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Abstract: The nuclear transcription factor nuclear factor erythroid 2-related factor 2 (NRF2) plays a crucial
role in maintaining cellular redox homeostasis. The aberrant NRF2 signaling confers enhanced antioxidant capacity,
which is linked to tumor progression and therapeutic resistance. The current study investigates the biological
effects and molecular mechanism of tribbles homolog 3 (TRIB3), a stress-induced protein, in regulating cell survival
and apoptosis in lung cancer. This study first performed the RNA sequencing data analysis with 576 lung adenocar-
cinoma patients from the cancer genome atlas (TCGA) database. The NRF2- antioxidant response element (ARE)
signature was enriched in patients with high TRIB3 expression. Dual-luciferase reporter assay and real-time quanti-
tative polymerase chain reaction (PCR) were used to confirm the effect of TRIB3 on the kelch-like ECH-associated
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protein-1 (KEAP1)-NRF2 pathway. Abrogation of TRIB3 impaired NRF2 transcriptional activity and reduced the
expression of its target genes. Moreover, TRIB3 enhanced NRF2 stability via blocking KEAP1-NRF2 interaction.
TRIB3-depletion promoted reactive oxygen species (ROS) production, restrained cell proliferation, and enhanced
carboplatin-induced apoptosis. In addition, NRF2 overexpression recovered the tumor inhibition effect of TRIB3-
depletion. Consistently, TRIB3 failed to modulate apoptosis in NRF2 depletion cells. In summary, this study shows
that TRIB3 inhibits the KEAP1-NRF2 interaction and upregulates the transcriptional activity of NRF2, thereby
promoting lung cancer cell proliferation and reducing the sensitivity to chemotherapy. Targeting the TRIB3-NRF2
signal axis may become a new strategy for ROS homeostasis and lung cancer treatment.
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2-related factor 2, NRF2) #2& 41l il i A Ak B A & o ok
T S R, AR GRS Al R SR T A AR S
RAIFREAERRY, IEH AT, NRF2 75 20 M i
1 5 kelch 7 24 4 SR b2 AH O¢ 8 A -1 (kelch-like ECH-
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it FC AT BA AT R 7T 45 R B, TRIB3 53R B AE KA
T34k (epithelial growth factor receptor, EGFR) #f H.1E
FH, AR e 4 i A=, FRAR AT 2454 B BBURR A )
— 3538 3 3 R & 42 70 T (gene set enrichment analysis,
GSEA) %54 7t F Bt & B, NRF2 {5 5 7€ TRIB3 = £ 1A
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i LR B (cycloheximide, CHX; T2 &5
C104450, Sigma-Aldrich 22 &]); JikEg it 4 .3 \RPMI-
1640 #% 7% % . DMEM #% 7% B2 fll IMDM X 7% 2 (Gibco
D) T YR5R) VigoFect (595 T001, Jb 5 Big fr i A=
YRR A PR 22 w)); protein A/G B fig B Bk (575 sc-2003,
Santa Cruz /A 7); Lipofectamine LTX with Plus Reagent
YR (55 15338100) Al Lipofectamine™ RNAIMAX
A7 (1845 13778150) (35 [H Invitrogen A 7]); gPCR
(real-time quantitative PCR) 1 4 (£ 18 24 R} 4= ¥ R
4 R 2 7]); BCA (bicinchoninic acid) ¥ & 1 i & &
7R & (b a3 ) S EE B R A IR 4 W]); TransZol
Up. EasyScript® One-Step gDNA Removal and cDNA
Synthesis SuperMix 1% #% s i ) & (A6 & N B+
AR AR a); KAPA SYBR® fast qPCR i 71 1 (3£
KAPA Biosystems 24 ] ); i M Rl il 7 & G = KA
YIBARA R E A7) NRF2 Bkl KEAPL ik (35 E
Cell Signaling Technology 2 #); TRIB3 Hi 4 (i =
J& A= Wy i R A PR 2> 7, Proteintech group); it DDK.
GFP Ml HA i & (At 5 i# R I A BOR A IR A #H]);
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GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
YU A BAR i A ALY (horseradish peroxidase, HRP)
it 30 (TS EDBE ARG RA ).

HpEE A\ il 41 e & NCI-H157. PC-9 Al
NCI-H1975 (H [H = 5B 2 B ZEfilt B2 2= B 55 By 40 Jfd b
), F5 75T RPMI-1640 3573, (7 10% a4+ 15 5 25 2
100 u-mL* 55 % % 100 u-mLY); A B 40 s HEK293T
A SE 5 2= KRR AT, 55972 T 10% Jia 4 L& ¥ IMDM
BRIk i 40 BT 37 °C.5% CO,4i a1 - 46 v .

Bk pGMARE-luc Jii b (il XA R A
IR\ #]); KEAP1-HA.NRF2-DDK.TRIB3-GFP.TRIB3-
HA . Ub-GFP 1 pRL-TK Jii £ H 52 % = K W R 17 ;
PGMARE-luc JE K bz (_EEE2E R A R A D).

FEMEFE R ON— R A EEE O
ML (3% [ Beckman 2 7); 5200 4= H 31k 2% & 6 kid %
Gt (g R B RHE A B A F); sk 580 g & PCRAX
(3 [E Bio-Rad 2 7); WOLIL R AE RS (HARMKE
Wi A A A A (351E BD /A #]); Countstar 41 g i
A (L REEMREARAF).

FhifEs HEK293T 41 i R A VigoFect #% 4%
FVEAT UKL G, 15 77 40 I 55 FE 34 31 70% N, 10 pg Ji
BB 22 200 ub IMDM B 77 3, B2 880 505 4 4 pl
VigoFect #% 42 i1 71 # B¢ & 200 puL IMDM 55 77 % |
BEIRS), = BCE 5 min; ¥ 1 VigoFect 3£ i
NHRE ) IR, B2 B8V 5], = iR E 15 min; KR 2
[ G AR WOZ T 0 240 i, % g% )5 24~72 hoR il
Ji kL 2 I8 1% Bl . PCO 4H il 5K H Lipofectamine™ LTX
Reagent #% Gl AT RIS G, H4 18 B 40 MR T 6 1L
PR, A % BE B IE I, K 2.5 pg TR B T 250 pL
Opti-MEM #5 7& 3 v, 828 275 ho A\ 3 ub PLUS™
Reagent, /& 1 J§ = & % & 5 min; il A 9 pL Lipo-
fectamine™ LTX Reagent, %578 2), = IR & 30 min
Je N G b, B G T 24~72 h RGN R R IA S I

SIRNA#£3:  TRIB3 siRNA 1 NRF2 siRNA /™
MBI AERECE IR ARG %, 770100 si-h-TRIB3_
001, CCAGAAACGAGCTCGAAGT, si-h-TRIB3_002,
GTCGCTTTGTCTTCGCTGA; si-h-NRF2_001, CGTT
TGTAGATGACAATGA, si-h-NRF2_002, GAGAAAG
AATTGCCTGTAA. 4 i& w4l M T 6 fLAR H, 1+F
w5 A E I, ¥ TRIB3 siRNA B NRF2 siRNA #i Bt
T 150 puL RPMI-1640 }5 7% & o ; #4 Lipofectamine
RNAiI MAX 9 L % - 150 uL RMPI-1640 1% 77 3
EIREE 5 min J5, 51 sIRNA [F 85 7% 2 n 21 %
4 Lipofectamine RNAI MAX [f) £ 77 5 v | #5271 4],
= 5 30 min J5 3 0 240, FE Y 5 24~T72 h K

M siRNA F AL .

EHREEENTE (Western blot) PBS (phosphate
buffered saline) i ¥t J W 5 240 Mo, n A\ — & R B
RIPA (radio immunoprecipitation assay) Zfi# i, vk %4
fi# 30 min, 7-12 000 r-min™#&5.0> 30 min &, B i . BCA
FAE RS EEEREE, H RIPA R 2
PR JE, N 5x A2 pfil 1 98 °CAZ 1 10 min. &
1A ot 3E AT 5 DA M Tk e i LUK, TR VR RR I . PVDF
(polyvinylidene difluoride) F& F ¥ 5% Mt fig 5 ¥
TBST (tris-buffered saline with tween 20) #} 4 1 h, JIA
Frm Ptk 4 cC B % . W=, TBST ¥k 3 Ik (53
X 10 min), DI B 40 % 5 0% F 2 h, TBST B 3
W SERGENE G, PVDF R il ECL (electrochemilu-
minescence) & G, & T Tanon 5200 4= [ sh 1k 2 & 6
IDREE Rl SiEiE] (e

SERTRHEEPCR R Trizol VAR EAIAR S RNA,
F£ R #5 4= 20 4 EasyScript® One-Step gDNA Removal
and cDNA Synthesis SuperMix ¥ &% 55 3% 751 & i W 5 4%
SRNATS 5% cDNA. % KAPA SYBR® fast gPCR
R R & U B A AC ) QPCR N AR R R 4T M . PA
GAPDH fE N N 2, $i I8 224 L EAT i Ab 2. 514
H AR HERF R A 6 & HG A frs:
TRIB3-F: 5-GCTTTGTCTTCGCTGACCGTGA-3, TRIB3-
R: 5-CTGAGTATCTCAGGTCCCACGT-3'; HMOX1
(heme oxygenase 1)-F: 5-CCAGGCAGAGAATGCTG
AGTTC-3', HMOX1-R: 5-AAGACTGGGCTCTCCTTG
TTGC-3'; NQO1 [NADP(H):quinone oxidoreductase 1]-
F: 5-CCTGCCATTCTGAAAGGCTGGT-3, NQO1-R:
5-GTGGTGATGGAAAGCACTGCCT-3"; GCLC (gluta-
mate-cysteine ligase catalytic subunit)-F: 5'-GGAAGTG
GATGTGGACACCAGA-3', GCLC-R: 5-GCTTGTAG
TCAGGATGGTTTGCG-3"; GCLM (glutamate-cysteine
ligase modifier subunit) -F: 5-TCTTGCCTCCTGCTGT
GTGATG-3', GCLM-R: 5-TTGGAAACTTGCTTCAG
AAAGCAG-3'; GAPDH-F: 5-GTCTCCTCTGACTTC
AACAGCG-3', GAPDH-R: 5-ACCACCCTGTTGCTG
TAGCCAA-3',

% & 570 5E LI (co-immunoprecipitation, CO-
IP) 4% 7% 40 M 555 55 54 3] 70% ), 1% 118 VigoFect i B
FEREAT BRI e, 5 e 24~ 48 h JG AR 4T, ID N5 2R
1 T 400 1) 71 £ CO-1P 22, 0K E 2% 30 min. B0
A EIE, KRB R E A . WD ER BT
Western blot 73 #f, 7] 43 24 i 0 N\ 3 pg HLARF11 20 pl
protein A/G B lEWEER, T4 °CEIg st . KH, fF
H CO-IP B e 4 IR, /N0 By B3, B UTiE. A
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2x I FEZE P, 98 °C A% PE 10 min, £ & 147 Western
blot 3 #7. CO-1P 2 fif# ¥ i 77 : 25 mmol-L* Tris-HCI.
150 mmol-L* NaCl.0.5% NP40.2.5 mmol-L* MgCl,.
1 mmol-L* EDTA Al 5% glycerol; CO-IP ¥t ¥ fic J :
25 mmol-L* Tris-HCI. 150 mmol-L* NaCl.0.25% NP40.
2.5 mmol-L* MgCl,.1 mmol-L* EDTA #15% glycerol.

Y AR IEGE AN S50 K A Countstar 4 i 1 £ 4%
I 5E A IGTEAE L o 1) BRI % G A B SIRNA
BT R I AL, LETR € I TR] O AR I, K gl A A S
0.2% &5 By W 4% 18 101 bR &) e e s, 37 BRI ER 20 pL
FEATIMN BN SR AKE 3 o B AN B &
T EATIE, TH A .

HRERI TR % YuREE SIRNA HORES R4F (04
W45 T A6 7 2590 K40 (30 pmol-LY) % . 18 h )&, %
Fi Annexin \V 633 4H it 7 T A AR & (H AR [ 4402
T FEET) DU 9 24 0 T2 17 400 o

4 B ROS #5250 SR FH 0 8 A I i 77 &
W€ 28 B 9 ROS . X 0 A K 40 i N\ 28R 2 R
10 umol-L* DCFH-DA (2, 7-dichlorodihydrofluorescein
diacetate), 7F 5% CO, X5 7 46 1 1 37 °Ci# & 30 min /5,
PBS ¥t 31K, ik £ UK I K 488 nm J R I % 4 525 nm
2R A, 43 R F O 3 5 A 6 A s AN it =l R A AT
el

GSEA 43 #f M UCSC Xena V- & (https://xena.
ucsc.edu/) FK B i FE K 21 B i TCGA %4 22 it i
Ji5 FH 5 # 4 LUAD HiSeqV2_PANCAN (n = 576). 1%
M TRIB3 2% 34 i fICHKF il £ 555 70 4 TRIB3 7 R s 41
(90%~100%, n = 58) F1 TRIB3 ik % ik 41 (0%~10%,
n=>58). 3K GSEA-F4 NRF2_01 44 (http://www.
gsea-msigdb. org/gsea/index. jsp), 1 f§ GSEA v4.1.0 for
Windows 3 #3715 5 il #% 54T, FDR q (false discovery
rate q value) < 0.25 i H A B EMZ 7.

FIrFESH LWRFHESE IR, L, HdE LT
YJMH + br #E % [mean = SEM (standard error of the
mean)] # 7, f# i GraphPad Prism 8 % 1 3k 47 #4543
T, 418 EL R A tRE 36, P < 0.05 N Giit 2 £ 5

R
TRIB3 138 NRF2 % 855 55 1

BT TCOA H s e it Je B 45 45 2., e il s S
73 N TRIB3 B #2154 (90%~100%, n = 58) F1 TRIB3 ik
FIEH (0%~10%, n = 58). K GSEA F: K & 4 )51k
I3 HT TRIB3FINRF2 {5 5 Z (B9 &, 45 R 27K, TRIB3
HRISHEH NRF2 (55 BE 54 (K 1A). RAER
# AR pGMARE-luc FH 6T HE 4 15 55 PR 2044 pRL-TK JL 5%

YL TRIB3, K LA TRIB3 I 54 1 A FE /)N 4 A fi Jit 7
NCI-H157 41l g v, i %3k TRIB3 A 3 5% NRF2 [ % 5%
BOT ST (B 1B); 76 TRIB3 = 2834 i Ak /N 41 it i fig
Jefi PCO I i b, Rt fIK TRIB3 Nl NRF2 [ %% S s v
Pt (B1C). i — AR F %t S o8 & PCRAG I TRIB3
XT NRF2 #8558 PR % 5% 1R s i, 45 3 87K, 78 NCI-H157
4 g i #55 TRIB3 J5, NRF2 470 204K, F 2 R D 1fi 21
KA AHE-1 (HMOX1). K I A JE i 1 (NQO1). 4 & Mt
e Ik U R % 2 il R 1L T 3 (GCLC) A B Bk~ ok 4 iR
R IE (GCLM) 3R IE ¥ & 3 1m (K 1D).
7E PCO A A H A TRIB3 J&, ik NRF2 #LJE [K] [ R 1A
BERK (B 1E). R4 F 2R, TRIB37EIE/M 1
Jits J68 HH A 38 5 NRF2 [RS8 75 v, (2 3 3L T Ui
BEFEPR R

2 TRIB3 s KEAP1-NRF2 18 B {E FA #1438 NRF2
FREM

J9 B TRIB3 1 58 NRF2 % S 0E i TE 2 15 5 3
A NRF2 33k A1 58, 2R F %0 9% B0 75 4 I TRIB3 Xf
NRF2 RiEFI5m . 45 BRI, NCI-H157 i %k TRIB3
- NRF2 2 (1 3R 1A; 1 7E PCO I NCI-H1975 41 g I
% TRIB3 1] B B/ NRF2 £k & (K 2A). SZi %
JtE & PCR AT &S 7R, @UIK TRIB3 FE A 521 NRF2
I mRNA K (& 2B), #&7~ TRIB3 A] g i 1 15 NRF2
EAfEN LRELRE. RRIE LR, RAEA
A BT AR 57 2R T B (CHX) BH B NRF2 M Sk & i ig
2, FETT A TRIB3 X NRF2 452 MR 52 . 45 3 5
N, MU TRIB3 Ji5, NRF2 2 [ i 50 W 4o, FeoE 1k
TFE (B 2C). DL R AR, TRIB3 JE i 1 78 NRF2
et DR EARE.

W7 R I, KEAPL & {7 2 3% £ 1 cullin3 /- 3 1)
NRF2 72 % 1k 2 {2 3 NRF2 B fift [ 3= ik fp 1819, 77
Ak /I 41 o Jiti Je PCO Hp 3 47 19 B 928 3L T 8 BF AL R B,
TRIB3 5 KEAPL B # HAE A (K 3A), 1 TRIB3 5
KEAPL 2 [8] (1} AH H.AF F w49 KEAP1-NRF2 #H B
(1 3B), #E i 40H] NRF23Z 4k (83C). X ks
$E7R~, TRIB3 3= 25 i /1] KEAPL-NRF2 A BAF H, 44
5 NRF2 e M, #Emi e ik NRF2 R 1A .

3 TRIB3NMSHEHEAE JUATERASH LIANRF2
P SEPS

NN TRIB3 @ i 4 FF NRF2 £ 5E 14 B 40 i
AR JF K, dEm et e /N o il BT, 1R dtia
FH DCFH-DA ¥ 11 5 58 Y6 PR I 248 A 7 A Ak 5 7K
o SER IR, MG 40 i PCO H TRIB3 J&, it 4f
Jio N DCF 2% 65 B i 25 38 i (B 4A.B). K H Countstar
A1 L T S S 2N B R I L, R TGS RE 4 I
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Figure 1  Tribbles homolog 3 (TRIB3) promotes the transcriptional activity of nuclear factor erythroid 2-related factor 2 (NRF2) and
enhances NRF2 antioxidative targets expression. A: Gene set enrichment (GSEA) enrichment plot for NRF2 gene signatures in TRIB3 high
group and TRIB3 low group of lung adenocarcinoma patients from the cancer genome atlas (TCGA) database; B: Transcriptional activity of
NRF2 in NCI-H157 cells with or without TRIB3 overexpression was measured by antioxidant response element (ARE)-driven luciferase re-
port assay; C: Transcriptional activity of NRF2 in PC9 cells stably expressed control-shRNA or TRIB3-shRNA; D: Relative mRNA fold
change of NRF2 downstream genes in NCI-H157 cells with or without TRIB3 overexpression; E: Relative mRNA fold change of NRF2
downstream genes in PC9 cells stably expressed control-shRNA or TRIB3-shRNA. n = 3, mean = standard error of the mean (SEM). "P <
0.05, P < 0.01, ™"P < 0.001. HMOX1: Heme oxygenase 1; NQO1: NADP(H):quinone oxidoreductase 1; GCLC: Glutamate-cysteine ligase
catalytic subunit; GCLM: Glutamate-cysteine ligase modifier subunit; ShRNA: Short hairpin RNA

A 5 ~ Y B = Control-shRNA
o S o @ﬁ‘\ qs*? - TRIB3-shRNAI
& B & £ s 1.5
;_‘36 <& &@{ LR @qﬁ \B"’\?ﬁﬁ\ - =
W ¥ o & & sE12
- 5 E
| NRE2 = - - - |NRE2 B |we sl
e ZZ06
= | TriB3 w— -~ —|TRIB3 P e | T H3 EZ 03
NCI-HI57 PCo NCLHISTS TRIB3  NRF2
Half-life / min
C - Control-shRNA =120
= TRIB3-shRNA1 259
Conirol-shRNA TRIB3-ShRNAI z ti;
CHX 0 15 30 45 60 120 0 15 30 45 60 120 min S
— e e — | S— — e — NRF2 Z .50
S —— TRIB3 2025
o
- S 2 0.00
i —— | | GAFDH 0 20 40 60 80 100 120

Time of CHX treatment / min
Figure 2 TRIB3 inhibits the degradation of NRF2. A: Western blot analyses of TRIB3 and NRF2 expression in the indicated NSCLC cell
lines with TRIB3 manipulation; B: NRF2 and TRIB3 mRNA expression in control or TRIB3-silenced PC9 cells were determined by real-
time quantitative PCR (qPCR); C: Control or TRIB3-silenced PC9 cells were treated with cycloheximide (CHX) at indicated intervals, and
protein stability of NRF2 was analyzed by Western blot. n = 3, mean + SEM. "P < 0.05. GFP: Green fluorescent protein; GAPDH: Glyceral-
dehyde-3-phosphate dehydrogenase

TRIB3 J&, /i Je 4 1 38 5 Be /) & 2 PEAIK; 1 3938 NRF2
A f % TRIB3 51 2 F 240 it 38 5 3ok 5 9 1% 5 1 76
NRF2 i A 1) Jied 76 28 Jf e 400 1) TRIB3 FF A 52 i 24 fifd 38
B (B14C.D). 1Xwegf LUt B, WIS TRIB3 1l s 4 ffd
W5, [F) I TRIB3 i ik 88 4t A 3 58 5 3 F i NRF2
FIKAHK

i va 7 R BB SR AL ST 254, e LR B0 S5
Y AT 5 3 40 A A K ROS, et I T
1, BETT R FE SR RO . AL TRIB3 XS H12K 259
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Figure 3 TRIB3 interrupts the interaction between KEAP1 and NRF2. A: Co-immunoprecipitation (co-IP) assay analyzes the interaction
of TRIB3 and KEAP1 in PC9 cells; B: Co-IP assay analyzes the effect of TRIB3 on the interaction between KEAP1 and NRF2; C: Co-IP
assay analyzes the effect of TRIB3 on the ubiquitination of NRF2. 1gG: Immunoglobulin G; KEAP1: Kelch-like ECH-associated protein-1;
DDK: DYKDDDDK tag; NRS: Normal rabbit serum; Ub: Ubiquitin
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Figure 4 NRF2 is required for TRIB3 to restore redox balance and facilitate cancer cell proliferation. A: Immunofluorescent staining of
reactive oxygen species (ROS) by 2, 7-dichlorodihydrofluorescein diacetate (DCFH-DA) in PC9 cells stably expressed control-shRNA or
TRIB3-shRNA. Scale bar: 20 um; B: ROS levels, as indicated by DCF fluorescence, were measured by flow cytometry in control or TRIB3-
silenced PC9 cells; C: Western blot analyses of TRIB3 and NRF2 expression in the indicated cells; D: Cell proliferation was measured by
Countstar cell analyzers in indicated cells transfected with indicated siRNA; E: Apoptosis levels were assessed by Annexin \V//PI flow cytometry
after 18 h treatment of 30 umol-L™ carboplatin. n = 3, mean + SEM. "P < 0.05, ”P < 0.01. NS: Non-significance; PI: Propidium iodide
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