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Abstract ; Adult stem cells are found throughout the body and play an important role in tissue growth, development,
aging, and wound healing. Stem cell regenerations are tightly regulated in normal tissues. Abnormal stem cell
regeneration is closely associated with many diseases such as malignant tumors, obesity, aplastic anemia, etc.
Heterogenous stem cell regeneration within living organisms is a complex dynamical system behavior. The abnormal
cell proliferation includes processes of establishing a new balance along with cell plasticity and cell —to — cell
interactions. It is a significant research topic to quantitatively describe the biological process of abnormal cell
growth. This paper establishes a computational model of stem cell regeneration that incorporates proliferation and
differentiation indicators of cells, as well as indicators of abnormal proliferation heterogeneity. Through the
established model, the process of microenvironment changes — induced abnormal cell growth and the entropy
evolution dynamics are studied. Moreover. the relationship between entropy dynamics and kinetic parameters under
different proliferation conditions. Results show that during abnormal cell growth induced by microenvironmental
changes, there exists a correspondence between entropy and the number of cells, which is independent of the
pathway of microenvironmental changes. In addition, the dependence of entropy on cell number shows different
behaviors during the abnormal proliferation and the recovery process, which suggests the irreversibility of the
microscopic biological process. This paper presents a quantitative characterization of the entropy changes during
abnormal cell growth through a physics perspective. It provides a new research approach for quantitative studies of
the heterogeneous stem cell regeneration process.

Keywords : Stem cell proliferation; Entropy; Cancer evolution dynamics; Cell heterogeneity

Wris B H#1:2022-05-06; & 2 B 85 :2022-05-23; 45 15 % H #:2023-03-08.

P 8 B %& ik . https : //kns. cnki.net/kems/ detail /23.1513.Q.20230308.1019.002. html

E£WH . HRALRFAELTH (No.11831015).

« BISTEE HEE, B 202 10T 050 i S8 T R G A Y2#. E-mail . jzlei@ tiangong. edu.cn.

SRR oK SCE , R S T A0 s AR R AR [ ] AR R B2 ,2024,22(11) 167-78.
ZHANG Yiding, LEI Jinzhi.Entropy changes during the proliferation of heterogeneous stem cells[ J].Chinese Journal of Bioinformatics,2024,
22(1):67-78.



514

K SCE A S BUME T 2 A SR R P A AR Al 59

7L Sl A PR P S [ 2 2 ol R 7 2 21
240 MO P 1 3 SR AN A AR T O A 2 AR R
AEFRTIRE Y AR R b, T AR A2 A 1
X TR AR K F e AR
PPl B A, T 40 A S 0 0 2 T EOB
PoheE REJPEAE P A AR ME ST AR Y A ik
ok i R hAR R D) oK €2 8 A B UR ¢ €287
HH ) A S PR A SRR R ELATE P L) 47 200 )
SRS S) 24Ty, TR A B AR e 2R i 43
ARSI E AR5 B SRR A 5 77 A AN [ 1Y
SR, A GBI T A S A 2h 1A iU ok
MBS RS, WXk — R I RGEEA T Tk
FEIF AR S 290 0 S5 B R 9 2 WA AR 2 E A=)
FWFIE EAT BRI

AR R — S A0 M 5 W S B R o, A AR
S Rt AR A 0 0 A o A P O T A R R
(1422 A RV ZAR L P 114 26 WL 38 A2 728 T A i PR 2 A B 45
T TSI 38 2 A7 6 IR o] P 8 2 5 e ST P A
Bt T S T B S R A A A JR i R I e
BB, XoF 240 M S o 6 9 e e s o B i X
i PR e AR B0 ) A R

TR Je T A B o A SR 200 4 S o P R T
SRR IR I — Bl A AR 7 5 o U i )
PRIXE,, 2 A S B o e I N AN [+ 4 i 2
TGRS ZREMERBENLR A 1 B D AL
T B PR 2 1) S B P 2 5 i A0 Y 4 4 5 5l
A RBU A N S Iy 2 A S T T AR
T B8 5 PR AN A P9 70— AH EL A A B AL , 40 i
TE3E GRS AR P I 2R I o 4 PN A OUIR 25 7%
SRR B T2 SR AL, it 4 M Y ] 28
240 0 Py T SRR IS X SRR 5 A A I B E AR
A LA 240 A B 1) 3 7, O ELE ORI A A
PRI v A 0 ST A A0 M 4 R o
Hr BE A0 DS 2 ) L8 A A 1 5 R A O
BT BCA AT A, AR AR T AR R A
JL LB A% 1B A 14 b A BE AL B RIS S8 4 1, PRIk
23 S EH 2 0 B A | A A R P A S
PSS AR TR R S SRR AL A AR DG, 7E
iR i ek A e A ) 2 Wt A TR A A LA
iTed 0 L 1) 6 9 Bl ) o — LR R 52 R TE IR T
%H}%[ 16-18] .

TERPRR AR I R v T IR B A A R R P 4
ANFEREVESEIE P, i Je 200 e vy S S PR3 Je e 240
BE DR 3K B TG PP 38 i, R 30 HR R X T T A0 e
AT R B A R B A A R R
Hh PR A 2 ] ) 22 S PR R R O R AR A IR T

HRER AL, XA SRR, RGN R A RN
AR AR 7 45 T 2 PR A A 4 i e 75 AR S A Y
AR AEMIRA YT A P B R AR ST
FIIEH AR BRI, 34> e 1) 22 A -5 R 4 A=
AR SE AN ST 7 X g A A A B A R R GRS
14 7 TR AT B T AN ik 2 ] ) B A

AR SRR ST 5 M1 2 M4 58 50 )~ B B
RRRURELRO0 Al ST A0 A L G A 4 AL AR A S I
AN 20 73 384 G 5 s S SO 1 A e A
T 0 5 | 0 i 496 B K ST 6 AR 5 B AR A,
FEIAET AL AL 51k 1) 40 i S5 K GE B ) 2R AR
A 2ok Xt A ARUAREAEL I 496 B 26 7 = 1 0 A BF 5 40 S
W TE I AR AR G R AR A, AR 5 A0 i R
AR 5 ZRAMIETEAS ] ol B g 098 4 56 28 %k 8 B ok
FERIFZE

1 f A

1.1 BRMETHAMEHESLEE

AR SCHI ST Y S R T A R pE AR R AN P 1
TN I IEARGE ) S 25 R B GO 4N i e
PR A R | ELA B g Ak g T 4
AT DAL T 25T (GO 1) sl 4 i 43 24 (G1-S -
G2-M 1)) , Ab T B30 00 20 it v] LA DL 3R i 434k
RN, B LR B A A S 24, HEA
2R 43 224 309 %) 400 A YK 28 0o 2 A 0 24 i G o %
(G1) ,DNA & HI(S) , EHBEW(G2), FIf 24>
M), FG RPN, AT 2B B
Y2 AL AT DA DL — 5 W T8 e 2 A 0 L O T 4
Mg R, AR A 24 00 o R T R TR B — 2
[E] 7,

W pNx)

, Tl
l uix) ESEL] 7

: (G1-S-G2-M) o
u

1 BT HEMmERES HRE
Fig.1 Heterogeneous stem cell proliferation and

differentiation model

IR GO 2 SR IR R A T — B T4
MRS AR . O T B R A R S T X L R
AN R LR AL SRR x = (x,,x,) , 2R &,
PR ML AYIE B AL KPS, TN 2, s i



60 4 #H

& % %20 A

) S BE AR R bR S B . 38R, A0 M A AL
AR DAL S H R MRS A i 2 1) e, ek B R
I AL R HE BB A A5 L, T L 3 T TR
B AT | S 0 200 5 v MG BRI R, R A G 5 )
TRRE T A AL SR bR , BRI R 7R bR & 2k i # rp
{18 0 e 9 240 S 14 B RE ) 1) R WA

20 %) 15 58 oA RE R S AR R KA
O, T 240 B 1) P o R 22 1 A AR S R G R A
FRIRA G, IEAERA IR TR HLE > ik
ST 2 i B PR 2 P s KT 5 A0 T T Y D
RPN X HA AR KT R A SRR I Kk,
T 2 DA —1> % LA A R il 38 40 0 1 15 5 1k g
T HLIE R TR AR, 3% B By 38 58 o3 AL FR AR O 58 42
SRR TR, PO VE 2 HAT HIFE AL RE T RO AR LT
ANEER) T A2 5 SC BT A0 451 41 A 1k D
Je BA PR B BE S AU RTRANAE . TS T A 40 i
() 5 Y FE MR FE bR, W] DA G T R AN I RNA
JPH5CHI A SCT BP0 R b 2 s 20 R ) 0 AR
FEUOT RS W I T 20 ) P 0 A R R
TR B TE A0 B g AL, 3RS O L 4 i PR e 53¢
TR AR T 1E 5 20 240 M EA T i T

LT R Y S B AR a, B B
NHEZHB, ke, m FUH T2 AN M ) FE R E «, R
B R e, tAh G AR B R MO T
W AR N, B, AT DA S 4 A X
WY ) 1 2E S HOC IR B(N ,x), 7B k(x),
PAT-38 w(x ), FIVZH SRS 8] 7 (o), 3K 2 )
TR AN R G FE B ) 2 AR AR A 2 A0 ) 3
F17 1 ( Kinetotype ) ' |

TERFICA 2253 240, 20 03 247 LE A 1
2L, 200 ML %) RO 38 % RS 55 R 7 4 L ) AR S
AR B, T R BN 3 R FE A 40
RS, 33X BLT | E 20 JOIR ZS AR R B p (L y), 3R
TN TE RN IRAS Ay 1 ST 3 5 40 i A 24
PR AR « BT AL A RE 3 L R S AR

p(x,y) = P(FUIMOIRA = | BIBRIRE = y).

o SRR YA, 0 200 %) R A A 0 ] At
PR A8, A3k BL 2008 X A28 A T LA 7R
x PN YL S P BT A AR PRI i XoF 7 14 240
Bl 35 A AT DATA A 2 40 MR 0 PN 1) 3l ) 2 RS
IR OEEI

R T 2 RSS20 ML 5 53 A i R RS
TERTY A I AGAEERET o, I BRGNS 1558
PEHEPR x, RGN (T3 ) FRHOE TR R
Tk BL TR R AT AR by 240 M e Ak %) B 555 fi 25
IR IREERRE R AR AR R AR A0 Ak 9 B

Bz BOAHFIER s AR,

T L 1T S AR IR 2 A R G

(1) = {a' (1) 2 (t) o ™0 (2) ]

XA V() MRS R R
S AL IR A o' (1) AR WE s 1] AR fk 1 ] Bsf 454 41
MR 3 7 2E AU R Bl A ORAS AR e Tk 2E . 38
ISR RE AN A ) Bl 7 AT R RO AE A o S
A A DR S 254, sk AT ARSI 1% 22 40 A 2R 1 3
DA, TTRBIIRES SR A,

Ny AR A T R B Rk
1.2 HERIEKX
1.2.1 3R 5003

FERETRHR {18 41 348 B 5 R Ak SR R AR S T
AT AT R o, , I ELRGE T A8 h5 &, RHUE
JEREI (0,17, BRI 8 7 B AUt ) 1 440 it T4
T LA R /N DU 8 ) T i e PR T, 2« 1Y
HUE L B, 40 B 1) T8 B S T4, =B L
BOMEA R Z 1) 4 M3 FE 68 0, T AR BE TG 5 24
o, HRHP BN , SR A BAG s 4 3 68 07 i HiG A 4
WL, B A e YA RE T, AR D B 2 &, LA
JNEE 2R R AR BE B R T REAIR , 21k R TR AR AR Y e
., MR R, B R B AR ke XTI
SACTERR x, FOME I B R ANE 2(a) FR,

4R R AT DL 3 A R eR B T A i
N, FRoR i RS TR I T A A0 3 e R 4 e
RN GAEE 52 e 40 i i 3G A R . PR, AR AR 1A
2(a) FRIIEER, BOGTEZRECH

pepyx AN

L+ (N/60)% 1+ (ayx, )"

Hr, By FoR BRI, N, FomAb T 40 73 24 i
S0 20 i S8, 0 3R PREE 40 fif R A i
HEFEAD IR R R 3 R A, 5 AR Y v 1 A M
FA K, 28 a,,a,,a, EEHATHTTBERRNT x, 1)
MR OCZR A M P 18 P i s %) 18 o el 45 &4 B T
DAVB 5 P HH 240 B DR - X 400 B 254 5 1 I BB T, B
BEHE N 0 PRECERE X B 60 5 w, R FR R IE in
SEAVINTEAC TP

Xz
4%

0=0,+6,—

07 + x7
Hrfve, , 0, ,0, 2S5, KE0(x,) BERINE
2(b) FimR,
FAbl i, DUA IR RECF R S X &, A G
R, RN
Ko

P — 2)
L+ (byx )"
XH Kk, HEKITAEE, b, HE LR SEL,



1M ok SO A S BT T AN A A A R v R AR b 61
@10 (b) 1200 © 3
ok : 0.1 0.3 0.5 0.7 0.9
Py 1000 —~ 2
0.5 > 800 3 ><
BB, 600 % J/,f
K(X)/K, 400 //’
0 0k
0 0.5 1.0 0 0.5 1.0 0 0.5 1.0
xl x2 X
d)0.15 1.0
@ © 7] O .
P =0,

0.10 ~ P

3 2 05
<
0.05
. 0 .
0 1 2 3 0 0.5 1.0
g » Y,

B2 HEEEHER

Fig 2 Plots of model formulations
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