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Lactic acid activates the SOX9-TRAF2 signaling pathway in tumor-associated macrophages to
promote chemotherapy resistance in colon cancer
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Abstract Objective To investigate the effect of lactic acid (Lac) on chemotherapy resistance in colon cancer through activation of the
SOX9-TRAF?2 signaling pathway in tumor-associated macrophages (TAMs). Methods A chemotherapy-resistant colon cancer cell line
(SW480-R) was established using a gradient exposure method. MO macrophages were treated with 0,5, 10, 0or 20 mmol/L Lac. Levels of trans-
forming growth factor  (TGF-3) and arginase 1 (Argl ) in the supernatant were measured by ELISA. MO macrophages were then treated with 0
or 20 mmol/L Lac, either alone or in combination with SOX9 knockdown. SW480-R cells were treated with conditioned medium (CM) derived
from the macrophage treatments (0 mmol/L Lac-CM, 20 mmol/L Lac-CM , or 20 mmol/L, Lac+si-SOX9-CM). Cell viability was assessed using
the MTT assay, and cell migration was evaluated using Transwell assays. SOX9 protein expression was measured via Western blotting. TRAF2
ubiquitination and protein expression were evaluated after SOX9 knockdown in SW480-R cells. The effect of Lac on chemotherapy resistance
in vivo was assessed using a 5-FU and Lac co-intervention model. Results Lac treatment significantly increased TGF-3 and Argl levels
in macrophage supernatants (hoth P < 0.05). Compared to the 0 mmol/L Lac-CM group, the 20 mmol/L Lac-CM group showed significantly
increased SW480-R cell viability , migration,and SOX9 protein expression (all P < 0.05). SOX9 knockdown partially reversed the Lac-in-
duced changes in SW480-R cell behavior. Furthermore ,SOX9 knockdown increased TRAF2 ubiquitination and decreased TRAF2 protein
expression (hoth P < 0.05). In vivo, 5-FU effectively inhibited tumor growth, whereas Lac administration attenuated the therapeutic efficacy of
5-FU. Conclusion Lac promotes chemotherapy resistance in colon cancer by activating the SOX9-TRAF2 signaling pathway in TAMs.
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S e A BRI A DL T A R IR
T [ 45 1 988 2 R AR FBE TR I A s g4
TEf 245 X6 45 IR e RAR Y7 RS20 H 2™ S, AR
TALTF SRR TP RCR , 36 m] RE R AS RN, 5%
) £ 5 0 A 3 RS R A g SR U A L
1% (lactic acid, Lac) X 4% 76 i & ELA 1035 52 Wil 5 i
ARG T 45 B A0 P Lac/KSP- sy i AU i
TR A A ANEE R A E TR AR G B R 2
M (tumor-associated macrophages, TAMs) M2Hz4k -

SRY & 5% 55 [H 79 (SRY-hox transcription factor 9,
SOX9) St —FhH Z AR T, 25 Z2 Mk B 8
5 T AERIFSE ™ S SOXOTE it r i 3o i 7t 4
M E GERE IR 2R, LA LS R i AR e ok T
il 987 2 JRE o Jifr9RE SR AE A T 32 R RH 5 X 72 (tumor ne-
crosis factor receptor-associated factor 2, TRAF2) fEH
Wnt/B—JE PR IR 515 T 4 GBI 19 A 1, i i
1] TRAF2RE % 1) ) B0 WnB—3E 30 6 115 515 %,
TELE I8 1) 22 A Rk P 31 T SR A
FRES 5 S, SOX O i M HI TRAF21Z AL AL
TRAF2() %15 R, SOXO-TRAF2( 53 B 1E 45
o 9 v BV AL 5 R BT o A B0 58 PR ) Lac RS
TAMsHISOXO-TRAF2{5 5 38 it Xof 45 1 i A I ifif 25
IR .

1 #M#57F%

L1 MRS

15 H5~681% A H22~22 g BALB/cHEME/N L [ 35
i 5N 2B B BB A BR 23 |, 17 AT HIE5-SCXK (F57)
2022-0016] ; A\ 45 96 240 i ZSW4A80 . A FAAX 4H il
MIPFANML 2 THP-1 . RPMI 164055 3725 (RIS 4E
AR A PR T, CL-0223A .CL-0233 .PM150110P) ;
S5—FFR B BE (5-fluorouracil, 5-FU) i I fiE— 12—+ P4
IR liE—13-Z B2 Bk (phorbol-12-myristate-13-acetate,,
PMA) [ Fhiks BB L2y (1) 52 5 BRA F), F6627
P8139] ;lipofectamine 300054 YL iR 5] (35 [F &2k K ik
IRBHE 2 F L 11668030) 55i-SOXOF AL (- 15 75 H il
HEARARRAF]) s MTTEG &  TUNELIL A £ . BCA
Tk BE I A2 3R ) £ SDS-PAGERE % . B It — 98
Z. 1% (polyvinylidene fluoride, PVDF)., #8 f{ECLAL 2%
KA & (38 = RAEY AR B ABR A,
€0009S,C1086,P0009 . PO012 . FFP19 . P0018) ; MG-

132 \RIPAZL i 7 (3€ FIMedChemExpress 2y 7], HY -
13259 HY-K1001) ; LDHAHT 1  LAMP2Hi {4 (3£ [
Cell Signaling Technology /A 7], 20125 ,34141S) ; SOX947T
& TRAF2HTA . GAPDHYLIA 1L 4T HleC H&L (e
FElabcam/\ 7], ab26414 .ah308019 .ab181602 .ah6702) ;
N5 A A K 7B (human transforming growth factor
B,TGF-B) AHZ MR 1 (arginase 1, Argl) ELISAIR ] &
(IR A YA BRZA 7], ml064258 . m1038176) ;
HLUK R G822 D REMEAR X (32 EBio-Rad/A W) 5 HL 1
A (HAROlympus/AH]) o

1.2 Tk

121 AEYE B eEwm

FIFHGEPIASHE % (http : //gepia.cancer-pku.cn/detail.
php) FEMSOXOTE LS Wi H () 22 18 7K F- LA K SOX9FN
TRAF27E4S i vh 238 A C 1 o R Ubibrowser ]
v} (http: //ubibrowser.bio-it.cn/ubibrowser/home/index)
Tt 5 SOXOFEAEZ RAESE LRI 3T
1.2.2  5-FUMTZ54MAE R HEy . SWASOA ML s 37 7E 5
10%FBS+1%P/SHIDMEME? 372 5 p | 5 35 25 1F J15%
C0,.37 °C o R FHHh B 5 58 10K 45 i T 2 240 L R
(SW480-R) . 1455, KrSW480Z Jifi 2 &% T°5 pmol/L~2
mmol/Li# ¥4 ¥k & 1Y 5-FU . ZEHT 46 B B, o] 48 g A K
B IR AR IR BES-F U, B 5 7 B R 25 978 FE it
FET W20 o SR I A7 B A IS IR AEAS 5 5-F U
IER SR, H 2 AR5 15 $70%~80% , FRIK
] 55 35 He P I A R R ES-FU B E IR,
Z Y00 T4 T3 IV R R E S-FURRER , i 4 5-FU R
T 24P A A L R
123 4iffRs 7 540 . THP- 140 B 3716 & A 10%
FBS.1%P/S.0.05 mmol/L B-%it 3t L FERIRPMI 1640
B, B 9% 4 0F H95%25 /5 590, .37 C.1E37
CLAF T, FH150 nmol/L, PMAALFETHP- 1411 , 1534248
h, 5 MOE W2 il .

FEMOE. W5 248 ifg 5 AN [W] ¥ Ji2 (0.5.10.,20 mmol/L)
LacH: M 56 h, 43 Lac kT I 40 i 1 1k i 5 10
300 g0 10 min it ESWABOFISWAR0-RAH ML I/ ,
HE—2ELA2 000 g5 .020 mindRA5 45155 372 5 (condi-
tioned medium, CM ; SW480-CM .SW480-R-CM) Jf: T
FHMOF 5 40 g, 0,20 mmol/L Lackh BEMOZH g, 300
gBH 010 minUER A B WY, 325 202 000 g0
20 minZRFFXFH W AYCM (0 mmol/LL Lac-CM 20 mmol/L
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Lac-CM) J-TFISW480MSW480-R4Hfifi24 h, Lacif
JE B L K Lac i Ab RS 8] 22 SRk (3] .

124  ZHE5E YL . $i BB lipofectamine 300054 Yeid 715
45Kt si-SOXO kT % Yk MO I 241 it 5 SW480-R4H
P YL RESE48 b,

1.2.5  MTTH: I 20 B 7% 7 - AR AEMTTI ) & 10 B 45
T VR B M5 me/m LAY MTTIA W o B , 7E96FL R 1)
BAFLHIAL00 wLAR AR (2 000-4100) 34
[ FL A A 23 Lac b BRI MO HECM , 55 AN [F] v
JEBY5-FU (1.2.3 .4 mmol/L) 4R J5 16 45 4L i A 100
pL MTT R, B B 2 BB GG 7246 T H 4 he
EE SRS, LA L00 WL RSN E S
SAALE T VR R o 55 i AR AES 70 nmfE <
AN AL R L

1.2.6  Transwellk: Il 40 jl :E#. MK 22
80% A I, B B TR L B T M Hr 2 %L, 12 h
Jei KR S5 43 2H KT 240 B 2R A T AH N A B, 24 b X 4
JL AT AR o A FH TG I3 5 5% 2 B VR A L
IR L A M BE 225 x 10°/mLLo ZE Transwell | 251 A
200 pLAH AR, T 2 WA A 10906 25 1003 1Y)
BB R A ARG A I A 24 WU R R
R D ENEAT RN, 22, [T e KR
B [ 52 M 10 min, A FHO. 19045 i 48 e {0 A
T REPLTE RO LT, FA BRI Sk A AT R 15 . A
25 UV R 1 20 B A% BR e Vo Bt (124100%),
5 o o W R S W R ) DR 2 G R LN E R =

1.2.7  His pull-downSZ 55 % 17 2 4k 7K - : His pull-
down 3256 FH F 46 IFSOXOXT TRAF2 132 R AL B i . 1
Jefdi i His pull-down 24 28 RO % Y SOX 93t 23k
Jo kL MO W5 41 Jif 26 47 24 M , 24 INFH]2 he Z )5
(E AL AN AS0 pL Ni NTARE 76 IaBEF6 h,
His pull-downZZ i Bk 2#EA TR, T HAR B30 pL
2 x SDSZE M AW , 55 1T Western blotting il .
1.2.8  Western blottingf il : W HE 45 2 4 - fef FH %
A FE 1 ol B PR T 1) R AU RTPA SR A T A B
BURAATHE FURE AL 2038 BCAZE 1 vk B 2 38 70 &
I Ve B B L 4540 pg AR AS i 48 31 10%SDS-
PAGERERE v, 3 2 f Uk 43 B8 8 1 L 12 #0318
Ji B 25 1A 5 AR I 5 7% EPVDFRE | o 2 3 i
5%BSANG B P 1~2 ho ¥ 55 55 5 M — P [LDHA
Pk (1 1.000).LAMP2HEA (1 2 1 .000).SOX94t

& (1 = 1.000). TRAF2HT/K (1 = 1 000).GAPDHET
& (1 : 10 000) ] 7E8T 5 A1 22 v vha CitE a2
L, PBSUE I K BR AR S G 10 —PioB B 5 1L Ehi
IgG H&L (1 : 1000) Z i FIFE1 h, ff AEEECL
b2 RO G A T Ak 2 ORI, X H (9 2 1 i
TR AR ST

1.2.9  ELISAKZ MITGF-BFIArg] : U5 £ 4% 21 40 Jifd #
,1 000 gi5.0>20 min, 2845 [ W5 AR /N R4S
FLZ HR IR - 9F AR LL I APBS, i HI2) 5
A ZUT UK AR 754, MR R, 5 000 g 5.0 10
min, FR15 b W5 4% FRELISAIR ) & 56 W 454600 |
B TCFBMArg 17K -,

1.2.10 S5 Fh RS A i gg B A < K 15 H BALB/hfEPE /)N
FR MR 75 1 T R SR AR (SPF) A58 v, B4 12 Wit
i JE I o MR R 18] J5 /DN B 3 Ak B R A 5 < 107
ASSWABOAH At 75 T S R RS AR o 1= J 7S 1) 5 )
R AR, /N B AR 2924100 mm?® 4275 S
BT ARG /N B At BB (BB di s i T 5
5-FUSEIRFR B A 3R 7K ) 5-FUL (B PR3 dIE s v
525 mg/kg)5-FU) . 5-FU+LacZl (43h53 diE i 5t
25 mg/kgf5-FU , I [a] i ] fjfr 9o ] Fl {32 220 mmol/L
Lac), B:2HS H .

FFEE VR TFAG , F5Ra3 A e AR (A=
K22 x JAE?), HELIA YT 38 5 bk e 4 5 e
1 (150 mg/kg) AbHE/INER, 43 B3 I RE A S UFFR L,
F IR SR AR BIFFEARAT I AL B B 2E 5 U B B =
“FACRRZE 512t HE (1 52021KY174)

1211 SEH UL ARG I IR ZH 2L SOXOFITRAF2
BH P 2 35 - WU 45 2 b 3 2 2R AR O 1 2 Ak 3L
G AR (254 um) ALY &
F R I B 2K AR S A TR IS BT
SR A ol S A S WAL R R A A TR I AR ST
PESOXOFITRAF2HLARIT F 24 ho SR 5 A ZHileG.
DAB. 8, FRAKT 2 4, SR P v M ety IR
WA T ARG A5 R

1.3 GeiteEoth

{8 FGraphpad Prism 9.53% {4 #4758 1150 ¥ , 11
T ORER Hx £ 378, 240 FEBECR HStudent s th6: 56
ZH BRI AR R 7 225007, P < 0.05°8 22 R A 58
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2.1 SW480-RH i 1 Lacf R AH 5 25 11 2R354,
FEARHEE WA M2k AL

R BoR, Gk M R JE5-FUAL B, 55SW480
20 H AR EL, SWAS0-REH ity X 5-FUBLERM: b 25 PR AR,
AL HE 1 I WA ER (BP < 0.05), WE1A~1C HE—3

0 pmol/L 5-FU

500 pmol/L 5-FU 1 000 pJ]’l()l/L 5-FU

X LacHH 3¢ & FAILDHAFILAMP2#G ) % 31, SW480-R
21 g P LDHA FILAMP23E 35 ¥ 5 SW 4S04 ffd {ib 3 384
Jn(¥4P<0.05), WEI1D,

AR, KSW4B0FISWAS0-RZH fifd H 43 B CMIF- T
MO A0 , 255 SR , SW480-R-CMAL 41 iy L7
W TGF-BAN Arg 17K i = T-SW480-CM4L (4P <
0.05), WEI1E,

m SW480 = SW480-R

100 -+ SW480 -=-SW480-R — = 150
» <
g A * \ ‘) it)t z
£ 80 : } £ 100
= s SW4S0 AN 2
£ ) ' -f)» > SR
g " o)
< 40 \ 5 5
= 20 S &
S ® A R
1 2 3 4 SW430-R NGRS NN
5-FU/mmol -1.”" A oY QQQ'& o C
RN
N
QDQ %QS\
& &
S 7. 1500 T
) —_
0 = SW480 =3 SW480-R El
ok S
o0
LDHA £ os &
£ 2 06 4
a2 = 0. 9}
LAMP2 i T 2
z 7 5
< o2 e
GAPDH =

0.0

LDHA LAMP2

A, cell viability; B, C, cell migration ( x 400) ; D, protein expressions of LDHA and LAMP2;E,levels of TGF-B and Argl by ELISA. *%P < 0.01 vs.

SW480 group; ##P < 0.01 vs. SW480-CM group.

E1 W480-RéAfEHLacBIEXERRILILM, (2t ERELEMM2ARWK

Fig.1 The expression of Lac metabolism-related proteins increased in W480-R cells, which promoted the M2 polarization of mac-

rophages

22 Lacfi FLIg
[FE]

AN TRV B Lac T THIMO L 5 240 6, 248 L 3
FTGFBFTArgl 7K~ B & 755, H #7120 mmol/L LaciX
Wl 3 (4P <0.05, E2A) - 0.20 mmol/L LackhF
MO W40 g, -8 CM (0 mmol/L Lac-CM .20 mmol/L
Lac-CM) T HiSW480H1SW480-R4H it 45 i % Fi,
Lackb P BE 1% 18 5 SW480 5 SW480-RH il 1% 1 5 1F
FEHE 7, 1X SR 7ESWAS0-RAH ity rh B it f 25 (14
P<0.05,&2B.2C) -

2.3 Lacfigiff B WE4H I HSOX 98 K ik

GEPIAZIHE e #0285 S Wi s, 5968 55 1 1 21
He 8, 45 i 4 U SOX9%E 14 1 2635 (P < 0.05, &
3A) o LackhH MO W 41 il HHSOXOZE 1 3 ik 4

2 HI M2AR Ak -1 5 SW480-R 41 ity

MEE R TR, 50 mmol/L LacZH L%, 20 mmol/L Lac
ZHSOX9%E 1 3h i &4 in (P < 0.05, E3B)
2.4 FEIHSOX 9 Lac Xt SW4AS0-RANM L) 2E1 T
E; nl’j

50 mmol/L, LacZH A £t , 20 mmol/L LacT MO
I 4 A 5 TGF-BATArg LK V- FF 55 , SR 11 A I SOX 9
TGF-BAIArgl /KEFEAE (BIP <0.05, KI4A) JE—253
B RE S CM (0 mmol/L Lac-CM .20 mmol/L Lac-CM
20 mmol/L Lac+si-SOX9-CM) T-HiSW480-R4H il , £
DU 240 L A= 0 "4 7 S o 25 R 36 W, 50 mmol/L Lac-CM
20 HeA, 20 mmol/L Lac-CMZH SW480-RANIEE /1 51T
FERE S BN ; B SOX 95 AN )1 51T 6E S i
i (X1P < 0.05, F14B . 4C)
2.5 SOX9FKIEFMITRAF2Z 1k
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Ubibrowser % &% i il 45 2 & 7%, SOX91] fig 5
TRAF2iZ RALAFESCHE (EI5A) o GEPIASR & R |
SOX9FITRAF21E & [l vh 223k 5 IEAROC (KI5B)
Western blotting4 S 2715, 50 mmol/L LacZi [L#2,
20 mmol/L LacZHTRAF23 ik Wi 35 14 fill (P < 0.01; 5]
5C) . His pull-downZ5 5 7R, 5 A T TRAF2HI
His-Ubifit R fMOE 4 LU A, in A T TRAF2  His-
Ubi Ll & SOXO¥E 4 J5 MOE 15 41 ifg HTRAF2%Z % 1k
IKF-FEAG (EISD) o 1f—#Western blotting%t 5 ik
718, 50 mmol/L Lac-CMZH .20 mmol/L Lac-CMZHTRAF2

T RN, BOsSOXOMITRAF24E 14 6 3k i & 1
i (P <0.05,EI5E) .
2.6 Laciliil5-FURSPT IR

g5 R, 5 R E, 5-FUL/S BRSO 1R
FRAIN i B s I 42U TGF-B R Arg LK T
. 55-FUH AT L, 5-FU+LacZH /)N BUSR AR S 4
B TGF-RAIArg 1 /K- Tt 15 (B3P < 0.05, [KI6A (6B)
o e LUK T 45 3R B R, S50 IRL A 1, 5-FU
ZH /N FRSOX9 5 TRAF2FH 1: 22 35 B . 0 b ; i Lac T
T SOX9- S5 TRAF2 FHE e 1k 8 3 (6C) .

250 AA
2 5007 60~ =
- EEES ok Q\b 200 # ##
5 20007 s e = 150
;’;:‘f 1500 o 40 . sk E 100
E ; = g %0
- <
£ 1000 T 50 0
R —_ Q
F 500 = RS
S = S PCIRS
= 0- 0- x% x% R
O o8 o8 O O & o8 o8 & §§@ QX%
N F AT NP AP FF &SP
&\\) &\\) &\V &\V &V &V &\\) &\\) 3 \\\)\) \}bc \;zvc‘
& & &S & & &S RIFCNINY
SMENINMAN NECRINAN A et & & B
s
A
S
0 mmol/L 20 mmol/L 0 mmol/L 20 mmol/L % # Fiiid
Lac-CM+SW480 Lac-CM+SW480 Lac-CM+SW480-R Lac-CM+SW480-R %
5
B
g
=
(&)
S
PO %Qg‘ %Qg‘
5 SR
SR N
N EF
FoF &8O
W AT AF
& &‘$ NN
& &S
Q (\9 & &@
Q q,Q C

A, levels of TGFB and Argl by ELISA; B, cell viability ; C., cell migration ( x 400) . *P < 0.05,***P < 0.001 vs. 0 mmol/L Lac group;#P < 0.05,##P < 0.01
vs. 0 mmol/L, Lac-CM+SW480 group; AP < 0.05, A AP < 0.01 vs. 0 mmol/L Lac-CM+SW480-R group.
B2 Lacleit EMELHBIM21RAL, FFBEIRSWAB0FNSWA80-RLHAEXT5-FURIE Rk 1%
Fig.2 Lac promoted the M2 polarization of macrophages and decreased the 5-FU sensitivity in SW480 and SW480-R cells

T o8] = s & = 08 s

: F » :

g S & .S =5

< 6] * £ & 7 £ 06

s 21 S £ %

E % 4- g § 5 0.4

5 @ SOX9 '% 2 02

E 2] =

o~

i 7 : &
Colon adenocarcinoma &\ N
n(T)=275;n(N)=349 A Q N B

A, the results in GEPIA database; B, SOX9 protein expression. *P < 0.05;##P < 0.01 vs. 0 mmol/L Lac group.

E3

HRRALPSOXOEAFRIL, LaciRi#tMOE LA SOX9E A KA

Fig.3 SOX9 protein was highly expressed in colon cancer tissues, and Lac promoted SOX9 protein expression in MO macrophages
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» ™2 N ¥ N S
& & X @@ @‘Q & » b
& < b o O >
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g &
20 mmol/L Lac g 150
0 mmol/L.Lac-CM 20 mmol/L Lac-CM mmoVL Lack £
& 100
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o
0
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A
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A, levels of TGF- and Argl by ELISA;B, cell viability ; C, cell migration ( x 400) . *¥*P < 0.001 vs. 0 mmol/L Lac group;##P < 0.01 vs. 20 mmol/L Lac
group; AP < 0.01 vs. 0 mmol/L Lac-CM group ; &P < 0.05 vs. 20 mmol/L, Lac-CM group.
El4  FRSOX9HIFlLackt SWA80-RY Al A #1517 A KB
Fig.4 The effect of knock-down SOX9 to inhibit Lac on the biological behavior of SW480-R cells

P=0.025 E 0.8
LN‘XJJ & ; 5.0-r=014 . % ‘E .
st & 45, £
R o % 2
R = 40 ¢ =
F 2= . Z o
TRAF4 = . z
(R < 3.54 = =
TRAFS o . 2 0.0
@ ) - 3 2
RNF40 ) = 3.0 R F
SMURFL (5} () @) sisRFI 4 5 6 7 38 &QB\W&B\W
BMIL oy pops REWD2
TOPORS A log, (SOX9 TPM ) B N q,Q& C
1.0
Myc-TRAF2 + + + & ‘*g s
His-Ubi - + + < S £ 08
Flag-SOX9 - -+ N % <
()@ & & :C-. z 0.6 frens
% < < ¢ o
Ub-Myc-TRAF2 \&z& Y § = 04
S & & EE 02
AN =
His pull-down 0.0
Anti-His S &>
TRAF2 a4
\;’b \;’b $
ML
Myc TRAF? [ — I
» Q\}’
Flag-30X9 [ | WCL K
GAPDH [—] b o8 .

A, the molecules of ubiquitization relationship with SOX9 in the Ubibrowser website ; B, correlation between SOX9 and TRAF2 expression in colon cancer
in GEPIA website; C, TRAF2 expression between 0 and 20 mmol/L Lac groups; D, ubiquitination modification between SOX9 and TRAF2;E, TRAF2 ex-
pression in each group. ** P < 0.01,***P < (0.001 vs. 0 mmol/L Lac-CM group;## P < 0.01 vs. 20 mmol/L Lac-CM group.
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Fig.5 The effects of Lac intervention and SOX9 knock-down on TRAF2 protein expression
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A ,tumor volume and tumor mass; B, levels of TGF-8 and Argl by ELISA; C, positive expression of SOX9 and TRAF2 by immunohistochemistry ( x 400) .

##kP < 0.001 vs. control group; #H#P < 0.001 vs. 5-FU group.

E6 LacHl#l5-FURIHLRHEE A
Fig.6 Lac inhibited the anti-tumor effect of 5-FU
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