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Prediction of Breast Cancer Pathogenic Genes Based on

Multi-agent Reinforcement Learning

LIU Jian"? GU Yang"? CHENG Yu-Hu"? WANG Xue-Song"?

Abstract By analyzing the gene mutation process, it is proposed to use reinforcement learning to infer the process
of cancer patients from normal to disease states, and to discover the key gene mutations that lead to the death of
patients. Firstly, a multi-agent reinforcement learning environment is designed based on breast cancer mutation
data by viewing genes as agents. Secondly, in order to ensure that agents can find the same policy as expert policy
and to satisfy more agents for rapid learning, two kinds of multi-agent deep Q networks are proposed based on
demonstration learning respectively: Behavioral Cloning-based multi-agent deep Q network and pre-training
memory-based multi-agent deep QQ network. Finally, we sort genes according to the trained multi-agent deep Q net-
work to achieve pathogenic gene prediction. Experimental results show that the proposed multi-agent reinforcement
learning methods can dig out pathogenic genes closely related to the occurrence and development of breast cancer.
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(Take the k-th agent as an example)
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F (sk) =E[Q (s|s=0 at =1, Hk)] +
E[Q (s|ezy , aF =0;0%)] (19)

X, HTE B DR BEIAEMARRERSE (sF=0)
B ARBRE (s8 =1) RIHIEN ok = 1; A
RARE (P =1) BIRERTIRE (sF =1) KL
MATE R ot — 0, FBLF (s*) Al LU 227 5 A
PR R AR 0 B8 25 AE T o Bk 1) v K. X BLER A i 2R
BRARFRABIRE (5 =0) K, 5 2L ME AL R

R N-9'8
TE2 R e RHE SR ) B — AN e ik AL B3
ZEE R 2 RSN 2N By smAk 52 2] 1)@ FFd A
FETE B R A IR AT I 25, XN N 4E—
HER )& S 2 4R Q H. XN 2 R AR AE SR
X #2224 S5 A R BESR AN . O T IR 2 R se A 1)
INZREE, I DQN A B Z e i 2%, BIEE & A
W28 24 0% R AL S BUE ] B wh F R B 1) & v%, NI

2V ([lawt]], + [[B8],) =

E [Q (3 oo » a¥ = 1;9’“)] +
E [Q (3 |y @V = 0;0’“)] (20)
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1T argmax (F (s*)) 45 argmax (|||, + [o*]],) A
45, LU AP R AAAT 5O 2 L
F (%) = [l + [[6"],

VR BE AL 2 37 v BB VAR A
Ry RSk R B ISR TER (21) PRo(E
R, B R ATE AL RORAS T R A S R A
B ARG, B2 R 2 A 5 S0 A SE T 18
S, R, RS (21) HEAR AT LUHEFT L D R
A5 5 E T 2 SR B AR R
HEFF SERTHY n A2 (N E0RS A

4 SRRSO

LR E

ARSI It L M i TR R A A ) A Y B R
OO 7L R P 50 3 TR . LR g 5 20 B D A A7 5
P TCGA Hls B W T 832 (WHE: https://portal.
gdc.cancer.gov). ¥R BE GRS ST I ZRIN R] 5 358
PRS- BN AE 23 [ 2 A4 B IR AR G, — MRS RPIR S~
AME A R Bk var, 7R ZER & M2 B 2% il
2 T e e e R B i W
i B I — i R SKe PR RS S SR B4R R,
M e 1o R AR AR i I B R H

R L s AR B F ) 35 TR R 2R 0 S G 1
B2 H: 1 HIEHERRALE > 50% FHEH,
REIN = 188 ML, H 05 53 FARIFIZET R
B B2 HEBERERRALE >30% MERH, 153
N =420 MEEER ) HoA 5 81 MO IZE TR AS.
HF BCDQN tb PMDQN E 5%, Al N =188
i3 BCDQN #EAT 4%, 4 N = 420, BCDQN
T FE o K AT IR, S T RE PUd sk,
fii F§ PMDQN #4711 Z5.

AR HE R AR 2 B Re AR B 1, 5 BE A
RAZRIKAG, WIFERF /R GEAREH I 2, MAET RS
H AR TR 1) o bE RIS, 22 8 R AR HE i i 3
VEZZ S BIBETRAS, Br LG #R1EH 30%. 50% 13
DR AL e SR DR J 2558 BT P 1 228 DR 806 2 2 A
SRR SET ORI 2E 5. 28R ] Lk & HAh
RARPIEEFEHE , Bl RABZE > 40 %, B 1E
A B R T AR F G N, ARSCHE I B AT e Y
&R AN [ 3 R AR Ze A4 4R B R 0 S 45 R
PR, IXARIAE AN T 1) SRR AR B
(35 R H K, RSB 2 (a1 4 B koK, F 5%
BRI S SICH FE ARG, Tovd 2 2] B AR e AR 2
T, A 20 Y R D {8 A5 5 A 2 ST AT 45 B R
B LI v R AR (10 ik R el 7L M e 08 ik IR T AT

(21)

4.1

FHEXL. 2) RAERLANG 2 EAF I EH
TR, UM REA S ARSI 0. R, 72 Se iR i
(IS VF RIS B0 T, A DO R SR AR 22 ) 3k #5636 L
10% ~ 50%.

SLIAER

X N =188 iif, {#fl BCDQN #EATZR. £
REARTE 53 NMETRES LRI EHRAE I E 3 fros, 3
W, BEALAR IR episode, WARARF R BIRAE. HIE 3
ATLLE ) FTA SRS b T ISR S, fERANIE T
R E, ZRREARIEREA episode #R AT LAEUS A
(a1 . BT SEmg kg, BCDQN W] LL5E BT A 2%
TS, HABIFMEEME. K4 RRH N =188
B, 28R SE T B (B BIBETRE), o,
FEALBR R IR episode, AR IR 5 AT 55 IR HL.
Bl 4 F1BR 0y 14 64 7 WUAMFET IR HE, R RE R BEHS
FaE 2 S BIE T RS H AL g . B BEARTE 04 1. 64
7 DN FET RS = A2 3 30 2 TR T LN FE T RS 1
FETHRIBAE (FET2H 55N 4.60%- 9.7%- 7.69%
F19.09%), (158 GEARTE L BR A E Py BAR 15 B 7E 3T
TR E AR IE T A, T8O Rt ik 5e 4
FRAE RS E 27 2] B3 . BCDQN 1R &—31E
25 () 4 i A /NI I o AT DR PR AR B B A0 S 1 7
WERNRE-NES MY HAEAERENE
F &K, WEE— & n] DSk &8 s e e ms | {2/ 22
FE A IR 1) 3 DA -

N =420 i, ] PMDQN #4712, £ %8
REARTE 81 ANFETORAS LM BRI E 5 Fios. B
61 62, 67+ 69, 71 I/ NFET AR, 2 B ReAR ] 7E
HARAFRTRES L2 R EHRE. K6
M N = 4200, ZRBEIARTE AT S5, BR 61, 62,
67 69, 71 TLANFET RIS HL, B REMRRE NS 2% 2] B|FE
TR A AL Mg, P AR X R s B R T8
RefAdl 2 S EBEME RS TR L 1K, 5 gk
YIGRE R AN K, BT I A 2 2] B SR . PM-
DQN BEARGRIE T RFEERCR, #24ET KREA ML
KA, P T FIERI g, E0AS AT 3 G st 2 Kl
RE AR B 24 B B & KA 1 1) 8. Jhi
BB RER Y Al — E R E AR X
NEH MR A, 2 N = 420 B, IRE-251H]
PN HE AR, 2RI — T NEDIEL
B, XS SHE AR R LR AN
TORAS. Rk, ] LSRR B 386 9 48 2R 1) oAb 2%
17 VR e 1)

R4 L gh 3 BCDQN £1 PMDQN f
FEANE RS I R : BCDQN 7EIR &—-3h 1 45 1)
Yk BN RENE CRAIE R RER IR R 315 % SR e A

4.2
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Fig.3  The rewards of BCDQN at 53 death states under the condition of N = 188
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4.3  HRERDHT GULT, TN R S R A B Ay, Bl TP53.

2N = 1881 N = 420/, BCDQN fl PMDQN ~ MYC Al PVT1.
I A AT 10 D EUREE R W2 1 Pros. f£X PR G iR AR R ] TP53 7 1% il 4 B 9 4 . A0 A7
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# 1 BCDQN # PMDQN 5l (87 10 AN Fows H

Table 1  Top 10 pathogenic genes predicted by BCDQN
and PMDQN

id= BCDQN PMDQN
1 TP53 TP53
2 FAMOI1A1 PIK3CA
3 TNFRSF11B TG
4 KCNQ3 HHLA1
5 MYC ASAP1
6 COL14A1 CASCS8
7 CCDC26 SNORA12
8 CCN3 MYC
9 PVT1 PVT1
10 DSCC1 RN7SL329

T RT3 DT 21 e B 1V 22 400 P SEE B8 v R A S SR
. USROSt (W DNA #5455 s ek
e AR RO B, TP53 1 940 g s il 3 2%, JL
PAERTA B (PR R AE AR Silwal-Pandit 262
ST T 1420 4 F RS BE R TP53 547,
Wt 4k R TP53 87483k 78 SR b BA WY Ay
S RN B B UG A S M. Funda 2529 %t 257 5154
Fo M AL IR BB I 202 AN SERHEAT T mEE I,
W 735 B0 TP53 7E 7L B i) =i 02 p #0477 3
R4y B S5 TEHE KA., Tk A AR B S A AE
WIS, Han 2509 )07 7 187 B HERS I FL IR B
(MR AREAS, BIF 9T 6 8] TP53 A 7% 1t FL i B
H UG B BALT TP53 B AR B iR &R
SZARBA M /3R B AR TR T 52 Ak 2 [P RT =B 1 BA B
B AE TPH3 AW L, DNA 45538 R4k
NGRS B A A A R AL

MYC 2K 5. R LR 1)
KB R 1, BRI e Rk LT 2 RoE M
Jibg . FURRIE T MY C R RS S 2 B, E 35
BRI, AT mRNA MIEAFFE, X5
Jiebggg 4 1) 1 S O RN B0 IR AR TR S AH O X 252
3B T R iRl T BRCAL BERSHIH] MY C H#:
SEREEAREYE, 37 H BRCAL B A MYC i %Kik
T LI B AR R ) R TR A R ST Y ) LR
Jei. Terunuma %529 & ILFLIRE B 2-F2 1% —FR/K P
5 MY C 8 B 0E < RAFE SRR, IRE N KA
Ji b Rz 4 RN LA A0 i MY C 13 3R R R A
HE—BFSE TiX— K &, Camarda 2527 3 1§ 5] 4
WH2H 2207, RIIURE W R A AL R AR TE MY C K3
(1) = B PE L A A 38 .

PVT1 7E 2 FulB v i v s 3R IA, RIS TE s

R, ik n] 5 MYC 2 FAH AR, @it 2 Mg
B2 50 MR R G 5E . P T2 55 4%, Cho &5
EW] T PVT1 A3 7 BA ML T PVTL IncRNA
iR I Thag, H PVT1 830 F CRISPR #5&
TIE AR A RS A K. Tang 2 i
T8 | PVTL {EImR = AL L, et KLF5/
beta-catenin 15 5 18 ¥4 DA IX 3l — B 14 FL e i & A
Wang &80 [ 502 B, PVT1 R IAR N5 7L
Jeb BRI R 20 B IR R S 3L RE LB AR A7 R K.

DR — 0 UG IO 3] 1 350 5 IR 5 L e
PIRHG, B 5EFI A ToppGene T.H (Mk: https://
toppgene.cchmc.org/) HATRKE & E 0. BHE
EEOTHT IR FE WG — 2 DRl B R PR A v R A R AT 40
FHERE, Befg A L IR ()02 15 B A 55 0 1 1 e 4k
B HERAS BA-GE T 2R (Gene an-
otation database), B B LR IL A ThRE, K IN A
IRl 5505 2 1) [ SR e A e S P i 32 [ 9 B B0
JE R BRI AR H PG FE (Gene ontology, GO), Hil
w2 PE S, Wy T UiRE. YRR g
7%, GO RiE (GO term) /& GO U PEH H 2 A
iR T, AR E R YR DIRE, Bl GO ARiE:
regulation of DNA biosynthetic process fifiid i) /&
— BT AEY)E FE X DNA AW & Rl 72 6
TIEH.

EEEITEE (KB 7~ 8) H, RITEM AR
#arRARFER, iR R GO R, HEFS GO
R Z BHELFRER S GO RiEHK, —
MNEF 5B Z GO RIEHIE, R ZER T =)
ThigtZ. K 7 245 N = 188 i, AT 10 AN EUwR R
1 E E M iE K, Hh 2R CCDC26 Joik s HAth
REREREEER. B 791 GO RiERMNEEL
REIAZ GO RiBEH H5IANMRThae Z VA K 15 4
GO ARifs, P MYC H5&Z % H M GO RiEAHIZE,
HEZAMAMEAHRE GO RiEF XK, Kx MYC
AR KA RIERNEY], HUGEHER TP53,
PLULSEHE. Bbtmr 0L, B 7 A o AN =
53 r kR IE FE A O, BAR CCDC26 LikS
ARG 3 E o gh B, (HAESCHR [31] H, CCDC26
PERNTFIREEE, AT7E 2 FloeiE 1 R AR FE = A E
B a0 A i B R AR

Kl 8 /&AE N = 420 BF, HI 10 MEUH I & 4
SiTRE B, ASCNE RS R AZ GO Rkt
TH5ARIIGEE VI GH 18 41> GO Rifk. HH
TP53. MYC. PIK3CA. PVT1 1 TG 5iX 18 4
GO RiBFHX, R 5 ARG R, BARKR
HHLA1. ASAP1 5 ik 18 A~ GO RiETL K, HE
R MYC. PVTL, TG —#25 GO Rif: Human
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Term

Amplification of PVT1 contributes to the pathophysiology of ovarian and breast cancer

Aneuploidy, TP53 mutation, and amplification of MYC correlate with increased intratumor heterogeneity and poor prognosis of breast cancer patients

Breast cancer

Breast implant-associated anaplastic large cell lymphoma

Genes from the most frequent genomic gains and amplifications in a panel of patients with lymph node negative breast cancer (NNBC)
Genes up-regulated in MCF7 cells (breast cancer) after stimulation with EGF [GenelD=1950]

Human breast adler06 57genes

Human breast pawitan05 64genes prognosisGenes
Mouse breast fleming09 114genes

Human breast horlings10 271genes

Neoplasm of the breast

Tumours of the breast

Genes up-regulated in ME-A cells (breast cancer) undergoing apoptosis upon serum starvation (5% to 0% FCS) for 22 h

' Genes within amplicon 8q23-q24 identified in a copy number alterations study of 191 breast tumor samples

K7
Fig.7

2 N =188 if, BCDQN Tl (¥ 10 A F0 3k 5 1) & 4 43 #r Bl ]
The enrichment analysis circle diagram of the top 10 pathogenic genes predicted by BCDQN under the condition

of N =188

Leukemia Schoch05 1052genes A3, BI5 (A 55
AHC. JEK SNORA12 7E3CHR [32] H 8k 46k 9 7 3
FEf) 8 Mt Tk R 2 —. iBid RNA 485, %
RN7SL329P J2& Fi 41l fd il 10 £ 22 7 3R I8 1)
IncRNAsP,

EAERNZ, SRl g—T1mA ¥, |
NRLERKIARI R F AR TP AR R AR IZ D 58 3.
ST IR 634 43 B0 e R I B 5 L OC B
KEL HE S5 T HAREE R R AL R, TERNA
T 110 0 32 0095 255 IR DA RS I R B6IE . 5 3507 e XL
6 48 0 F w5 LA R AR L BRCA1. BRCA2 Al
PALB2 A HIAEARSZIG 1, X2 i T 1% 28 JL ]
(1) AR B BAT TE B S0 B R BITE N = 188 I
N = 420 F5256 P AL F X e L (K], SZ R TR R ), 1%
FACHRBEH RO TN AT 10 AR, HER RS
(L R B HEAT 00T, (H A, IR FHEARRIX S5 K]
SO, B, N = 420 (52 g5 Brb, JEH
PIK3CA HEEZE 2 £, (HE N = 188 (s in &t v,
HHEAESS 23 fif.

5 LERIB

ARSI T FUR N A, M 2 R e R sk
PR, AR RAL BRI BT T PR T
N2 R RER DQN. it 54T Jy v B S AR 4R
BCDQN, K EEITIREIEALHER, B ek
K — P IRREL TS, REALIURRERMS
BRARMTEER DG, 7L 2B R AR
BEATSRALSE 2T, FRIBNREAS TR A DG, 4R PM-
DQN i Fl 2505 30k — € R 1 L K0 A7
fEL XM, 5L B RARETIENRZ,
RE R IR R B 5 L RS R (50 . e, 8
o 3 PR B AR 20 B oxe T A 1 £ B0 K R AT 23 A,
SCUR S5 RAR I, AT iR RE NS 12 I i 7L e 0 2k
R R, A A2 I ) — t b A e i R A
REREAR SIS IR, TR D L RS PR (o S B0 S A

AR I FE A A4 Ve i 2 S 0 1 AL
SOOI, DR IS TSRO 1) 2 B e
SR 2] S,
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Term

Amplification of PVT1 contributes to the pathophysiology of ovarian and breast cancer.

Breast small cell carcinoma

Clinical implications of genomic profiles in metastatic breast cancer with a focus on TP53 and PIK3CA, the most frequently mutated genes
Genes constituting the LIT-Int network of proteins interacting with breast cancer reference proteins BRCA1, BRCA2, ATM, and CHEK2
Genes from the most frequent genomic gains and amplifications in a panel of patients with lymph node negative breast cancer (NNBC).
Genes within amplicon 8q23-q24 identified in a copy number alterations study of 191 breast tumor samples.

High rate of PIK3CA mutations but no TP53 mutations in low-grade adenosquamous carcinoma of the breast

Human breast martens05 117genes
Human breast parker09 161genes intrinsic genes RTPCR
Intraductal papilloma of breast

PIK3CA and TP53 gene mutations in human breast cancer tumors frequently detected by ion torrent DNA sequencing

A microscopic landscape of the invasive breast cancer genome
Female breast carcinoma

Human breast creighton08 772genes

Malignant neoplasm of female breast

Malignant neoplasm of male breast

EE The 'group 1 set' of genes associated with acquired endocrine therapy resistance in breast tumors expressing ESR1 and ERBB2

K8 24N =420, PMDQN FUlKIHT 10 N0 2 B s 470 B el I
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