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Function and mechanism of ferroptosis in the radiation resistance of colorectal
tumor-repopulating cells

CHANG Yuhan, Ge Yutong, HA Wentao, WEI Xiaowei, GONG Yongling (Department of Oncology, Nanjing First Hospital, Nanjing
Medical University, Nanjing, 210006, Jiangsu, China)

[Abstract] Objective: To investigate the function and mechanism of ferroptosis in the radiation resistance of colorectal tumor-
repopulating cells. Methods: Human colorectal tumor cells HCT116 (defined as Control cells) were cultured in two-dimensional
normal conditions, and tumor regenerative cells with high tumorigenicity (defined as TRCs) were cultured and screened in three-
dimensional fibrin soft gels by the mechanical force method. Both the control group and TRC group cells were exposed to X-rays with
different doses (2, 4, 6, 8 Gy) and MTS and the clone formation assay were used tomeasure the cell viability rate and proliferation
ability. After the Control cells and TRCs were treated with ferroptosis inducer (Erastin) and X-rays respectively, they were stained with
C11-BODIPY reagent, and the lipid peroxidation level of the cells was observed and determined by confocal microscopy and flow
cytometry. qPCR was used to determine the effects of Erastin and X-rays treatments on the expressions of ferroptosis-related genes
glutathione peroxidase 4 (GPX4) and acyl-coenzyme A synthetase long-chain family member 4 (ACSL4) in the Control cells and TRCs;
WB assay was performed to determine the effects on the expressions of ferroptosis-related proteins GPX4 and ACSL4. Results:
Colorectal TRCs with high stemness were cultured and screened out from soft fibrin gels. After irradiation with different doses (2, 4, 6,
8 Gy) of X-rays, the viability rate, the clone sizeand the number of clones in the control group were significantly lower than those in the
TRC group (all P<0.05). After the cells in the control group were irradiated with different doses of X-rays (4, 8 Gy) and treated with
Erastin, the lipid peroxidation level of the cells in the X-ray treated group was significantly higher than that in the untreated group

(P<0.05). The lipid peroxidation level of the cells in the Erastin-treated group was significantly higher than that in the DMSO-treated
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group (P<0.05). There was no statistical difference among all treatment subgroups in the TRC group (all P>0.05). The mechanism study

indicated that compared with those in control cells, GPX4 and ACSL4 in TRCs under ferroptosis-inducing conditions (X-ray radiation

and Erastin treatment) presented expressions that contributed more to radiation resistance, i.e., continued upregulation of GPX4 and

downregulation of ACSL4 and their expressions were dependent on the doses of Erastin. Conclusion: Colorectal TRCs may resist

ferroptosis through a high expression of GPX4 and a low expression of ACSL4, which in turn induces radiation resistance.

[Key words] colorectal cancer; tumor-repopulating cell (TRC); radiation resistance; ferroptosis; glutathione peroxidase 4 (GPX4);

acyl-coenzyme A synthetase long-chain family member 4 (ACSL4)
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BT T B0 RIB T R W, B 44 5 ) 25 L e B
I ATE S AR R MR RO ST
TR T 45 B e AR T AR R EE AR
o MR 40 M 2 5 e 0T SR R AR (B T
i T A K55 1 v e o A DA S A Gt 5 5 D7 SR PR
P Jirb I8 2 S 3 7 AR AR 5 B E A R oK 5 4
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T —— 88 T 4= 41 B2 (tumor regenerative cell, TRC)
BERAR R 55 B WOT HR AL, e 5N A 7
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338 KPR SE T AR PUBOT , R TRC 2R E T
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1.1 fmhafe £ 244t

N i A HCT 116 Wy 5 v R R) 272 e 240 /2
McCoy’ s 5A K #5 5  Jif 4 L7 XU H0  Dispase 11 <
0.45 pm PVDF i \ECL A4 2% JEOG 7 3 1 5 BR o 2
w] , £ 4 25 1 Ji (salmon fibrinogen)  #E IflL i (salmon
thrombin) ¥J ) § Searun Holdings 2 & , il B & X4
Lipofectamine 2000 C11-BODIPY i 57| . TRIzol izt 7
¥y | 3% B 2§ B8R K A A, Erastin, Deferasirox
(Fe*'chelate) 4 14 H MedChemExpress A &) , ik & [
Mt JC 1L 375 200 Y R A7 250 T ) O BT 3R SR AR M R
H R/ #], GoTaq” 1-Step RT-qPCR System — 25 i &
MG & MTS 57 & 3508 H Promega 22 7], BCA &
F5E BT & RIPA Zi# 7 . SDS-PAGE & H A %2
MRS E R E S R AEVERA IR 2\, Wi &
SYIAIEREpe e s A sk y/F ST 2 ) S /ANCINRIIE S5/
Pl ERT R P H Proteintech A ®] , 28 Bt H

Jik itk 48 & W) B 4 ( glutathione peroxidase 4, GPX4) T
PRI B Abcam 2 7] , B 5 5 B A & R K BE S0
% 71 4 (acyl-coenzyme A synthetase long-chain family
member 4, ACSL4) #i 4 . B-Tublin $T 74 3 14 F Cell
Signaling Technology A ]
1.2 MR35 = f TR QR H &

FH 4 10% i 4 3% 19 McCoy’ s SA 85 3% 2 7E
37 °C5%CO, {1 #5757 46 H 55 75 45 W 20 e HCT116.
EROGT A K 3 1 4 i B Rl S 828256 . Control 4]
Ji kRS 7% 1 45 W J& HCT116 40 i, TRC oy — 4
T BRI O 2 O B 7R K HCT 116 4 il . 2 [l
BR[6-71, MZT4EEE 1 IR IR A 1 mg/mL B, S i i 24)
990 Pa. AR S0 EOK, b £ AN RIS A 2T 4 R
B (151,52 mg/mL) , Bt B 75 25 4 25 1 J5 0 T7 22
VO T Y VS 55 Y, 4 T 55 VORI I il i N\ 4 i i 77
B, 75 20 g 55 57 A b i B 30 min J5 A SRR IR A .
RIS TRCTEAS RN R 51—
1.3 #1& TRC Emia & ik

P BRI 100 mg/mL Y Dispase 11 ¥ i B 5
FEF 2 mg/mL (1 TARKE , 75 24 FLBR B AL A
200 pL Dispase 1T , # B 5 min B 2 % A [ 2 5K -
W I AT A & BB S I HE 15 mL B0, B0 )
N 219xg, &0 3 min; 7 _EiE , II N 3~5 mL g &
RV EEMMEUTIE , ) AT J5 , BT 37 °C/KIHH
5 min, B2 ERAE EH 2 BT US40 I e B
BUSCER AL, 3145 TRC FRLAH L 2K
1.4 qPCR %3

H TRIzol 7% 43 5l )\ Control A1 TRC 4f fifd 43 55
$2 WU RNA, H Nanodrop 43 7% 6 I & &6 I A i 11
RNA & & . #R¥% Promega — U ¥ 1% #% 5% qPCR iR 77
U0 I B W B qPCR RN FE T, IF 8
2AATHIN E BEIE T A R . qPCR SE58 R BT H
BSIF WAR 1
1.5 MTS &AM X-4F & FE A4 3¢ TRC 35 7469 %/ 7

¥ Control Fl TRC 43 7] 4 F 7 96 FLAR H , B AL
8x10° i L , 15 7% 48 h Jm HI X- 5 £ LSS T [0 4 i
R IR B5 7% 48 ho AR ¥ Promega i 771 &1 1 E R A
MTS BGFIAEEE 2 h, T BEFR AT I 490 nm i K D6
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DB/ IR DAE*100%.

%=1 qPCR3|41F%

FER A FR S51YIFF1(5'-3")
GPX4 R: CCCGATACGCTGAGTGTGGTT
F: TCTTCGTTACTCCCTGGCTCCT
ACSL4 R: CCAAGTAGACCAACGCCTTCAG
F: TTCGGTCCCAGTCCAGGTATTC
CD44 R: CGAAGAAGGTGTGGGCAGAAGA
F: CCGTTGAGTCCACTTGGCTTTC
BMI1 R: TGTGTGCTTTGTGGAGGGTACT

F: TTGCTGGTCTCCAGGTAACGAA
TWISTI1 R: TTCCTCTACCAGGTCCTCCAGA
F: CTCCATCCTCCAGACCGAGAAG

SOX17 R: GGACCGCACGGAATTTG

F: GAGGCCCATCTCAGGCTTG
PTPRT R: GGAGAAGTGGCAGGAGCAGTAT

F: GCAGATGGCACAGAAGGTTCC
GATA6 R: CTCAGTTCCTACGCTTCGCAT

F: GTCGAGGTCAGTGAACAGC
CK7 R: GCTGAAGAAGGATGTGGATGCT

F: GCTCTGTCAACTCCGTCTCATT

1.6 WB 5232450 TRC P GPX4,ACSL4 8 & &

# Control 41 ifg A1 TRC 4% Ff 75 41 fo 55 72 AR
72 h i 40 R PR A R A, 8 BCA VLT B G
E B, i BRI IR #R A K 4T SDS-PAGE J& #
% PVDF i, FH 5% Wit g 4= 93 = i3 41 1 he F TBST
VeI 3 5, 43 BN\ Pt B-tublin . GPX4 . ACSL4 —$71
(I 101 000 Fi )4 °CiE i . I TPST Hefix 3 7%,
TONKH R 470 (P28 128 000 88 ) iR AL FE 1 h, F
U TBST Wl 3 Uk, 3% 8 111 e B ECL &6, At
I A5 F G AT W, B S A8 Tmaged BEE 20 #T 2%
WK AR, RN RS R . B ER A RIAE=
H I EE 25T AR BEAR/ N 2 B 2% iy K FE AR
1.7 SLIEFS AR SR 3o A ) TRC 2% 5k =

¥4 Control 41l ffd F1 TRC 2 F 75 21 g 15 77 4 15
F% 24 h, 25 F AR 57 &= 1 X- S 2R BB 4 (2.4.6.8 Gy)
J& - TRUIE] 4 R IR R S 9% 48 h, WS 4R R A i B
AR H i HE B B 0 AN ) 55 &, 4% BB Bh BE A% 250 R
H4 77 V2 % B¢ Control A1 TRC 4H i , B=F 2 6 cm 4 iy
BRI, A R E 3N AL B2 .
SE I WL 858 355 73 1L P (0] 40 i e, 224 L B0 A R T O ¢
Bl ribE 2 JE bR 9% . 7E PBSTEYE 3 vk H A H s
li] 58 4 M J5  INNIE RS SR G T . AP S
17 FEH= (AR 2H 50 [ TV R 50/ 4k 2 20 42 b 240 i %)/

Control ZH 73 [% 2 i 28 x 100% ; Control 41 78 [ 2 i 2 =
(Control 2H w2, [% J¥ ik %/Control 2H 43 F 41 it £ ) x
100%.
1.8 EZRERMEMETRC B4 T K-F

# Control 41l ffd F1 TRC $2 Fh 75 41 i 55 3% 4R A 15
F5 48 h, 78 FH R [RI 86 1) X-5F 46 (4.8 Gy) IR S )i, i
[=] 44 P 5% 5% 47 15 77 48 h. Tl S i % C11-BODIPY #l
Hoechest 4t , 1A ity T 75 1) G i A ARG R T
T 55 7 40 f i 8 72 4R 8 . PBS 1 3% 3 (3T
NG, TE A 1 2R A AL T 15 min J& , 8645 1F F
PBS PRt g 3 ¢, L B AE B AT 44
1.9 AKX 4mfe KA TRC 8 g i id A ALK -F

B 5% 3% 7 48 h 1) Control ZH e A1 TRC, 43 5l F
Erastin F1AS 6] 551 2 [ X-41 £k (4.8 Gy) 43 48 h, PBS
TEVE 3 VG I TS #1145 () 2 pmol/L TAEMREER C11-
BODIPY %4 (43 , 7£ 41 i 135 772 46 4L 2 30 min, PBS &
e 3 %, 1% Control 41 fifd A1 TRC il 8% J3 F 41 it 2 1
AL BB, B0 1 219xg 5.0 3 min, A
MOPTsE . E RN, HE45 40 B iGE i 400 H R i
BN AE . U A B ORI 40 P AR o it A1k
Ko AN SR B D IR 1 10° A SH LRI
1.10 %its it

KA SPSS20.0 A AF AL BRA U . TR BRI L+
s, PR ELICR FH ¢ 456 70 A, 2 41 18] b AR
BRI T 2007, L P<0.05 BY P<0.01 %8 2 7 H 4t

EI-PE
2 & R

21 H Y& G KR89 TRC A A & F A= 27 A2
BEAR A b

W &5 Bapee 40 B HCT116 K5 F71E 90 Pa [ — 4k 41 4k
EABMB T 6 d, ik TRCE 1A, 7E 90 Pa i) £ 4
HABMH, TRC I T R U 125 0 HE 2% 1 1
JRe 71 (B 1B) « fE28 6 RHZHUHCT116 40 A 1) &2
mRNA, & i xJ - 1% & K] CD44. SOX2. TWIST.
NANOG. SOX17. BMI1. PTPRT b\ % 4> fk 3
GATAG6.CK7 253347 gPCR K I, 45 3 (I 1C) £ W,
S5E W TRC I H R &1 R = ik B A 2
IR IE 1 o TR HLBE 27 4 B2 (1 308 1 A B (1
1.5.2 mg/mL) 7% , 1 32 PR R 23 A0 22 (R ) R 08 2 B
HE o A R ARORE o DL b O IR S, = 4 Rk R O i
H 1 TRC N 4s B s T M4 i, AT 48 N 45 B s T
R SRR . AW FT LIOIRAS B 948 5E ) HCT116
B2 F% 1) Control 48 il 1 TRC NHF 7L LK B IT J5 42 1h
&GN S
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mRNA AN FE B

55 Control 40 B #H EL ,"P<0.05, “P<0.01,™"P<0.001
A S5 B 79 TRC TR, BB RA 200 pm s B 45 B 98 TRC 7o HE AR ; C: 5 Control 41 ffIAH EL
TRC 4 P = PR B 734 BE DR R AR X 20 7K ST
1 FHEEERRFE TRC BG5S T AEREERBE

22 Z5E M TRC A B & K -F 693077 I

AN T A5 Control 41 i A1 TRC X U7 B i 52 7K
-, R [ 57 ) X-5F 28 (2.4.6.8 Gy) I 5 41 g,
MTS ¥ A I 45 J (B 2A) &7~ , TRC 41 il 1) 40 i A7
HERYE FEET Control 4, Z %W H 4 it % =
X (P<0.05) . o FETE S 45 R (B 2B.C) &
B, fE 2k AR R & 1) fE B (0. 4.8 Gy) J5, TRC
(1) 5 b %4 B ¢ Control 4 i i 3 F+ &1, TRC 140 i 52
1EH8 5035 =T Control 4B (33 P<0.05) . DL %%
B, TRC 07 #KPi g /132 58 T Control 41 .
23 AW TRC &7 A5 I8 K i AL %
(PN

N T RR G B TRC P A BT P E ML
il , K AR BE TS 5 TRC JBUTHIBL A G . g it
A KA E ZE, 4 H C11-BODIPY i
SE N U SEAL I, 2L A 5ORIB R A, S 5t R
&5 . A5 C11-BODIPY X #f i 47 4L o, LUK
DA [7) A 34 25 201 B 1 g o 3ot 284k K, 23 3l R F
5 £ B A XA Al R O 5% 9 A e LR TIOK
o HLRERME PSRN R (E3AB KN,

2t X-414: (4.8 Gy) M5 5, 15 0 Gy 2H Control 4H g
FHEE ;4.8 Gy 4 Control 41 g [y 2% (175 e B 5k, A2 T
g e Ak, FF HLBE X5 42 770 =¥ 389 0, Control il
(2R B 6 /KA T 5 1T M 52 B AN TRC e & R I
FH TRC J LA SR a5, BRI T X-FH 24K Ht .
FH 825 77 Deferasirox (Fe* chelate) (DFO) 1 8 Gy
LRI A MG , 25 BT 7, Control 21 i PR 48 5 72 A2
Jig R 5 SRR WS B, T TRC B 228 . 4, Cll-
BODIPY %% (L 30 umol/L Erastin 4b ¥ 41 {F Jy {1 14
Xt IR i o i 2 2 i R A R 3, 5 DMISO 4H A
bt , &3 Erastin 4 ¥ 5 19 Control 40 il & A= 7 #H &L 1
Jig i it 44k (P<0.05) , 1M TRC 3% A & A2 i8I i 4k
(P>0.05) ; Control 4 ffd 71 28 i A [F) 7 &= ) 4R R 5 (4
8 Gy), f10 Gy 4LAH Lk , 4. 8Gy & [ b B 41 1 41 i
AT KT B B AR A (3 P<0.05) , 1 TRC %
LI R I I SR AT A AR SR 3 B (3 P>0.05)
(F3C), ixsbgh BRU, 45 B TRC 0T T
555 i S A 2 YA O¢, e nT Rl KPR AR Tk
HHUBIT -
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0 2 4 6 8 Lo 2 3
X-Fl&/Gy X-FI&/Gy

C 0 Gy 8 Gy

Control

5 Control 4H i AH L ,"P<0.05, " P<0.01, " P<0.001
A AN X SR AN )5 , TRC A7 R 1 2 2 50T Control 40 (MTS 324D s B, C: AN A7 & X 28 a3
TRC 78 T B 28 34 55 35 = T Control ZH S (o W T i S 06 45 5 M BUs 4 i)
&2 457 TRC T K F=T Control 4HAE

A Control TRC B
C11-BODIPY C11-BODIPY C1I-BODIPY C11-BODIPY 8 Gy+DFO- [y
GENS (L) Merge GERLE) (D) DAPI ) 0
& sy N @ |
00y Sl 4oy I
0Gy DN
8 Gy+DFO 8 gy+pro - NG
E sey I 00|
5 4oy I
4 Gy o} y

oGy NN |

8 Gy R

I C11-BODIPY (BALA)
M c11-BODIPY GEE#)

C Control
[ Erastin 30 pmol/L == DMSO
f\ DMSO . IR 0 Gy
] = 1R 4Gy

. 8Gy
[lagy
[JoGy

8
6
; 4 _— == Erastin 30 pmol/L
R Hi
e JAREEN aROON

10° 0 160 10° 10° 105 0 10° 10 10°
FITC-A FITC-A Control TRC

5 DMSO 41#H Et, ™" P<0.001,""P<0.000 1
A LR BT E i S EKF, RN IE R A, G NEAE bR 100 0K s B : JE SR AR B AU AR 2 IR i S K- P 11
PR TE 151 HT s C+ Yt A LA ARG DU IR 5T 3o S A /KT B 2 53
3 LERRE TRCHBITIRIM S BRI SEHHETIHEX

Kk Kok == IR 8 Gy

HHXT SR 5R BE
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24 A M TRC 7 il MM AT 5 5 K207
EL¥

N T DRI 45 B TRC S ZRAE T (AL,
AHIFEXTANBAT AN R FE R AL T 2155 577 Erastin AbPE (52
534H) , FH C11-BODIPY XJ#E a4 T 4t i@ i N4 i
ARATHIFARIE T K AR, SEBR 25 S (B 4A B)R B,
TEANIF) % & 1) Erastin A0 ¥ T, Control 41 g i) S 56:2H g
Ji I AR 3 v T X HE A (P<0.05) , (HI A WL 2|
WRFE A 5 % 2H TRC IR U S A K P 2 i) 1) 22 7 T8
it L (P>0.05) , 1 45 B i TRC 525 3 ek
BUT. [RISEAHE , 45 B W7 TRC W] Rg il i KBk FE T
Z 5 T .
2.5 %A% TRC 7T At il id & & X GPX4 A=k & &
ACSL4 & 44k 7=

N T IR R LS B TRC UL T
MU, ASHF TR T 45 B TRC AR A0 T S B 1 4% 4>
F GPX4 1 ACSLA [F) 3215 7KF-o TEAMIREFRINER 6 K
X Control £l A1 TRC £ iy (1]t RNA , qPCR LA
(B 5A)F B, 5 Control 40 g AH EL , TRC & £ 1A
GPX4 . fik#ik ACSLA(H) P<0.05) s FE4HIIRE TR0 6 K
KL 0 Gy Bk 8 Gy AbFEZHL ) Control 4HfRAI TRC S H
WB ZER 45 R (] SBL.COFR I, 4 8 Gy ST 2k Ab# )5,
Control 4Hf1) ACSL4 £ AR ALK T Tt 5 , GPX4 #H
X FRIE KRB, 1 TRC 5 2 AH & (33 P<0.05) s /E4T A
B IR0 28 6 R MCHUASIRIR FE ) Erastin ARFE 5 (SZE64H)
1) Control Al TRCAHLEEEH , WBIERRIZE S (B 6)1ESE,

5 DMSO 41H EL , 525620 Control ZH L % 15 GPX4 . /&
1K ACSLA, TRC 5 2 A 2 (34 P<0.05) ; #H Lt Control
40 M 9258 4H , TRC Y 5256 4H /5 38 18 GPX4 KR 1A
ACSLA4, F HF## Erstin 193 B T+ 51, GPX4 [FIFRIA =T+
51, ACSLA 301k BB 2 PRAIR (35 P<0.05) o X HE 4 4f
PR, 45 B e TRCTEHSET R S 1F R, vl e iE It i
Fik GPX4 FMIkRIA ACSLAHRPTE LT,

Control TRC
Erastin 30 pmol/L
Erastin 20 pmol/L
Erastin 10 pmol/L
[JDMSO
\\ ‘P \\
10° 0 10° 1o 10° 105 ©0 10° 10*  10°
FITC-A FITC-A
B
8 —
*kk DMSO
| T wen Erastin 10 pmol/L
@l( 6 kkok Erastin 20 pmol/L
ﬁ Erastin 30 umol/L
B 4F EEES
T
K
' 2t
= - S
0 1 :1
Control TRC

5 DMSO 4 Lt, ™"P<0.001
A HE AAG W Erastin 755 (1 15 2 i A AL KT
B:C11-BODIPY % i AH % % Yot %

4 Z5ER7E TRC FIREBE M E T2 5 HAITIRM

A C
251 * 1.5 2.0 == 0Gy
m - mﬂ 8 Gy
20
e E 1.0F mlg 15t *kk
B O15F 7 : ® T
® = o gt
Z 10} K
5 3 05k s
E < Hokok
E 05k 8 sk < -
S . < % 0.5
0 1 0
Control TRC Control TRC 0
Control TRC
B
Control TRC
0Gy 8Gy 0Gy 8Gy 2~°'-§g§
i
S e e s GP4 X 15t .
® T
a0
g 1.0
B e e s | AcLa <
§ 0.5} iy
A | -blin .
Control TRC

5 Control M s fH b ,"P<0.05, " P<0.01, " P<0.001
A FE[N GPX4 F1 ACSL4 [ AH X 2145 & ; B: GPX4.ACSL4 5 [ #£ 1A /K1 ; C: GPX4ACSL4 £ (1 Rk /KT 58 B0 #r
5 ZEER7E TRC AIREIBIE S 3R IE GPX4 TR IA ACSL4 LTSk L 1=
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Control TRC
DMSO 10 20 30 DMSO 10 20 30 [Erastin/(umol-L)]
— e amm————— | GPX4
O T o e e e | ACLe
— — —— ———— | B-tublin
s DMSO Erastin 20 pmol/L mm DMSO Erastin 20 umol/L
20 ¢ Erastin 10 pmoVL = Erastin 30 wmol/L 2.0 Erastin 10 pmol/L. === Erastin 30 pmol/L
*kkk
i
@ 15t = n*ﬂﬁ L5}
: :
1.0F
A 17
o 05
© =
0
Control TRC Control TRC
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