resistance mechanisms and approaches to overcome the targeted drug resis-

tance were also provided.

[ Keywords ] Lung neoplasms; Small-molecule-targeted drugs; Crizotinib; Drug resistance; EML4-ALK
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it % A R A SR B = R 2 —, e
AE/N AT ( non-small cell lung cancer, NSCLC ) 4 fififi:
LI 80%-85%. BRIINSCLCHYIRYT AL . ALy 7 N LAt Y
ARIRIT N E . EARk, BEE > TAEWERRE R R,
FEIERYT B8 T IR ARG F RS T REFRIF A AM
20074F 1 YCAENS CLCAL S H 2 BURK B S WV U G 8 1
Ff4-[R] AR IR B IR 8 ( echinoderm microtubule-associated
protein like 4-anaplastic lymphoma kinase, EML4-ALK ) JE[H Fl
BBGLIK"Y, EML4-ALKL {3 3K £ 2 UNSCLCA
I3 BV R LE W RR S AN AR T BB AL /N TR )
244 Crizotinib /&t —~MET /ALK/ROS 1Ny~ i 2 B2 1 1
5 ( tyrosine kinase inhibitor, TKI ) , £ F-20114F4%35 [F
L2y B E R ( Food and Drug Administration, FDA )
HEHEF TR T ALKFH{ERNSCLC . B2 8& Crizotinibf 744 ik
% AR R AR AR N U S AN TR G & A TR 25
TNSCLCHIALKRl& B A B HAT A 25 1 i 52 2k
Crizotinib i 2L AH L AL P L ) 25 M)t s s 2%,
NG AE | BRI DB 45 | (5 S5 Sl ks, e
LI E RN S d 1

FRHETEALKE G ( kinase domain, KD ) [ f 28748 J&
AN 2 ) L, ok S5 2 S 7 A s [l BH
75 Crizotinib 5 HAE 5 iy 4541, T A AYIRIE %KM,
l[ia A % £ Crizotinib i 24 (14 585 5 & B 1 5878 22 S 80K
FRAWFIET 25 K A AL, FRATBARAE RS T — A
Xf Crizotinib AR AV i 25 A A MR, a5 14 Jin 24 Wy e 2
/B 58 b PR — > FIAEML4-ALK Y NSCLCAH il 5
NCI-H2228, KI5 AL 2540 L5 R A AR IC 22 SO F
IITEMLA-ALKIE R, IR A S M e 25 WL #1548
S R 245 1 T Be B A R A BRI kAN SE AR A

1 ##FnA*

1.1 £k RPMI-1640y H Hyclone, IMDMI F Gibco;

6 4= 1M %5 Wy H Biolnd ( FOETAL BOVINE SERUM,
Cat.04-001-1A ) ; ANSCLCHHE ¥k NCI-H22280 A
ATCC (NCI-H2228, Human Lung Adenocarcinoma, Lot:
59868851 ) ; NSCLC AS494i itk i Z< AL Uiyl o2 A A
Blefsf et Crizotinibll) [ Selleck Chemicals ( Cat.
$1068 ) ; SEAZME (6 mg/mL ) A B AR EAEZ)
Wiy A PR/ Fl . Nethyl-N-nitrosourea ( ENU ) i H Sigma
Aldrich; RNeasy Mini Kit ( Cat.74126 ) . QuantiTect reverse
transcription kit ( Cat.205313) #J-5Qiagen/\ F] /il ; PCR
S R A TG IR A WA . ALK (C26G7)
rabbit mAb ( Cat.3333 ) Flphospho-ALK ( Y1604 ) antibody

( Cat.3341 ) i) H Cell Signaling Technology.

1.2 U085 5% NCI-H2228 41 0 % F5 /ERPMI- 164055 33 Bk
(#710%FCS, 100 U/mL7 5 2% F1100 pg/mLEEFE 5 )
I 20 it ik 26 IR EML4-ALK & L A i) variant 3 ( Crizotinib
MIMETRE AL ) o AS49ZH H RLES F5 TIMDM 35 Bk v
0.25% iR 7 [ fiff+0.02% EDTA (1:1) ji54kf%/%. Crizotinib
% TDMSO, ¥J¥ }350 mmol/L, -80 ‘CIE7E% . ENU%

FDMSO, [ AW E100 mg/mL.

1.3 2k i s 1 15175 Crizotinib it Z5 M L bk R &
328 1 Crizotinibif HE MR & i iy 2 XA Y T3 14175 =
H22284f fifl % Crizotinibif 25 . 2497 I 1 £ 50 nmol/L,
YER72 WiE, IAGH 5 FR B Ak S 55 3%, Fr AR A E
WK )E, FAS0 nmol/L Crizotinib/E72 h, it &
PRJG , X B8 N Crizotinib¥R o 76155 1 25 19 o 72
AT LA A A I O I 0 24k B SO ALSCE (1100
ng/mL ) fEEAIEA K .

1.4 ENUZNFE S Crizotinibiif 25 4 I RE"S H2228411 e
K EIEHUA KB (5x10°4>/mL ) ITAENU (100 ug/
mL) , 24 WS4 16400E3 0, dRZEHFR48 hIFIIAA
[Fi] 3¢ J& %) Crizotinib AL FRANE (0. 400 nmol/L., 800 nmol/
L. 1,200 nmol/L, 1,600 nmol/L ) , L&A K17 e B 4
BRI B RSN H B IR A, AR
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Wit 5% 4 241,200 nmol /L,

1.5 WSEICMH SOk 4 iE AS4941 il & — A NSCLCAH i
R, NFIKALKRGFEN, (HRRIBEFAEREGFRIF 54
K-RasZ&75 | ASZH R FHAS49Z0 B /R I % BEZ0 B, DL Ebds
#1[i1] 254 Crizotinib % A [RINSCLC A0 M 19 /A5 VE . 5256
K FPaclitaxel{E Jyxif BE 254 . BOW A AR K T H2228 55 441
LT 245 A L S ASAQZEL, M Ak VR 20 vk B Sl 4 10°
AL /mLiz R 96 LA, 100 yL/fL, 24h)5, IIAMR[FEHK
FERY SR 2% ( Crizotinib it f7 ¢ &£ 100 pmol/L; Paclitaxel
AR EE7.034 pmol /L, ARIIOfEFRREIL6AS-7 R )

SEIG TR ZS P4 . BESRIO IRALFniR 0 A4, A4
4NEATEL, 37°C. S%CO,., IEANRE &M FRFE72 h,

MTTVEAG I 4 M 7E 490 nmAb BB FE(E, SPSS 17.0%k {4
THAIC M

1.6 H2228 3% 7 i Jitd FI1Ti} 24 20 A EF A A3 448 st [i] g 00 22
TEE 20 BT e ) S B 2 L VR 80 5 4 i v A 1
10"l /mL, 4%1 mL/FLRF 20 AR 244 L85 70 . AR
SRR IFIR AR 7R . ARG SR (KEk ) Sk
W, AIRECH I, SRR i REA:

Td(h)=t(h)x[log2/(logNt-logNo)], 154 LA il
B o AP TR RG], Oy X OGNty

X EOHFE A AE AR B 2RI, No kb B S T 4R ik i)
ik ¢8
1.7 S RNASEHUHMIRT-PCR  FRNeasy Mini Kit$Z
AP ERNA, i BRGSO B e, I pg MARNAM
FcDNASG A, KA QuantiTect reverse transcription kit,
M 2 Ui B R . PCREIMIILARL, K2, ALK
( Genbank U62540 ) 5|#JVX} ALK fEAMER (0] FHF46
NP FIALK mRNA ) |, 5D ALK SR 514
EML4-FAIEML4-RIE M EMLA413 i . GAPDHEL[RIAE AN
IR, TR 25 40 R0 S A 40 i EML4- ALK DU 32
TS MR 2 D4 iblast LU XS 734
1.8 Western blotA ] ALKAIP-ALKFE [ #21k AS49f1H2228
YA E I 10N 4R, FH100 uL lysis bufferZ fif 24 il
( 10 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM
leupeptin, 1 mM pepstatin, 1 mM aprotinin, 20 mM PMSF ) ,
B0 5 B E 3 HBradford'sSE B 8 SR H & i (%S0
ug-100 ygfE 1) | 7.5% SDS-PAGERER 1Tk, B FTHEHS%]
PVDFf [, R4 A7ES% BSAH, 22745 min, FHTBSTVE
JBE3YC, 4510 ming —47 (1:1,000) EFF, ZEfi1h, —
Pt (1:2,000) BEF, Zili4S min, 05RO LGRS 514
A,

%1 PCR3I#

Tab 1 PCR primer

Name Sequence Product (bp)
GAPDH-F 5" -GTCAGTGGTGGACCTGACCT-3’

GAPDH-R 5" -TGAGCTTGACAAAGTGGTCG-3’ 212
E6A20-F 5" -TTCGAGCATCACCTTCTCC-3"

E6A20-R 5" -GGACACCTGGCCTTCATAC-3’ o1
EML4-F 5" -CAGCCAT-GTCACCAATGTC-3'

EML4-R 5" -CACTTGG-CTCCACAGTTTGT-3' 302
ALK-V-F 5" -ATGGTGTTGCCTCTCCTCGATGTGTC-3’

ALK-V-R 5" -CGTAGGTGGCTCCACCCCCTCC-3’ 0%
ALK-I1I-F 5" -GGGCCATGGCGCCTTTGGGGAGGT-3’

ALK-1II-R 5" -GTTGGGCCTGTCTTCAGGCTGATGTTGC-3’ 760
1-F 5" -AAGTGCCCGCCCCTCTAA-3’

1-R 5" -GCAGCTCCTGGTGCTTCC-3' 73
2-F 5" -CATCATCAACCAAGCAAA-3’

2-R 5’ -CCAAATACTGACAGCCACA-3’ 296
3-F 5" -CCCCGGTTCATCCTGCTG-3’

3-R 5 -GGGTCCTTGGGCCTCACA-3’ 083
4-F 5" -CAACACCGCTTTGCCGATA-3'

4-R 5" -GTGCGACCGAGCTCAGGG-3' 097
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%= 2 PCR R4
Tab 2 PCRreaction conditions

Fragment Reaction conditions (Taq polymerase)

GAPDH 94 °C 5 min; 94°C30s,55°C30s,72°C30s, 25 cycles; 72°C5 min
EML4 95°C 5 min; 95°C30s,58°C305s,72°C 1 min, 40 cycles; 72°C 10 min
ALK-I 98°C 5 min; 95°C155s,60°C305s,72°C30s,30 cycles; 72°C5 min
E6A20 95°C 5 min; 95°C 30, 54°C30s,72°C 2 min30 s, 35 cycles; 72°C 10 min
ALK-V 98°C 1 min; 95°C155s,60°C305s,72°C30s, 30 cycles; 72°C5 min
Prime 1,3 94°C5 min; 94°C155s,52.5°C30s,72°C30s, 35 cycles; 72°C 5 min
Prime 2,4 94°C 5 min; 94°C30s,54°C30s,72°C30s, 35 cycles; 72°C5 min

L9 Gtk T FSPSS 17.056H 2 H A T T , it
BRI MeantSDR , (Tl k)7 2250 . LA
P<0.0S 422 RATHH 1.

2 HR

2.1 i 25 240 HL B 382 S FIIC il . H2228 4 ifd 52 AN HEL
WIR Z MIE, g A 4 0  BEAIR T Ho A ) it 2 (4
ASA9ZHMI ) , T H 20 MO BEVE 9, XE T AL, B SR
HFE, ANELY7 d-10 dFEAR— . FRATTRHEG 259
WS I ST 24, & B4 Crizotinibb H )5
H2228 A M At T el 2s A BLAE N 24 J5 728 75 L o
ARYIMIR, TR R, FFaGEGEAER, 4kimsET:,
Uy B3 248 i A4 T S AR A5 BRI (1) o i FH2228
R AR L T2, 2l A 38US 4R A2 AR KT
TR AT ( Crizotinib¥¢ B <500 nmol/L, i k%55
AL, BARMKOIRS BT IER, BAEMMRA
P ), RS S dIMARER S AR K B R R T
JRBESE, A KRS Sy, AT X A A AT
PR 2E, T DAFRATT 25 Ak 2175 28 ) b FRH 222 8 4 ifa 175
S0 i X Crizotinib it 25 . N-ethyl-N-nitrosourea ( ENU )
e FhsR PR R AP, AT EENLIE R 2 N E AR
A5, ARG R R ENUL RN , S ARV VR A 2 i
B 2, B MR S WA KA B R AR T AR
KRR I AL, 55 T 245 4 ML X Crrizotinib A IC fEL
(13.810+1.100 ) pmol /LA i 15 T2 A i (1.003+0.372)
pmol/L ( P=0.0029, n=4) . CrizotinibXﬂ‘AS49éﬂiH@E/‘]ICS(){E
h (3.345+1.625 ) umol/L, 5Tt 25 4L AYIC, HAZ T, X
— 45 5 5 Katayama 5 R E — B0, AR AZ N
Crizotinib¥¢ & (Y 7 837 TH3122 CR ( FIAEML4-ALK

variant 1) 2541 A%, JHIC,(H 5 ARFIBALKIEH HEHE
1 AS 4956 i 2 ML AR IC o L F4) K -1 pmol /L

2.2 SEAS YRR 24 248 B A RS AT 1 B D B B A KSR
A 2t Y R T 245 240 L ) ok B A B R v, A [V B 43 )
FERN T 24400k, #2827 RKHECA MR, 2 A0 i AR il
S /NS v = R I N s ) B e e |
(E2) , ENUAMFEIE S AYH2228/Crizotinibiif 25 41} 1Y
AR EBORA U MIRENT, FERHARRRS A (313.40
+50.65 ) h[ZEAZH M A BEARFE I B ]2 (250.80+58.29 )
h, P=0.028,1, n=3],

2.3 PCRECIGZEI  S000 1 Se B T H2228 FIAS49 4 it
EML4-ALKZE L 1EIL, 45 FEIIH222841 il FZiAEML4 |
ALK ITIFfIEML4-ALK ( variant 3b) , AS494{ i3 ik
EML4, AN#EIKEML4-ALK (variant 3b) , 530k 4R34
—3, A ZENULL PR 7 A [ H2228/ Crizotinibiiif £
S LEAF N 5 |90 P B 1 25 DR DX S8 A & A B A 1) el 2
(A6 b ALK iR 1 25717 St s e X BR A AR5 )
1M SR AT BB SR 5 T 1 S AR I R AR IR Sy, B
W R LR A A A AS DNAY) 24ty , AL
R ZE R 225 . 5I9IALK VIPCRY HA45 B i /R %
FTE693 bphb LS54l , i — LUl IZ A LI F A SR ALKEY
AT AL (B3, R3) .

2.4 Western blotSLIG 25 . | RPCRAEZIG 45 W FEH 25 A 40
Jfi F$IXEMLA4-ALK variant 3b ( AB374362; BAG55004 ) , &
IR BE 796 aa, 43T 1287.635 kDa, ASZEG K ALK
FIP-ALKHT AN T H2228 27 A% 4 Jif A1 i 24 48 e AH 1 2 1
M2k G5 R RN HEANIAS49 . H2228E A4 i Fl it
2401265 ALKFIP-ALK [ P=0.007 (ALK), A549 vs H2228;
P=0.529 (P-ALK), A549 vs H2228], [6]ifH2228/Crizotinib
T} 245 24 L ALKR, [ 19 2635 15 2R A 20 it AH b 2304 ) i 2 S
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A
B C
120% H2228 H2228/Cri 6.0 Crizotinib Paclitaxel
100% —~ 5.0
< =
3 =
€ 0% g 40
= 60% 2
5 ? v 3.0
> 40% 3
20% >a 2.0
Y
0% 1.0
0.001 0.01 0.1 1 10 100 0.0
Crizotinib (umol/L) NCI-H2228 A549

B 1 Crizotinibif S MM 2 ASFEMEFNC, EATELES. A:NCI-H2228 (7) FANCI-H2228/Crizotinib (F : ZA¥NiR EIE4E ; A - ENUIEZEZE ; X100) H94H
BAS (HEFRHEHAIREA5X10° cells/mL) ;B : Crizotinib4: 3 /ENCI-H2228FINCI-H2228/Crizotinib BI4AREFEEER (%) ; C: NCI-H2228F1A54948pICs,
ERILLE.

Fig 1 Cell morphology after Crizotinib induced drug resistant and the results of ICs, values. A: Cell morphology of NCI-H2228 (left) and NCI-H2228/
Crizotinib (Middle: increasing drug concentration group; Right: ENU mutagenesis group) (X100); Note: The initial cell concentration was 5X10°
cells/mL in each group. B: Cell viability (%) of NCI-H2228 and NCI-H2228/Crizotinib after Crizotinib treatment; C: Comparison of 1Cs, values of
NCI-H2228 and A549 cells. ICs,: 50% inhibitory concentration.

225,000
__ 200,000
-
§ 175,000 *
g
< 150,000
()
el
E 125000
€ 3 PCREIRZRHH
= 100,000 = KRS
v Tab 3 Analysis of the PCR assay results
75,000 Fragment P value
1d 2d 3d 4d 5d 6d 7d d
A549 vs H2228 H2228/Cri vs H2228
H2228 H2228/Cri EML4 0175 0.422
Bl 2 H2228% AR AIT 2540 MG K B % . *P<0.05, H2228/Cri vs ALKl 0.001 0.136
H2228. E6A20 0.001 0.284
ALK-V 0.004 0.312

Fig 2 Growth curve of H2228 parental cells and resistant cells.
*P<0.05, H2228/Cri vs H2228.
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A
M A549 H2228 M A549 H2228 M A549 H2228 M A549 H2228 M A549 H2228
GAPDH EML4 ALK-III E6A20 ALK-V
B
M H2228 H2228/Cri M H2228 H2228/Cri M H2228 H2228/Cri M H2228 H2228/Cri M H2228 H2228/Cri
GAPDH EML4 ALK-III E6A20 ALK-V
C D
25 EML4 1.6 EML4
x ALK-11l ALK-1Il
E6A20 14 E6A20
20 ALK-V 1.2 ALK-V
I
I
515 g 10
< <C
(U] Y 0.8
El 1.0 *% g
LQCD, . $ 0.6
0.4
0.5
*% 0.2
0.0 0.0
A549 H2228 H2228 H2228/Cri

B3 CrizotinibfiZAifEH2228 4 M PEML4-ALKBY SRR RIERIE K. A A549F1H222840H1 ; B : H22287F1H2228/Crizotinib4RAl ; C: M EAZRMFiT 5

1 D XEBERMLEIT /4. **P<0.01, A549 vs H2228,

Fig 3 The expression of EML4-ALK in H2228 cells before and after Crizotinib resistant induction. A: A549 cells and H2228 cells; B: H2228 cells
and H2228/Crizotinib cells. C: Statistical analysis of the results of A; D: Statistical analysis of the results of B. **P<0.01, A549 vs H2228. EML4-ALK:
echinodermmicrotubule-associated protein like 4-anaplastic lymphoma kinase.

[P=0.002 (ALK), H2228/Cri vs H2228; P=0.001 (P-ALK),
H2228/Cri vs H2228, [K4], UiIHENULNFE A GBI 1+ 2 2s
ALKFIP-ALKIE 1 2515175 5 H2228 40 iU fif 24 .

2.5 WP £ X AZEEML4-ALK variant 3b
( GenBank: AB374362.1; 4>4:2,506 bp ) F&fi1i%i1HIPCR
I3 H4PCRY), 43 5% B EML4-ALKHE A (9 A1
NS B . TG CrizotinibAh 1) X} BE 2 19 I 7y 45 SR 28 DF 4
JEiRE] T KR FY, ZBlasttb X, 5EML4-ALK
variant 3bJF 4 —F . ZENUEZR )AL PE ) Crizotinibifif 24
L0 48 R 20 DR A5 1) — 25 K R2,417 bp 3L R )

4], i 35 T EML4-ALK variant 3bffJCDS[X ( 68 bp-2,458
bp) , FESXMAILESE, KL KIFINIAE SRAE
(% 2 o B — A T AR A5 A 0 s 435 SR 45 SRk S T
145 & Crizotinibiif 2 il ALKFE R () — ¥k 2848 (L1196M |
C1156Y, F1174L, L1152R, G1269A. G1202R,
S1206Y, 1151Tins, 11171, F1174C, DI1203N%§ ) %[tk
GIHT R R B I s AR A, (R TE ALK Y
T A PR A SR AT P45 5 6 iU 43 F A 4 A C A L4
AGEAS R, DN X B 58 1) A 5 A e A it 245 4H 5G
(ES) .
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A A549  H2228 A549  H2228
87 KDa

B-actin ALK

B .
H2228 H2228/Cri H2228
87 KDa
B-actin
C
0.5 ALK
p-ALK
£ 04
Q
% 0.3
<I *%
< 02
c
[}
X
< 0.1
0.0
A549 H2228

A549  H2228
100 KDa
R 87 KDa
55KDa
P-ALK
H2228/Cri M M H2228 H2228/Cri
100 KDa
-0KDa 87 KDa
ALK P-ALK
D
0.25 ALK
=020 p-ALK **
S o
§ 0.15
-
<
[oX
S 010
c
4]
X
=< 0.05
0.00
H2228 H2228/Cri

4 A549. H2228%1H2228/Crizotinib4H A ALKFIP-ALKE BFRIE/ 7. A1 A549F1H2228 Mk ALKFNP-ALKE B Fi% ; B H2228F1H2228/Crizotinib4A il
ALKFNP-ALKERBRIL ; C: WEAL RS54 D X EBLZ RG24, **P<0.01, A549 vs H2228; P<0.01, H2228/Cri vs H2228,

Fig 4 ALK and P-ALK expression of A549 cells, H2228 cells and H2228/Crizotinib cells. A: ALK and P-ALK expression of A549 and H2228 cells; B:
ALK and P-ALK expression of H2228 and H2228/Crizotinib cells. C: Statistical analysis of the results of A; D: Statistical analysis of the results of B.

**P<0.01, A549 vs H2228; P<0.01, H2228/Cri vs H2228.

it

3 i

20074FSoda " & B — P AR 5L EML4-ALK 2 &5
TNSCLCHY &S #E . EMLAE B sh U AR S A
FER TR IGOL, HAE 2 A & — P N-Ii AR X,
— A EK B S S MG F RS 1 (hydrophobic
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Fig5 Comparative analysis the sequencing results of H2228 cells and H2228/Crizotinib cells
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