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Abstract: Objective To systematically clarify the molecular toxicological mechanisms of perfluorooctanoic acid (PFOA) exposure-
induced colorectal cancer (CRC), identify core targets, verify their expression characteristics, immune relevance, and clinical value,
and construct a hypothetical AOP framework for PFOA-induced CRC. Methods Network toxicology, multiple machine learning
algorithms (LASSO regression, SVM-RFE, and Random Forest), and multidimensional bioinformatics analyses were integrated.
PFOA-related and CRC-related targets were collected from public databases, and overlapping targets were screened and subjected to

functional enrichment analysis. The differential expression, immune infiltration, and prognostic significance of core targets were
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validated using GEO and TCGA datasets (via the UALCAN platform). Molecular docking and 100-ns molecular dynamics (MD)
simulations were performed to evaluate the binding stability between PFOA and core targets. An AOP framework was constructed
based on the association of key events. Results A total of 738 overlapping PFOA-CRC targets were identified, which were
significantly enriched in pathways such as “apoptosis”, “lipid and atherosclerosis”, and “colorectal cancer”. Six core targets (ABCG2,
CLDNI1, ETV4, SLC7AS, MMP7, and CA9) were screened by machine learning. These genes showed consistent dysregulation in CRC
samples from different cohorts (P < 0.05) and were closely associated with immune cell infiltration: ABCG2 enhanced anti-tumor
immune responses, while CLDN1, ETV4, SLC7A5, MMP7, and CA9 synergistically promoted the formation of an immunosuppressive
microenvironment. Clinical trials demonstrated that core target expression showed only an association trend with prognosis in CRC
patients, failing to reach statistical significance (P > 0.05). Molecular docking confirmed stable binding between PFOA and all core
targets, with the strongest binding affinity observed for CLDN1 (=29.34 kJ-mol "), which was further validated by molecular dynamics
simulations confirming the stability of the complex. Conclusion PFOA promotes CRC progression by regulating multiple core targets
and remodeling the tumor immune microenvironment. The integrated computational framework and AOP hypothesis constructed in
this study provide a theoretical basis and experimental evidence for the health risk assessment of environmental pollutants and targeted
interventions for CRC.
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Fig. 1 Identification of targets associated with PFOA and CRC
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A-cross-validation curve of LASSO regression model; B-feature coefficient profiles of LASSO regression model; C-relationship between number of

selected features and cross-validation accuracy in SVM-RFE; D-feature importance ranking based on the random forest model; E-intersection of targets

identified by LASSO, SVM-RFE, and random forest.
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Fig. 3 Identification of candidate core PFOA-CRC targets using machine learning algorithms
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Fig. 4 Expression and diagnostic performance of candidate core targets in the integrated GEO datasets

Frh BRI AR e () 2 e RIA R, HE—PuE s
5 CRC RAEKBERIEYIREL, AI{EA PFOA #ik
PEAL AR E bR S o

B j5iBid Kaplan-Meier 4247 73BT 4R 70 4% 00 48
MRIEY CRC B3 OS HISCHL, 45 BT RTG s
FEZER (K 7). ABCG2. CLDNI. ETV4 1 CA9
KZFRIEH SLC7A5. MMP7 15323k ) £ 2 e [
e B AN E AN . IR, D SRR
HEHE OS (N EIREES, RikB| Gt RE
(P>0.05). XUiAZOSFESEH CRC IIRE
Lt 2, maAEMCL I BUE bR EY, HImRNME
S ARELAE S 1 U S LRI 7
27 HFRIEER

VE RN 2 B B A HEZL I — 3040, K 4042
S HTIEAE PFOA 5 6 MZ DR s A EAEH . 45531
7R, PFOA 5 ABCG2. CLDN1. ETV4. SLC7AS.
MMP7 1 CA9 456551 /735% T-20.90 kJ-mol !,

PR H AR RIFIEE1E 71050 (K 8). Hrf, PFOA
5 CLDN1 B45& 26/ ik (—29.34 kJ-mol ™),
WoR — 3% 2 [MAFAE#R 45 6. PyMOL ALt —25
#87~, PFOA Refigilid Z(## 5 CLDNI (1) CYS-157.
LEU-185 fii sishify, R ENEGY), XnlFek
PFOA RAELE Mt 8 oy 7 1.
2.8 DFENNFERLE

AHFFN PFOA-CLDN1 8 &7 3 Yahar
100 ns 7> T3 J1FE AR, SR @/, KH
BLAA RIFrTEEM., I PC1 5 PC2 #3UmM+
i e R =S N SIS SR e LY FIA0 % Yk My A
(B 9-A). A F 5% RMSD £ 30 ns Joita TedE
ik RIE B FERIRS (B 9-B). [HIFEY42 (Rg)
S R LA (SASA) T4, s &
S BUKZOREE (B 9-C. D). RMSF 4341
7R, EAYI7E CLDNI FIBANARIX 5k 2B R 3
MRS, ZXAAA N PFOA 454 1148 (CYS-157.



-, - 2 -3 .
F49EF 1080 202610 B ¥tk £ Drug Evaluation Research Vol 49 No. 10 October 2026 3657 +
. . O
A] 00 Immune Cell Type B Tmmune Cell Comparison Group ECIR}%
Bccllﬁ nave - s e - e wev sew v A wey ae e
B eclls memory ” e " ™ H
Plasma cclls
T cclls CD8 0.6 .
0.75 l T cells CD4 naive . e
I T cells CD4 memory resting H .
= T cells CD4 memory activated T 50-4 H >3 N
3 {7 cells follicular helper = :’ 2 ® z
= T cells regulatory (Tregs) E * I 2 : . ol el
‘:;',0_ T cells gamma delta =021, o3 o . . o .
> NK cells resting ] ll j_l % (] g él . u
g NK cells activated 0 dé rl'i! 1} l.l . ﬂ n
o Monocyics R = St - - = >
-4 Macrophages M0 =S g:‘ﬁ& Eul:‘—g g g = &I’EQEEE EDE EEEJ::'
Macrophages M1 gggug'5253 EEEE R, LR EEEER
0. Macrophages M2 mg“z‘wﬂﬁéatgﬂ':gg‘og‘ng‘nﬁﬁ ¥E S
Dendritic cells resting 5= § T 0O z =2 E P Euw2cEssmaL Iz
[ Dendritic cells activated cZ2°Usa E & H TrxZE2823 2 Ta=5
Mast cclls resting an e = uEJU EE wME £EE§ UTU) "E
| Mast cells activated m 82w EE=%Z v S E=EE 0282
? ? = T = =='0D.2=n
0 Eosinophils ] w &8 Z 2225 E S =
. ) Neutrophils e : o 9 5 ]
IR CRCH#H < 8= 22
3 =2 a
B =
C Gene-immune Correlation Heatmap e
-0.06 007 0.07 0;12 nia —o;na —o;ua 0 -Qzﬂ -0.04 0;17 0.04 -\l:s A_BCGZ' 04
005 -008 -00e |01 JEH oot | 012 -oos BEEY 007 -002 -0.06 015 ) DN
0;11 -(3‘:5 -0.04 | 0 D;:I*Q ~0.08 0;2.6 -0.04 -002 -0.07 0.06 ET\"4
007 -0.09 007 -013 -024 0 023 -004 025 008 -005 -0.01 012 . .
: " o .,. 2 sieras O
-0.04 0.04 0 004 -04 -005 001 -0.02 083 007 -022 -005 -0.07 -023 -01  0.16
i ) % 22 MO MmMPT 02
-004 0 [-025 -0. j -001 004 =047 0 044 -001 013 0O -0.15 -0.03 | =027 013 041
. . e i 2 i e sall . CA9 I o4
¥ £ B : ¥ 3 oz oy £ 2T 82 oz ¢ p3oPFEoLOZ '
B 2 E £ & = 3 E 2 2 g & 5 & = = .
E £ 8 C 8§ ¢ § g 2 8 8 £ B . . s B T FE E ZE FA 5
- o =] o ] B} = = o v = & ¥ ¥ o v B=) = = =] <
£ = s = = 31 - = = 51 = =0 shoo=n 31 S £ =
s = 7] [P =] A = » 2 & © = ] ] R & = < z =
S £ = 2 U 5 » E 5 E 3 z 2 2 2 2V o2 F oz 8 2
@y = 2 £ 5 2 F @ 5 3 & g & 858 = 5 =
3 o g = = o 51 =1 =1 o .2 o 7 o
@ 8 E 5§ & § = Z 2 = 2 £ £ 2 = g
ez £ % 2 % i = 2 2 £ ¢ 2 ¢
g 2 3% 2z gz s
- 5}
] (S < 5
3 2 =
= 8
o
A-IEW S CRC HEEA T 22 A e 0 AR RN IEZ B B-IEW 1S CRC 41 22 R Guie 4H R IEACF ILEE:: C-6 Mg OIERRIZS

22 i A AR AP R AR DG PR ]

A-relative distribution of 22 immune cell types in normal and CRC samples; B-comparison of infiltration levels of 22 immune cell types between normal

and CRC samples; C-correlation heatmap between the expression of six candidate core targets and the infiltration levels of 22 immune cell types.

ETES GEO RSN RS LR HARRIHEANE XM

Fig. 5 Immune cell infiltration and its correlation with candidate core targets in integrated GEO datasets

# 5

ABCG2 CLDNI ETV4
100 150 300
= 80 = 125 ——— = 250
. £ 100 1 ¥ 200
40 z s 75 : & 150
oM ix
o 204 = 25 T 5.
® B 25 [ @
0 = 0 0
et CRC L CRC E#
200+ SLC745 400 - MMP7 _— c49
150 T %o E ﬁlso— \
T3 100 z #2001 100 |
50- 100 i 2 50
0 s o o
IE# CRC E# CRC E¥ CRC

&6

#T UALCAN BiEER LR ERRIEDT
Fig. 6 Differential expression analysis of core targets based on UALCAN database



<3658 ZE49EE10H 2026F 108 ¥k . Drug Evaluation Research Vol. 49 No. 10  October 2026
ABCG2 CLDNI ETV4
100 | = . o
> "-.\‘ e \ka_
) R k% e
2075 i e S
= e —
E 1 v O
£.0.50 o ST =
= e | o [ D
2 025 Expression Level
P=0.34 ~High expression (7=72) — e s e - = High expression (n7=71)
0 _ow/Medium-expression (#=207) P=0.56 ]111(1,%\11 gt\yémzin\ :;Izmzl(l")l =208 P=0.94 L(‘)%‘:}K;gcii‘;m_cx p’wssion (1=208)
0 1000 2000 3000 4000 0 1000 2 000 3000 4000 0 1 000 2000 3000 4000
d d id
SLC745 MMP7 49
1.00 \\ ‘\\_\\ e
i \ e 5
z T g W g N
=0.75 N ot
=} . L -
] = e \
2 . T
20.50 = =l PR ;
—‘N .
£0.25
@ =
=098 i s 3 — P=0.12 . . — P=048 High expression (n=71)
High e3 (1=69) SR ; gh expr )
0 I(lm]r:l\fdr ﬁlsvs\:-oélq;:‘cssgon (n=210) ﬂ%‘f;&’&f;ﬁ:ﬂl};:cquz‘ (n=210) Low/Medium-expression (7=208)
0 1000 2000 3000 4000 0 1000 2000 3000 4000 0 1000 2000 3000 4000
1/d id id

7 ET UALCAN ¥iEE# LR R FHENE
Fig. 7 Prognostic value based on core targets from UALCAN database

.

‘L*:l

I }
G RN
="/

- | M
=g
ABCG2
N
\ﬁﬁﬁ-} W
s d
SLC7A5

N AN
- -
MMP7 CA9

Ne f
P

El8 PFOA 5 6 Mkt LI R BT FIHREER
Fig. 8 Molecular docking result of PFOA with six candidate core targets

LEU-185) FrfEfiE, 2SR EiThaes btk
BB ThREN AT . B R MRS BT PFOA #EA
HraEssia, AR CLDN1 Mg M etk 5 bt
BaIhfg, $Eom Ttk o) X I B B N PFOA {E FH Az
REEADIRREX (B 9-BE). £fEELH PFOA
5 CLDNI fR¥FfES &, 285 sk A/EH T &
Wrgd, IESEEGMHEIRE.
2.9 AOP {RiFIEZAIME

F:F Villeneuve ZEBTHE H 1518, AR T
KT HM AOPHEZE (B 10). iZHESELL PFOA 25
R, T RRGE N PFOA #5511 ABCG2.
CLDNI1. ETV4. SLC7A5. MMP7 1 CA9 5%

I S N EE AR, X AV i T IK SN KE i 1% 2K
W, B K R “IRRS KL K
“CRC”; BEJENS KE2 45 H W % o s oty
R I A2 00 L A A S AN IR S B s 5 KE3 45
LW b R an i R AN AR M R A R R L, A
458 CRC AR R .. ZMESRHEE T PFOA iz
F| CRC RAEMFEEIAT, AR NIFEE R X E

IS HELE
3 g

PFOA &P i A7 7E IR SR V5 4ed), EEsE
AL AR BN R KI5 G B BRGNS 3
NARFFELS, BARSERT AT I A A S A R 2



F49EFE 108 2026 F£10 A LRt A Drug Evaluation Research Vol. 49 No. 10  October 2026  * 3659 °
C
40
35
§3.0
&,
el
; vaw‘fw
2.0
M ’ oAeamnmtnd VW
200 40 80 80 100 0 20 40 €0 80 100
D ns -r {ns
130 1 \ —Chain A — Chain C 2.00
125 \ ~Chain B 175
1
120 \ | | 180
L A Il =
Zns W H = 1.25
= 0 £ 1 00
2110 i = }
o l \‘{r = 0.75 ‘
105 f fW U W V 0.50 | |
100 ¥ 0.25 ‘
v \
95 0
0 20 40 80 80 100 120 140 160 180 200 0 20 40 60 8O 100
ns Residue Number s

A-SEYREML BB B-EEWEA I8 RMSD BR[04 1L; C-R &%) Rg HER T 4&4k; D-R45%) SASA BER 4 {L; E-
CLDNI1 #J& RMSF 73#7; F-PFOA 5 CLDNI1 i) 2 B it i () ) 281 o

A-Gibbs free-energy landscape of complex; B-RMSD of protein backbone over time; C-Rg of complex over time; D-SASA of complex over time; E-
RMSF of CLDNI1 residues; F-number of hydrogen bonds between PFOA and CLDN1 over time.

9 PFOA-CLDN1 E&¥IH 5 FEIHFRHL
Fig. 9 Molecular dynamics simulation analysis of the PFOA-CLDN1 complex

AR (KE2) - EREEMI (KE3) .

fERE ATHIE SO e HEFRE LB AT BRER
FEIRNAA B A SR g
T
ABCG2.
CLDNI. ETV4.
U SLC7A5. HERTIEMS
B MMP7. CAO = SR )F%L.@ES EIFE)] S "“EJ 0 — CRC
®FoA) il eieile | aeawen AR L
A=t
— ERATRENRA
BEHSL

E 10 PFOA %S CRC i) AOP f&ijt
Fig. 10 AOP hypothesis for PFOA-induced CRC

WS PFOA FRTE 7E B0 P A 5 A 35 L 1 5 Bk
{EXSHAE CRC KA [ B AR 2L Tk =
ARG . AHFCRHMSHEY:, PlisEd52
YL (s B ARG R, KGR T
PFOA %55 CRC RIBHLHENETERI 2 TR R
. WFF I PFOA Tl fEidid ABCG2. CLDNI1,

SLC7AS. ETV4. MMP7 il CA9 6 IMZ 0o S B IR

%, LFEIM AR CRC & AE BT R P4 o 8 T8 i
(1) 5523 & 3R W PFOA n] RERE IR AR 7 M AN I AE T X
— A AR R O B, A B SR SE A T
GeWrelidEid R B A0tk -2 (Bel-2) KRE A
e B R A E B 1 BR 1§ (Caspase) 2Rk
SN ASIAEM R T, (52 B 40 M rF DA SR IR o
55k ok R Ak 38 1 1) [F) 20 & AR 9% ik PFOA AR

KEF T, EEMIR R A S, ®AWS)  TIAEH, 1EN SRRt S P B G SE Y 0E 52
CRC KA R E & o (PPARo) zh7, %3045 S0 0S ) E gm L
KEGG M EEMTHER 3 FBENTE 4 E R auiaie s, 6 33 s 40 i g 15



+3660 ZE49EE10H 2026 £ 10 B

{; Wizthat Drug Evaluation Research

Vol. 49 No. 10  October 2026

TR A MR S 140, CRC B IR I B3 5 SR
T EiREGN, WIR PROA J2 45 g b CLbf o7 80 21 Bk
R HEERATET, R & WnyB-iEH EH
(Wnt/B-catenin) FHBEAEIENLEE 3-8/ & H G B
(PI3K/Akt) S5 BEIKBhIE B4, gH AL T 5240 AR
W T AU (S S X 3 KB LE, N PFOA
f£ CRC KA K e i F$E it 1 1% S LI A Al o
AHF TR LASSO [Fl). SVM-RFE. Ffi#/LAx
PR3 FRBLAS 22 ) BRI E AR O AL, = FH B
R4 B S R PEAR 35 LASSO [RIVA AT 7 4k 4
b BT REE B S 280 as, ARdkRZ E
LR METH; SVM-RFE F&T-AR£R 4% o 58 3 51
BRATDIRRAFAE, X 5 A 45 26 R 3248 58 o R
BEALARARIL T PSR 2H & PG RRAE B B, XS e 4
P 2R AN GdilE. 3 FEEEHAE.
MHATAS, WM=F TR NR ARG O R, TR
PR — R ey, TS RS SR E . 1E
IEEEA b, HLER ST B M ik tH i 6 M 0fE
& (ABCG2. CLDNI. ETV4. SLC7A5. MMP7.
CA9), £ CRCBP H1jge 2 HAHHOCHK, HRIA
FRAE S1EFINLEI TS . ABCG2 1Ey ATP 454 ikt
Bl H R ZHIMEFRIEEN, £ CRC HREE T,
FLAR K PR T B 2 ek b Y IR M 2 2 AR g AR )
(RIANHE, B3t R4 AR e PE 42, CLDNI & B %
B 4y, F CRC B3 Fif. PFOA W] REHE [H]
CLDNI1 3 738 bt B Th g, A lg bz 40 B v e 4k
Gi&E %A, 1X5 PFOA ZFEIE L % B
Jig i B W s 48 FAHTF . HidRIES CRC LR
WPEE . AMUE MR8 ARG, e oE
Ji7 96 F IR i BR 2R 3 Sre (Ste) /Akt S EUE(S
PR, ETV4 2 ETS ZKEE T, 7E CRC H
R H S PR e AR 2 FUHOC, SRR MMP
FEES Z AR bR -8 ik S R 2%, 326 HAR e
IhREM4, SLCTAS5 (LAT1) 1ERNEIEREIZEN,
fE CRC ™ iR H 55U S 4n i 2 7Ae e, Xt
eSS RIS R EOE S
Y 1 (mTORC1) B2 oCE E, ]y L PR 1Y 5
CRC 4l fa 1) AR 75 =K 1451, MMP7 7E CRC H1 |
A 2 BH B B8 A T A0 i A7 I S5 A A 41 3t e 4 28
R, dRein TAKE FHES Mg A A i, =3k
K SR AN ARSI, CA9 BRI S,
£ CRC # B HSHUME REMpE RS, 5
e A A B SR AR B S ) DA DG, W] R T 4t

P pH E LUE R PEROEA SR, 5N R 15 AH KA1,
[Albk, PFOA i n] fig 3 HUX LR i Pp R 0, 78
N R L Brpei I P E I IREN TS Al 61N
PRI R CRC 5 1E% W B 4 447
R ENRIE AR ESE, PFOA Al A% O
MEI CRC REMIAEL, TER % I LERIE S
925 F R SERAK PR O BRARFAIE . ABCG2 A AR B 1
T, 5 CDS'T 4. yOT 4B SEHiR 4
PR S IEAR DS, [R5 R 1) M2 B S g4
MuAH%. #2787 ABCG2 H3E M4l 2 i e s il
IRETRIEE, T A R PR 5 e H 0 40
I, 258 %00 2 15 P 25 1481, g4t
CLDN1. ETV4. SLC7A5. MMP7 J CA9 £Hl—
g, 5 Mo BLEVRAE. EL
JIE R 2 At K Hh R 4 2 TEAH 9%, T 55 CDS'T 4l
KRR A, PeoRix B2 nl ge i i B R
HiIHE SN I I TR I 1m] B e i SRS AR o XM )
YERARIIELL N BT : 58—, LiiEE 5@ s R
o BREWE N SUARSRIAL O A SRR AE, 1T A2 i
CA9. MMP7 5 CLDN1 £JiA: CA9 il id #5508
PEHDHILH AN E] T 40 Re), MMP7 J@id )%
Fas FCAARHI 55 %% S 40 M s L0, #F Fik i,
PFOA ##% fl G % N T«B (NF-xB) 15 5iE,
HE1T IR 5 MMP-2/MMP-9 54 [F] 520K, N ik 4a 5% 4
A R, 58—, > T ShRERIE 5 1F I it
K e MMP7 AMY B K3 e i EH, 38 mTfE
fif SRR, WA TEBE R IIRE, IR R AR
AR 55, O 2 40 1 4 PR i B 3 2% A0
CLDN1 S RIE W 8 iy b Rdd 1, ki did
TLR 15 5B 0% NF-xB); SLCTAS A @it i
mTOR 15 T @EEZ T i1k -5 Thael), Hid%
KA MMP7 Whle], JLEH0H] CD8'T 41 ik B
Difie. 55 =, s 20 5 G % 20 Jf 55 AR (1) i) 25 P [
CA9 N SRR RR (b T 358 MMP7 BG40
BN, T AT RE, R B ) M2 BUA%
fhs MMP7 D)3 e i o [ 5 G s F i 4, —
T IR A B AR S S N, 3 TR S e
M. 5PU, PFOA 5G4l 73— 1 P A 45
%, AT TR, PFAS F:52 5 CRC HBE
T 1 ok (5 H5 B 48 n 2 1IEAH 5% [PFOA 252 5 W &
JEHRELSE (MLNs) #71 27%, 95%E {5 X 8] (CD:
1%~60%], #&7" PFAS W] GEELT Gy ik AL 52
i) fifr g gk FE 531, ARSI FEIE S, PFOA T i 2 i1l



F49EFE 108 2026 F 10 B

{_;;5;%4}[,,,‘7 ER Drug Evaluation Research

Vol. 49 No. 10 October 2026 - 3661

T YRR TR = 2E, BRIR A Bk M (IgMD
K, FH> B 4L SR A0 B DY, X 5 AT 7T
R A S G I o OO R — 3. [RIR,
PFOA W] @il #i% NF-«B i@ . T3t PPAR 15 511
SCE ML, PrE_EH CLDN1. MMP7 25 S s 4143
T, LA R A ST . 2% |, CLDNI,
MMP7. CA9 &7y Fidid 3L A FiFfE 5. ThREg
J PFOA 5 35 5 i, #4 Al B oAk 1) S g% 41
HI /%% . PFOA 3L i ABCG2 HI55btfiia fo i
By, RIS 1Z N 4%, XU IX Bl g e ik ik

TCGA R HIGIE T 6 MO HESTE CRC 4HZR
HRIAEERRIE. BIR Kaplan-Meier AT ARIEE|S;
THEREME (P>0.05), (HHBEHAE MY 6
—8, 4N, = SLCTAS Al MMP7 FiE 58 ZHIE
e —5, X5 AR A K AR 22 1 H
AHARF o IX R 55 1% 3 B RAME W] REANAE TR
SEITRE AR AN, AR TR R 2 HE RARE A R 2
By, BUE R R B R LI RE e o

SRS 100 ns 3B 1R =
#8578 T PFOA 5% O S A EAE LS, 3 Ik
J ST E A R IAIESE PFOA-CLDN1 5 & %54
S, GRAEE. TR N PFOA 5% 08 5 45
AR BMET-20.90 kI-mol !, Hih 5 CLDN1 45
Aok (—29.34 kI'mol™) . ARINEILE M BoR,
RMSF &M X &S T CLDNI oA, 1ZX 18
ML PFOA 454 1148 (CYS-157. LEU-185) 5
T8 DFBE DI RECEEAT T, PRI X PR 32 PFOA
FHt CLDN1 E%EEIRe M E . 3 —
iR, PFOA 1B &S Sui/K/E I fa e b4
CLDNI $i/K 48, TP BR R D) 51 & iR
LGl s K aL, Heshdh Bl b R A A AR
ifs, X—HLHSEEEM T CLDNL WEERHE S
55 651 9 AH A B RE I 45 R AHFF S, PFOA
HHRW AN E R AKIERE, 5
PFOA 1N ZHE T4, semnftiz B2 (ABCG2.
SLC7A5). #sR[RT (ETV4) MINfEHE (MMP7.
CA9) [MIEH ) ThRe, i b RIPeEL A A A
eSS, RERESEZ AN ERTRE, AR
CRC REKE.

KA TR AOP HESE, DL PFOA #F1EN
Eih%EA:, UL PFOA 5 ABCG2. CLDNI1. ETV4,
SLC7A5. MMP7. CA9 5548 s 2551 N7 Tt ih 3
fFo BTG G 5455 3R E, PFOA BN

— PP LA S, Re g I 4 i B N4 i
H5 LR SES, HIEE — R HE
(KED): FERIAMMIH T2 2406 Jg B
IR ZEFEL . CRC AHRAE Sl 7 W B, AT
W b B A A R A X — i RE T S AL 2
WSREs & R R | AR I B LI FE AR
B, CAWTRE R, PFOA AT ER S [A] A 341
Ji 351 & 05, A KEL A5 R A2t 7 s ia) -
(& HPE . 7RISR -, FUEAA p i it —2bad i
T O A URE N, EBOR 2R WIB A 5] K
G ALAE 11 R & (KE2), BARIREN N G i
VAP RAET . PR e A IR I D . X — AR it
FEAT B 4 403405 — Joy 350 8 0 — G 5 IR A e A2 (1) 38
R, 5 G G mE Ik R A I TR R
A KIPFFLL Rz il N I%, FrebE AR A
ARtz b B, RATESH BAE T (R YE
WHESD W b R AR (AO). X — R &
2 BB BUR YK I R 5E 1B MR —~ B P A
(R BEEA TR, 5 NBERAT R 22 h WS 3 )
PFOA HH JC /I i AR 3 — 350561,

EAEERNZ, AR T I E RS54
5 RSETII ) PFOA BEMERIN, TRdh & B
o T L 5 S R R VAR FE I 22 S R ML T,
BEIMTE PFOA WREZAE ng-mL ' 445, FE/KIAS
TRHIKH PFOA #KREEZ Ab T ng L' 2, A s 4
W ATIE pg L1 28, T 2 Bk S 5 3 P s ek
FI i) PFOA ¥R N umol-L™' & mmol-L™! 55,
BE AT HSEI B R AT, KT E
B H AR S HAR R FR 71 &, {H PFOA WIAEME 4
PE KT AR B R AR S S ik 55 m]
RS PERFSEAE (S @ B 5 S oA, 43
CRC KA K JEI0, PR, A 78 fre s iz O FE i
S, ERFE AN MG B 5 1 g
B, A RRAT I 0 7 PR B A XU VA 2
BEEE A SERR PN . WAL AR K,
AHESE BB 1 I AE T A A, I A O B AR
BEEEI T, AN PFOA BRI [
I 456 PFOA 1E T 59 2% w772 A8 S 3R
BERF AV RN CRC RS, WA A 2 R
PRAB SR HEBEIR SCRF . IbAh, THRE B 5 In R E R
g, WMk BIRTF T 1ZHELLAE A5 XU PF-Al
) S FH A et

A FAFAE— B RIRE: H—, ARG EE



+3662+ ZHE49EE10H 2026 £ 10 B

¥k . Drug Evaluation Research

Vol. 49 No. 10  October 2026

FET AN IEAR FEA2 8 S AR T, PFOA Xt
WU A S BRI R R 0 R, Rl 4 5 3
Yk — B IAE. H T, HESIIREETh PFOA % 5
HAtV 5 R I RIR & R iE, HIBE2 et
BEPERAE S — LB TP AR, RGN A FFR
AT, =, M Sonz O n ik &
H OS RiIBFNGui2 B &M, FTRerEARE. IhK
oy IR R SR T E R AR, FRY A E T
Ji& 2 HC BTEHEA Ut — 2P IRUE . FPU, RIIAAME
WL Gy BYE . PFOA FHIC B A R ELE R &R, R
IR AN A ST PEOA 3 CRC [ 5 BFE L, i
Gb, WEFCHTRIEE AOP HESE H SCEE A (1 18] /77 41
G- R 28 i AN B if, #5714 B AT SR O
AT A1, B SEIGIEYE S 3%, FiEid g
AT 99 5 906 I v N 3R B 5 R B LB IE
HEEM . KRNI R G HEHMRE L. A%
B NTIIRATIR ST 78, HESh S5 =ML R LA
AR R XU PR AG F2 4L
4 “Hip
ARSI GHY:, PLE I 52468
HREE, KRG T PFOA %S CRC 141
BRERALM . @A 2T 738 AMEIEBE R
%€ ABCG2. CLDN1. ETV4. SLC7A5. MMP7
FICA9 6 MZOFE S, IXLLHE S 7E CRC FEA 2
=R H 5 PR IR IR A . o T xR
J% 100 ns 7318 S 2 BHIIE S5 PFOA 5% 0 i f2
SELE4S, Hh5 CLDN1 Mg &kt It AR .
BT BRI, AW — P T PFOA
5 CRC [ AOP HIRHESE, RGPEMEL T M7 Fild
MRFAE RBRAY S TR R A R4 R 1) e R 5
HEERE A . X —BEE T LR R T RE AR SRR AT
FLHIA L, TN PFOA AHICH S {d Fe XU PE A B 41
WIS %, o CRC HIFEEUH LT 7T 5
TELE T TS SR R AR A — o BB AR A

R - R 3

SE R
[1] Siegel R L, Miller K D, Wagle N S, et al. Cancer statistics,
2023 [J]. CA Cancer J Clin, 2023, 73(1): 17-48.

[2] Keum N, Giovannucci E. Global burden of colorectal

PRV 3 B AR B A S0 R

cancer: Emerging trends, risk factors and prevention
strategies [J]. Nat Rev Gastroenterol Hepatol, 2019,
16(12): 713-732.

[3] ArmoldM, SierraM S, Laversanne M, et al. Global patterns
and trends in colorectal cancer incidence and mortality [J].
Gut, 2017, 66(4): 683-691.

[4] Ohoro C R, Amaku J F, Conradie J, et al. Effect of
physicochemical parameters on the occurrence of per- and
polyfluoroalkyl substances (PFAS) in aquatic environment
[J]. Mar Pollut Bull, 2024, 208: 117040.

[5] Lau C, Anitole K, Hodes C, et al. Perfluoroalkyl acids: A
review of monitoring and toxicological findings [J].
Toxicol Sci, 2007, 99(2): 366-394.

[6] Calafat A M, Wong L Y, Kuklenyik Z, et al.
Polyfluoroalkyl chemicals in the U.S. population: Data
from the National Health and Nutrition Examination
Survey (NHANES) 2003-2004 and comparisons with
NHANES 1999-2000 [J]. Environ Health Perspect, 2007,
115(11): 1596-1602.

[71 TARC Working Group on the Identification of
Carcinogenic Hazards to Humans. Perfluorooctanoic Acid
(PFOA) and Perfluorooctanesulfonic Acid (PFOS) [M].
Lyon (FR): International Agency for Research on Cancer,
2025.

[8] Seyyedsalehi M S, Boffetta P. Per- and poly-fluoroalkyl
substances (PFAS) exposure and risk of kidney, liver, and
testicular cancers: A systematic review and Meta-analysis
[J]. Med Lav, 2023, 114(5): €2023040.

[9] Bjork J A, Wallace K B. Structure-activity relationships
and human relevance for perfluoroalkyl acid-induced
transcriptional activation of peroxisome proliferation in
liver cell cultures [J]. Toxicol Sci, 2009, 111(1): 89-99.

[10] Pierozan P, Jerneren F, Karlsson O. Perfluorooctanoic acid
(PFOA) exposure promotes proliferation, migration and
invasion potential in human breast epithelial cells [J]. Arch
Toxicol, 2018, 92(5): 1729-1739.

[11] Corsini E, Luebke R W, Germolec D R, et al
Perfluorinated compounds: Emerging POPs with potential
immunotoxicity [J]. Toxicol Lett, 2014, 230(2): 263-270.

[12] Steenland K, Zhao L P, Winquist A, et al. Ulcerative colitis
and perfluorooctanoic acid (PFOA) in a highly exposed
population of community residents and workers in the
mid-Ohio valley [J]. Environ Health Perspect, 2013,
121(8): 900-905.

[13] Giménez-Bastida J A, Surma M, Zielinski H. In vitro
evaluation of the cytotoxicity and modulation of
mechanisms associated with inflammation induced by
perfluorooctanesulfonate and perfluorooctanoic acid in
human colon myofibroblasts CCD-18Co [J]. Toxicol In
Vitro, 2015, 29(7): 1683-1691.

[14] Wang Y L, Xiao J, Suzek T O, et al. PubChem’s BioAssay



$ 4955 10 #f

2026 £ 10 B

‘Z; BTSN Drug Evaluation Research

Vol. 49 No. 10 October 2026 - 3663

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

database [J]. Nucleic Acids Res, 2012, 40(D1): D400-
D412.

Gaulton A, Bellis L J, Bento A P, et al. ChEMBL: A large-
scale bioactivity database for drug discovery [J]. Nucleic
Acids Res, 2012, 40(D1): D1100-D1107.

Daina A, Michielin O, Zoete V. SwissTargetPrediction:
Updated data and new features for efficient prediction of
protein targets of small molecules [J]. Nucleic Acids Res,
2019, 47(W1): W357-W364.

Szklarczyk D, Gable A L, Lyon D, et al. STRING vl1:
Protein-protein association networks with increased
coverage, supporting functional discovery in genome-wide
experimental datasets [J]. Nucleic Acids Res, 2019,
47(D1): D607-D613.

Davis A P, Murphy C G, Saraceni-Richards C A, et al.
Comparative Toxicogenomics Database: A knowledgebase
and discovery tool for chemical-gene-disease networks [J].
Nucleic Acids Res, 2009, 37(suppl_1): D786-D792.
Consortium T U. UniProt: The universal protein
knowledgebase [J]. Nucleic Acids Res, 2017, 45(D1):
D158-D169.

Hamosh A, Amberger J S, Bocchini C, et al. Online
Mendelian (OMIM®):  Victor
McKusick’s magnum opus [J]. Am J Med Genet A, 2021,
185(11): 3259-3265.

Safran M, Solomon I, Shmueli O, et al. GeneCards 2002:

Towards

inheritance in man

a complete,
Bioinformatics, 2002, 18(11): 1542-

object-oriented, human gene
compendium [J].
1543.

Zhang Y T, Zhou Y, Xu H W, et al. Therapeutic target
database 2026: Facilitating targeted therapies
precision medicine [J]. Nucleic Acids Res, 2026, 54(D1):
D1692-D1701.

Wishart D S, Feunang Y D, Guo A C, et al. DrugBank 5.0:
A major update to the DrugBank database for 2018 [J].
Nucleic Acids Res, 2018, 46(D1): D1074-D1082.

Dennis G Jr, Sherman B T, Hosack D A, et al. DAVID:
Database for annotation, visualization, and integrated
discovery [J]. Genome Biol, 2003, 4(5): P3.

Edgar R, Domrachev M, Lash A E. Gene Expression

and

Omnibus: NCBI gene expression and hybridization array
data repository [J]. Nucleic Acids Res, 2002, 30(1): 207-
210.

Friedman J H, Hastie T, Tibshirani R. Regularization paths
for generalized linear models via coordinate descent [J]. J
Stat Softw, 2010, 033(i01): 1-22.

Sanz H, Valim C, Vegas E, et al. SVM-RFE: Selection and

visualization of the most relevant features through non-

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

linear kernels [J]. BMC Bioinform, 2018, 19(1): 432.
DingJY, DulJ C, Wang H J, et al. Anovel two-stage feature
selection method based on random forest and improved
genetic algorithm for enhancing classification in machine
learning [J]. Sci Rep, 2025, 15: 16828.
Hénzelmann S, Castelo R, Guinney J. GSVA gene set
variation analysis for microarray and RNA-seq data [J].
BMC Bioinformatics, 2013, 14: 7.
Akoglu H. User’s guide to correlation coefficients [J]. Turk
J Emerg Med, 2018, 18(3): 91-93.
Chandrashekar D S, Bashel B, Balasubramanya S A H, et
al. UALCAN a portal for facilitating tumor subgroup gene
expression and survival analyses [J]. Neoplasia, 2017,
19(8): 649-658.
Bernstein F C, Koetzle T F, Williams G J B, et al. The
protein data bank: A computer-based archival file for
macromolecular structures [J]. J Mol Biol, 1977, 112(3):
535-542.
Pinzi L, Rastelli G. Molecular docking: Shifting paradigms
in drug discovery [J]. Int J Mol Sci, 2019, 20(18): 4331.
Van Der Spoel D, Lindahl E, Hess B, et al. GROMACS:
Fast, flexible, and free [J]. ] Comput Chem, 2005, 26(16):
1701-1718.
Hess B, Kutzner C, van der Spoel D, et al. GROMACS 4:
algorithms for highly efficient, load-balanced, and
scalable molecular simulation [J]. ] Chem Theory Comput,
2008, 4(3): 435-447.
Pagadala N S, Syed K, Tuszynski J. Software for
molecular docking: A review [J]. Biophys Rev, 2017, 9(2):
91-102.
Villeneuve D L, Crump D, Garcia-Reyero N, et al. Adverse
outcome pathway (AOP) development I: Strategies and
principles [J]. Toxicol Sci, 2014, 142(2): 312-320.
Fenton S E, Ducatman A, Boobis A, et al. Per- and
polyfluoroalkyl substance toxicity and human health
review: Current state of knowledge and strategies for
informing future research [J]. Environ Toxicol Chem,
2021, 40(3): 606-630.
Kuo M L, Shiah S G, Wang C J, et al. Suppression of
apoptosis by Bcl-2 to enhance benzene metabolites-
induced oxidative DNA damage and mutagenesis: A
possible mechanism of carcinogenesis [J]. Mol Pharmacol,
1999, 55(5): 894-901.
Behr A C, Kwiatkowski A, Stahlman M, et al. Impairment
of bile acid metabolism by perfluorooctanoic acid (PFOA)
and perfluorooctanesulfonic acid (PFOS) in human
HepaRG hepatoma cells [J]. Arch Toxicol, 2020, 94(5):
1673-1686.



<3664 ZE49EE10H 2026F 108 ¥k A Drug Evaluation Research  Vol. 49 No. 10 October 2026
[41] EH05, BF, kElR, 5. TR ERE LA cell function in colorectal cancer [J]. Cancer Res, 2023,

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

TRV 2 A E R AT SR ()],
%, 2026, 57(6): 2326-2336.

Wang D F, Feng X, Zhang C J, et al. Research progress on
traditional Chinese medicine intervention in colorectal
cancer based on metabolic reprogramming and related
signal pathways [J]. Chin Tradit Herb Drugs, 2026, 57(6):
2326-2336.

Polgar O, Robey R W, Bates S E. ABCG2: Structure,
function and role in drug response [J]. Expert Opin Drug
Metab Toxicol, 2008, 4(1): 1-15.

Dhawan P, Singh A B, Deane N G, et al. Claudin-1
regulates cellular transformation and metastatic behavior
in colon cancer [J]. J Clin Invest, 2005, 115(7): 1765-1776.
Oh S, Shin S, Janknecht R. ETV1, 4 and 5: An oncogenic
subfamily of ETS transcription factors [J].
Biophys Acta BBA Rev Cancer, 2012, 1826(1): 1-12.
Cormerais Y, Massard P A, Vucetic M, et al. The glutamine
transporter ASCT2 (SLC1AS5) promotes tumor growth

Biochim

independently of the amino acid transporter LAT1
(SLC7AS5) [J]. J Biol Chem, 2018, 293(8): 2877-2887.
Gobin E, Bagwell K, Wagner J, et al. A pan-cancer
perspective of matrix metalloproteases (MMP) gene
expression profile and their diagnostic/prognostic
potential [J]. BMC Cancer, 2019, 19(1): 581.

Chiche J, Brahimi-Horn M C, Pouysségur J. Tumour
hypoxia induces a metabolic shift causing acidosis: A
common feature in cancer [J]. J Cell Mol Med, 2010,
14(4): 771-794.

Robey R W, Pluchino K M, Hall M D, et al. Revisiting the
role of ABC transporters in multidrug-resistant cancer [J].
Nat Rev Cancer, 2018, 18(7): 452-464.

Chafe S C, McDonald P C, Saberi S, et al. Targeting
hypoxia-induced carbonic anhydrase IX enhances
immune-checkpoint blockade locally and systemically [J].
Cancer Immunol Res, 2019, 7(7): 1064-1078.
Vargo-Gogola T, Fingleton B, Crawford H C, et al.
Matrilysin  (matrix metalloproteinase-7) selects for
apoptosis-resistant mammary cells in vivo [J]. Cancer Res,
2002, 62(19): 5559-5563.

Miao C, Ma J, Zhang Y, et al. Perfluorooctanoic acid
enhances colorectal cancer DLD-1 cells invasiveness
NF-«xB
metalloproteinase-2/-9 expression. Int J Clin Exp Pathol.
2015;8(9):10512-10522. Published 2015 Sep 1.

Huang X W, Sun T T, Wang J L, et al. Metformin

reprograms tryptophan metabolism to stimulate CD8" T-

through activating mediated  matrix

[53]

[54]

[58]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

83(14): 2358-2371.

Cui J, ShiJ X, Gao X W, et al. Associations of exposure to
per- and polyfluoroalkyl substances mixture with the
numbers of lymph nodes in colorectal cancer patients [J].
Environ Res, 2024, 240(Pt 1): 117529.

Iulini M, Bettinsoli V, Maddalon A, et al. In vitro
approaches to investigate the effect of chemicals on
antibody production: The case study of PFASs [J]. Arch
Toxicol, 2025, 99(5): 2075-2086.[PubMed]

Weber C R, Nalle S C, Tretiakova M, et al. Claudin-1 and
claudin-2 expression is elevated in inflammatory bowel
disease and may contribute to early neoplastic
transformation [J]. Lab Investig, 2008, 88(10): 1110-1120.
Wang Z Y, Cousins I T, Scheringer M, et al. Hazard
assessment of fluorinated alternatives to long-chain
perfluoroalkyl acids (PFAAs) and their precursors: Status
quo, ongoing challenges and possible solutions [J].
Environ Int, 2015, 75: 172-179.

Sunderland E M, Hu X C, Dassuncao C, et al. A review of
of human exposure to poly-
(PFASs)
understanding of health effects [J]. J Expo Sci Environ
Epidemiol, 2019, 29(2): 131-147.

Lewis-Michl E L, Forand S P, Hsu W H, et al

Perfluorooctanoic acid serum concentrations and half-

the pathways and

perfluoroalkyl  substances and  present

lives in a community exposed to contaminated drinking
water in New York State [J]. J Expo Sci Environ
Epidemiol, 2025, 35(3): 403-413.

Li K, Gao P, Xiang P, et al. Molecular mechanisms of
PFOA-induced
Implications for health risks [J]. Environ Int, 2017, 99:43-
54.

Stoffels C B A, Cambier S, Subirana M A, et al. When

imaging

toxicity in animals and humans:

subcellular ~ chemical enlightens  our
understanding on intestinal absorption, intracellular fate
and toxicity of PFOA in vitro [J]. J Hazard Mater, 2024,
480: 136205.
Ankley G T, Bennett R S, Erickson R J, et al. Adverse
outcome pathways: A conceptual framework to support
ecotoxicology research and risk assessment [J]. Environ
Toxicol Chem, 2010, 29(3): 730-741.
Kortenkamp A, Faust M. Regulate to reduce chemical
mixture risk [J]. Science, 2018, 361(6399): 224-226.
Wong S H, Yu J. Gut microbiota in colorectal cancer:
Mechanisms of action and clinical applications [J]. Nat
Rev Gastroenterol Hepatol, 2019, 16(11): 690-704.

[T %48

FHE]



