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[ Abstract | Background and purpose: Hepatocellular carcinoma (HCC) is still one of the most prevalent malignancies in
China and throughout the world, while most of these patients are in intermediate or advanced stage when diagnosed. The resistance
of advanced HCC to chemotherapy or interventional therapy is one of the crucial factors significantly limiting the survival and
prognosis of patients. However, the molecular mechanisms involved have not been fully clarified. We previously found that the

long non-coding RNA LINC00601 was highly expressed in oxaliplatin resistant HCC cells. This study aimed to explore the role and
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specific mechanism of LINC00601 in regulating the sensitivity of HCC cells to oxaliplatin chemotherapy, to provide a novel target to
identify proper candidates for oxaliplatin chemotherapy, and the theoretical basis for the treatment of patients with advanced HCC.
Methods: Human HCC cell line MHCC-97H and Hep-3B were induced to establish oxaliplatin resistant cell lines 97H-OXR and
3B-OXR by long-term low-dose oxaliplatin treatment in vitro. Real-time fluorescence quantitative polymerase chain reaction (RTFQ-
PCR) was used to detect the expression of LINC00601 in cell lines. Cell counting kit-8 (CCK-8) assay was performed to detect the
effect of LINC00601 gene silencing or overexpression on the sensitivity of HCC cells to oxaliplatin treatment. Flow cytometry and
Western blot experiments were conducted to detect the alteration of cell apoptosis. Finally, Western blot and immunofluorescence
staining were applied to explore the nuclear translocation of growth arrest and DNA damage-inducible protein 450 (GADDA45A),
and RNA pull-down together with RNA immunoprecipitation (RIP) experiments were carried out to validate the combination of
LINC00601 and GADD45A. Results: Compared with the control cells, LINC00601 expression level was significantly increased in
oxaliplatin resistant cells. Both induced-oxaliplatin-resistant cells and LINC00601-overexpressed MHCC-97H cells were observed to
be less sensitive to oxaliplatin administration. On the contrary, the down-regulation of LINC00601 expression in oxaliplatin resistant
cells significantly increased the sensitivity to oxaliplatin treatment. Meanwhile, upregulated expression of LINC00601 inhibited
the apoptosis level of HCC cell lines after oxaliplatin treatment, which was consistent with the sensitivity levels of different cell
lines to oxaliplatin as above. In addition, the overexpression of LINC00601 reduced the nuclear translocation of GADD45A and the
expression of GADD45A in the nucleus. Furthermore, the combination of LINC00601 and GADD45A was observed. Conclusion:
LINCO00601 might regulate the apoptotic progress of cells after oxaliplatin chemotherapy by interfering with the nuclear translocation
of GADD45A, which eventually lead to the resistance to oxaliplatin.
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IncRNA ) J& K A F200 %4 12 BN AT G
8 1R I AE 19— JEE N SERNA Y L o
AE3K, IncRNATEALFEHCCHE P 1 22 Fl gt (14 &
AL RS E R BN . AR T
201 74EAE YD FIEAT 25 HCCA I R T 2 3] T 3%
B EJHIILINCO0601 3R ) 5 L Wit
FER B, LINCO06017EF 45 O Al bk 7 g
R R U h ek B, ELS R R S R
RLHISG. 20204F, Wang%F ' AFSE &3, HIEET

JESFH 2], LINCO06017EHCCLH S h ik i 2
W, I HLINCO0060 138 i i1 22 24 5% A A
fiff ( mitogen-activated protein kinase, MAPK ) {5
S Gl B HFHCCIY & g . R4S LINC006017E
HCCH DR 25 b s 2k, (HHAE 7D
FIEATR 25 AL AN B

WYL RS TSP 258, fEE A4
Ml )5 51 i DNASCHIE B MIDN A5, T4 4
MR DNA . RNAKEH AN, &4 F3UH
MFET: )L AR K BHHEFIDN A 455 52 145
( growth arrest and DNA damage-inducible protein
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1.1 ZHRE. IR LER
AHCCHII#EMHCC-97H (97H ) i rH
52 E K 2= JE ol BE B g w5 BT A ST R A
£, ANHCCHiJfikkHep-3B (3B ) ZHffii F i [
P B M AL S TR W) R 2 s A . 9 THZH
JfL 15 3% Pt (1 DMEM 8% 57 2 F1 3 B 4H i 35 57 BT
FIMEME: 37 L4 [ Wi VL3 i 38 A R A Rk
AIRAAE, Ja4 G A EiEE A FH A
B H], BV FIENA [ VT 90 1 B s 2 11 0 A B
NFE], I EGRR &-8 (cell counting kit-8,
CCK-8) W A Ll = KAEVHEARAIRAF, 5L
2 i R A BEEE V. (real-time fluorescence
quantitative polymerase chain reaction, RTFQ-
PCR) A &M AR M FELE Y ELR A
BRw, PCRACSI WM AR T AW TR ( |k
) A BRA R G, LINC006015d K ik1g
Je1E . FEMLINCO00601 /N FHERNA K Cy35¢
JehR I AREN I A W AE RN ( B A
FRATE], Yk Lipofectamine’ 30000 H 3
] Thermo Fisher Scientific/A A, Annexin V -
FRIR DI E (fluorescein isothiocyanate,
FITC) /BfbiE ( prodium iodide, PI1) J&T-
et i & W H 2 E BD Bioscience/A R, R
Pt N\ Cleaved-caspase-3PifAk ( Cat. ab32042) |
BRI NGADD45AYiA ( Cat. ab180768 ) | F
Pt 0 (Cat. ab205718) | FEHHRAF555%¢
J6—H0 (Cat. ab150078 ) ¥ [ 9 [ Abcam 2y
m), P AB-actinfiffk (Cat. AA128) . BHTA
Histone3#i{& ( Cat. AF0009 ) . 4HMEAZ A H 540
M B AR B 40,6- IR EE-2- 2RI e
(4’,6-diamidino-2-phenylindole, DAPI ) {7
W H FHEE R RAEYHEARARAF, FHR ht
( Cat. ARG65350) Il F H1[E 57548 Arigo/A 1l .
RNA pull-down3Z 5 & RNA G ILUTIE (RNA
immunoprecipitation, RIP ) SEEHAF &0 F
VYRR e A TR AR FR AT A
PCRAY S 35 s A . W AR AX X 1 56

Thermo Fisher Scientific/A &), 2¢)6 M N A
HZAOlympus/Aal, W44 [ 3£ EBD
Bioscience/A A, b2z &GS H i K RE
BHEARAT
1.2 ZHREEEFE

OTHANME 2 [ AN 10% 4 M3 . 1% %
R/ R /MY ZBARYDMEME; 55 5L, 3BAIIE
FEHEBIN10%MG 4107 . 1% G R R/ R/
PR ZEBMMEMER L, ¥I7E37 €. CO KR
BONS%I M TR, AiMus BEIRE190% L L5
1:2%1 : 3f&4L,
1.8 BibFI A 25 4 B ik Y 2 5T

] HC C 4l fd 1 3% T2 K R b i n vk 2 o
1 pmol/LI VS FEATEA TR _L Tk A Ma s 3%, +¢
SEREFRE . ARAR2AN F SR 20 X B VDA Y 24
H# E (half inhibition concentration, ICs,)
W HCCANM P BT, $&7m s s
BAYDFIERLR AT 2 A AR9 TH-OXRAI3B-OXR o
1.4 CCK-83If

B LAS 0009 /L 1) 25 B #2731 9 6 L Al
Wi, TE37 C. COMRTUI R 5% 1 35 348 i
BT AL RE B2 K ) AL RO A BRI AA
VTR P FL P B YD RN LR B 2 o0 1L 2. 3,
5. 10, 15, 20. 30F140 umol/L, B TH;F4AH
K3R48 W, f LIEWOEE R 1 10 E I CCK-8
WA - BRI ILR G110 uL, R
W2 hJE FRERR ARG 450 nmil 1K Ak 1 6
(D), ZxHlIC, Mgk, SEHHEE I,
1.5 RTFQ-PCR3LI&

fie RN ARG & . R il &
PCRIA & P Y UL B SR BN L B RNA | R FE 5%
cDNAJf#1TRTFQ-PCRAGM . PCREA:H . 4
Ja hEEL95°C Smin; PCRYH495°C 10s, 60°C
30 sHA40M S IR IR ALI95°C 15 s, 60°C
1min, 95°C 30s, 60°C 15s, P-actin F-I#5 4551
H5'-CATGTACGTTGCTATCCAGGC-3', Fiif5|
Y5 H5-CTCCTTAATGTCACGCACGAT-3';
LINC00601 #5917 51 }5' -AAACCTTAATT
GCCAATGTGA-3', FiFEsl¥/EH KN
5-GCACCTCTTTTGTAAGGAC-3', SZI 3K,
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W A DL 4 X 1074 /L 2 B 45 B T 6 fL
Morf, 40K E30% ~ 40%5% 1 B4R 1%
gu, WMRSAL R SR, O X BEER 2% vh EL i
K ( phosphate-buffered saline, PBS ) PE¥#2IK,
) R LB R BE P I AR EERL 1 pL LA i 23 5%
PR A AT FIKLINCO0060 1 5L B 48 95 75
B AT AL e R 0 R L ( multiplicity of
infection, MOI) F10, 1RA)JEF M E AR FF
Fh % YL48 h, 48 hiG R BT EEREIRWL, FEXE
FRW P ANAL0 pmol/LL& MR JE S EE 2, IRA)G
A F7 4648 hifii 15 R IKLINC00601 A3 E
FROTH-LNCAHI3B-LNC., /NFHERNA M Y if
%A b, 6 fLHiaEfL2 mLAK &4 M Eppendorf
WA B H L RERWT : Opti-MEMK; 5
125 uL+ Lipofectamine 3000 7.5 uL, Opti-MEM
R ¥ 125 pL+LINC00601 siRNA (20 pmol/L )
10 pL, METRA)E 2 iREHE 15~30 min/5 il AL
W, BEASTR S FRAR TR Y48 he
1.7 LA AR

i H X < = M MW Z m
( ethylenediaminetetraacetic acid, EDTA ) HJf
VEWEHALARME, 1000 r/minES.005 min A 40 .
FIEWE A I PBSYRIA AN, Fii &
VLA fd F Annexin  V -FITCHIPLG 4 i 7 7 YL £2,
FUEECEE 15 min, Je@gi s DA, S0
WE A3,
1.8 ZERRENTZE ( Western blot )

il FH R TP A 2 ik i 458 S 200 Jif 55 2 1 o8 e 40
i A% 2 1R A0 A o it R 6 16 B 43 il b
PR R A R, T R TR
( bicinchoninic acid, BCA ) & H & H ik &1
FPEE e e it o Hie BRSPS L1 10% 19 43 B9 M
TR 46 e R AT~ ot S R A R TN s T g 5 T
HUK (sodium dodecylsulphate polyacrylamide gel
electrophoresis, SDS-PAGE ) , 80 VHLJk1 h.
120 VEHLIKEEH , WBH75300 mAFEREL h, HUH
FES 5 (o FH PRk 3 PV 2 R B P 15 ming B —Pid
MU LU B 5 4 ClRA R, S22 RH
A MEIR-20 = LB ZE AR ( tris-buffered

saline with Tween-20, TBST ) BEHE3K, BIK
10 min; AR5 L6 B S &= IR IR T
1h, TBSTYEME3YK, AFK10 min, #AJ5 AL
249 (electrochemical luminescence, ECL ) i
& Bk RS & . SERE R 3,
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YR LAS X 104N /ALIY 2 B e Fh T 1240
o7 240 LU B I A8 P 4% 22 5 FH T AR 31 72 I P 8
FES Y 1 R, s B S5 1 — L 8 Cy 39 A icd
FILINCO06014 414 CH A &K, H2 K&t
TR-208 MR 2% vhER A ( phosphate-buffered saline
with Tween-20, PBST ) P&3¥K, %HH/KS min, Uff
FH—HU M FH AFS 559 Y EhRiE A% b P 2 i b
JGIRE 1 hJE HHPBSTHE3 R, K5 min, &AL
JIA200 uL DAPIZE (A 2 ikt St 44 5,10 min,
PBSTYE3KJE JINA200 pL PBS, 7E2¢% WG T
B NS . LI 3R
1.10 RNA pull-down323§

W30 pLAEYI R ARIC BIRNARET S 25 0
HEFET90 CHKIR2 min, JEHFEIKIA2 min,
JNASO pLFA I RNAZEA 2 v f120 nL ARk
2 — Wi (diethyl pyrocarbonate, DEPC ) /K,
ZEYR 20 min, BU40 pL@i¥k, 1 mL TESPER
J& . FEREERT I ARNARES 1100 pL 2 X TES,
25 CHEF;IRE 30 min, B THEIZE L LBR LW
W, SRIEINAS500 L TESYEGRIER . #l&EH
AR, HL100 uLﬁfinput, SR 5 FE AR FARE L P
JITA10 uL DNase, 5 puL DNase salt stock, =&
IRA1 he INA40 pLIEERRK, 4 CheftiR e
30 min; 4 000X g0 X 1 min, B VSR 2 M
A~Eppendorfil & 1. 70 I EERIRE S AR
iR, MA0.5 mL RIPZE M . 5 L RNasedlll
#7]. 5 uL EDTA. 2.5 puLZ - FEX2-E Ik 2.k
VU Z 1% ( ethylene glycol bis (2-aminoethyl ether)
tetraacetic acid, EGTA ) HI5 pL poly (dI-dC), =
TIERE2 ho BRI WS F vt I BC I BRI
4 CYEHANW, % BIHW 30 uL Urea CHAPS
S 120.3 pL B 7S ( dithiothreitol,
DTT) , 37 CIAVEN2 hfa7emi S22 Bl
H . PR T IR 2555,
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T AU A i e 15 BH 5 B ) 24 A i 1 2,
UG AE4 CFLAI16 000X gB.0010 min,
W 2 TS Eppendor i A i o FAERE L E R
28 PLIEFIA/GREZR, VEERRER2IK . In AR LG4
TR I3, W e LR T vk A5 A0 2447 W 53l
P4, IgGAl FlInputdl, JNASEERHUARSIgGEIM:
XTHRHTIRFIREER , 4 Caf EIR 214 WS W AEREEE .

Bo il GEA 1 M2, 4 CYERS min, Wi
WEER . ARG R, 55 CIRE 30 minyhi
RNA, 4E FiEW . FEERRNAF 1.5 00 ik
FFRNARY 5% 5 e PCR . il BUB IR A EE IR, B
10 uL PCR™=#), JIMA2 uL 6 X FREYURIFIS pL
DL500 DNAFRICY), 80 VHLYK40 min/i5 FHEERE
BREREGNES . Al
1.12 St

K HGraphPad Prism# 4174511 . 2K
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Xt BT g N7 4 B Vb R AR 20K i 25 HC C 41 Y Bk
97H-OXRAN3B-OXRi4T | CCK-83L 5 i B i,
SRR, SRR B VDRI RS b P48 h
Ja, BYD RV 24 40 i A 0 AR 20 e i 45 5 7
PR, HIC, W& & X i (&)
PR L5 S S A YD R B0 Ak % T 24 A i b
M. HE— 38 i RTFQ-PCRAZ 6 - I SE T
97H-OXRFI3B-OXRAAEH LINC00601 mRNAHY
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0.5

97H 97H-OXR
LINC00601 mRNA

>k ok ok %k

32r

Relative mRNA expression
B

i
0.5
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Fig. 1 Oxaliplatin resistant cell line 97H-OXR and 3B-OXR, and the change of the LINC00601 expression

The 97H-OXR and 3B-OXR cells were less sensitive to oxaliplatin treatment and their LINC00601 expression level was significantly increased.

**%: P<<0.001, compared with 97H; ****: P<<0.000 1, compared with 3B.
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O7THANME, HH L FRIKLINCO00601/I97HAIE
(97H-LNC) , [A]IFH#E R LINC00601 mRNA
AN HERNAXF9O7H-OXR A LINC00601 ) £ ik
HKE AT R (97H-OXR-siLNC ) , HRTFQ-
PCREIGUFAISE B WLEI2A . SkE e, FeA14 59

A

W PR ZH 20 MR A T T AN [ e B TR VD R A Ak B 1
CCK-85:5%, Z5H A, I FRIKLINCO00601HEM
3 M = O THAN X T b AR Az (&
2B) ; #R1fi, 497H-OXRAHMETLINC00601 ()3
ISR, LA B VDR B R M S R R
(E2C) o [FEF, FRATEEIB-OXRAAMH & 1
LINC00601 953k, HAF8] T —2&5 R (E2D,

2E) . FRZERAEARLINC00601 7] HEXT BV FI4A
it 24 P R A R

B C
LINC00601 mRNA 125+ 125+
S12 1 s #k =
256 i < loor < 100F }wﬁ —4
< > >
Z = 128+ 2 | =x%y g .| =T
%.é 2T E 75 I———l'\h é\: " e 75t F
28 1} 2 S0 e S o 2 SOl i T
ER 8 e 3 o
& 05} 251 -« 97H 25} -# 97H-OXR-siNC
“#97H-LNC -* 97H-OXR-siLNC
025 1 1 0 L L L L L L Il O L L L L I I I
& @0 & 05 1 2 4 8 16 32 64 05 1 2 4 8 16 32 64
<& ,\Qs' Q—'c’ fv\\) Concentration of oxaliplatin/(pumol-L™) Concentration of oxaliplatin/(umol-L™)
I S
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D E
LINC00601 mRNA 125+
2048 - ok ok ok sk *
e 100}
< 1024 I"I s k_—:t\'%&
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g3 e
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R 3
& 05 © 5| = 3B-OXR-siNC i
*3B-OXR-siLNC *
025 0 L L L L L L ]
N @0 ,%\QQ -@Q 05 1 2 4 8 16 32 64
Q S Concentration of oxaliplatin/(umol-L™)
SRR R
N~
A

B2 LINCO006015i% B HCCHRRE BRI FI$AM 25 AR I
Fig.2 The effect of LINC00601 expression on the sensitivity to oxaliplatin of HCC cells

A: The mRNA levels of LINC00601 in 97H-LNC and 97H-OXR-siLNC cells were validated by RTFQ-PCR. B: LINC00601 overexpression led to
oxaliplatin resistance in 97H cells. C: LINC00601 knockdown resulted in the restore of sensitivity to oxaliplatin in 97H-OXR cells. D: The mRNA
levels of LINC00601 in 3B-LNC and 3B-OXR-siLNC cells were validated by RTFQ-PCR. E: The sensitivity to oxaliplatin in 3B-OXR cells was
reserved when LINC00601 was downregulated. *: P<<0.05, compared with 3B-OXR-siNC; **: P<<0.01, compared with 97H-OXR-siNC; ****:

P <<0.000 1, compared with 97H-control or 3B.
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i 245 40 FI RS LINC0060 15 BT 245 2H 41924 h)i5

97H. 3B. 97H-OXR-siLNCHI3B-OXR-siLNC
Y M & A T L e 3 BT, 9 7TH-OXRA
3B-OXRX PR Tiif 24 241 it 1 98 7~ 2K S5 JE B
AL (FE3) , X500 & B LR M X B
VPRI BURMEAR — 2, $FE7RLINC00601 [ 1A
K-S T K- 2 A
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Fig.3 The impact of LINC00601 on the apoptotic level of HCC cells after oxaliplatin treatment

Oxaliplatin treatment induced significant apoptosis in non-oxaliplatin-resistant cells, however it had few influence on the apoptotic level of

oxaliplatin-resistant cells. **: P<<(0.01; ***: P<<0.001; ****: P<<0.000 1.
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Fig.4 The impact of LINC00601 on the activation of caspase 3 protein

HCC cells demonstrated upregulated caspase 3 activation level in an oxaliplatin dose-dependent manner. Control cells and OXR-siLNC cells showed
significant caspase 3 activation after oxaliplatin treatment, while oxaliplatin-resistant cells had moderate changes of caspase 3 cleavage.
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Fig.5 The location of LINC00601 in the HCC cells and its impacts on the expression of GADD454 gene

A: LINCO00601 was found mainly located in the cytoplasm of HCC cells; B: RTFQ-PCR demonstrated that GADD45A mRNA level was
downregulated in 97H-LNC cells; C: GADDA45A level in different 97H cell lines; D: GADD45A mRNA level was illustrated by RTFQ-PCR in 3B
cell lines; E: Western blot analysis was established to show the GADDA45A expression level in different 3B cell lines. **: P<<0.01, compared with
97H; ***: P<<0.001, compared with 3B.



(P @BERE) 20233355 11

33

WIEGADDAS A AL 7 E #2 DA T A 21 ) 42
GADD4SAYIReMPER o FRATTE Sefit FH 4t i 4
RED YL EIEE T AR 4 il F GADD45 A Y 43
TEN . 458 %2R, 7E97H-OXR, 97H-LNC,

3B-OXRAFI3B-LNCixX JL#A R FRIALINC00601 4 fifd
M) 40 A T O S 3 T I B I GADD4SAE 48, M
TELINCO060 1 AH X R 3R (1 X) HEZH FTIOXR-siLNC
21 1 %) 20 D B T GADDAS A3 A #5870 (KI6A,
Eut) o Rk EmiEx —45e, 1159
SR T AS [ 200 6 200 A%/ A B S I 1,
1T T Western blot325%5 . Z5 R B/x, 97H-OXRAN
97H-LNCHH il 5 F'GADD45 A ) 5 1k & 1 5 18
hn, MifE97HFI97H-OXR-siLNC 4 2% i W 2% 5]
TH N ERGADD4SAEHE (K6B) . i1l

753 B2 L ZR 18 X5 1 40 ik oW 21 T A [ 46
(E6B) o IRZEFAE/RLINC00601 A i ¢ 15 X
GADD4SAMIZFEA RS T S e
2.7 LINCO00601%tGADD45AE =M IR =
J iR ELINC00601 % GADD45 AR
SRR LE], FRATE—2 i d RNA pull-down
FIRIPELZES WWELLINC00601/2: 75 5 GADD4S ATEAE
454y, WA LINC00601HRNA pull-downZs F i
N, SAEREATHIEGADDASA (FT7A) . %’
— )5, TN GADD4S AR BT G g3t
¥, M1t RTFQ-PCRANELEHHEEIZ BT , EF%
B8 T LINC00601 mRNAR &4 (EI7B) .
éﬁ%&%ﬁLINcoomlﬁ%ﬁz'ﬁGADMSA%Q,
T A 3855 I A T R VR

A LINCO00601-OE OXA-resistant OXA-resistant-siLNC
<
<
a
jan)
59
a
<
()]
<
£
a
=
e
9
<
(@]
B 97H 3B
OXR OXR- 31LNC NC LNC OXR  OXR-siLNC

B-actin

- 40 x10°

Cytoplasmic
protein

—
Histone 3

Nuclear
protein

L ] =

S| -40 x 10°

E6 LINC006012MGADDASARIRZEE L

Fig. 6 The nuclear translocation process of GADD45A was interfered with LINC00601 expression

A: GADDA45A was marked by red fluorescence and was enriched in the cytoplasm of LINC00601 overexpression cells and oxaliplatin resistant cells,
while its cytoplasm location was attenuated in control cells and oxaliplatin-resistant-siLNC cells. B: The location changes of GADD45A were further

confirmed by Western blot.
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Fig.7 LINC00601 might bind to GADD45A

LINC00601 RNA pull-down and RNA immunoprecipitation experiments demonstrated that LINC00601 mRNA could combine to GADDA45A.
A: LINC00601 RNA-pulldown revealed the combination between LINC00601 and GADD45A protein; B: LINC00601 expression was enriched in the

RNA immunoprecipitation by anti-GADD45A.
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