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[Abstract]  Objective: To investigate the synergistic inhibitory effect of chidamide (CHI) combined with compound
Kushen injection (CKI) on breast cancer MCF-7 cells and to elucidate the potential molecular mechanisms based on transcriptomics
analysis. Methods: Cell proliferation was detected by the methyl thiazolyl tetrazolium (MTT) assay, and the "one belt and one
line" method was adopted to screen the optimal mass concentration for synergistic effect. According to the combination index (CI)
values, cells were allocated into the blank, CHI (1.6 mg-L"), CKI (0.4 g-L"'), and CHI+CKI (1.6 mg-L"'+0.4 g-L"') groups.

Transwell assay was employed to examine cell migration, and flow cytometry to measure cell cycle distribution and apoptosis rate.
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Transcriptome sequencing (RNA-seq) and weighted gene co-expression network analysis (WGCNA ) were performed to screen the
key modules highly correlated with the cell inhibition rate. Candidate genes were identified by intersecting module genes with
differentially expressed genes (DEGs) , followed by functional enrichment analysis. Western blot was employed to quantify the
protein levels of histone deacetylase 1 (HDAC1) , protein kinase A (PKA) , cyclin-dependent kinase inhibitor 1 (p21), cAMP
response element-binding protein (CREB) and its phosphorylated form (p-CREB) , B-cell lymphoma-2 (Bcl-2) , and Bcl-2-
associated X protein (Bax) in cells of each group. Results: Compared with the blank group, both CHI and CKI monotherapies
inhibited the proliferation of MCF-7 cells in a mass concentration-dependent manner. Compared with the blank and monotherapy
groups, CHI+CKI inhibited cell migration, increased the proportion of cells arrested in the G,/G, phase, and elevated the apoptosis
rate (P<0.01). WGCNA identified the MEred module strongly correlated with the inhibition rate (r=0.90, P<0.01) , yielding
97 candidate genes upon intersection with DEGs. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis indicated
significant enrichment of the cAMP signaling pathway. Western blot results showed that compared with the blank group, all
treatment groups down-regulated the expression of HDACI1, up-regulated the expression of PKA and p21, and increased the
p-CREB/CREB and Bax/Bcl-2 ratios (P<0.01). Compared with the monotherapy groups, CHI+CKI further up-regulated the PKA
and p21 expression and increased the p-CREB/CREB and Bax/Bcl-2 ratios (P<0.01). Conclusion: The combination of CHI and
CKI exerts a significant synergistic anti-tumor effect. CHI exerts epigenetic regulation by inhibiting HDACI, which, in
combination with CKI, may further contribute to the activation of the cAMP/PKA/CREB signaling pathway, leading to up-

regulation of p21 expression and the Bax/Bcl-2 ratio, thereby promoting cell cycle arrest and apoptosis.
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Fig. 1 Schematic of dose-effect band construction
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FE A FH 0 B 5 M (0.34+400) L (0.4+400) |
(1+400) . (1.6+400) . (2.2+400) . (2.8+400) mg-L"
mF, 2 T, CL>1 B CL,>1, 26 3k B ) &%
W 7E A & BE 05 R (3.4+400) mg- LA, il £k
AN, CL>1 B CL,<1, 3 N AR I/E M 765 M
JoT 5 vk FE A5h (4+400) L (4.6+400)mg- L A, i £k I
F A, CL,<1 H CL,<1, £ B AP . 45 il
i 5 2 7 B S CLAE AR —afF — 4k
AR 5 o LA i A 1 A S 0 ) e
He ., Ho ,CHI 1.6 mg L' 5 CKI 0.4 g-L'4H G £
PR 4 i A9 P R B # (CT,=1.264 5, C1,=1.079 3),
W 12 0T i VR A S HEAT S 2 Y 4 i R R K 4y
FHLEN G TE o DL 2% 2 Ko 3% a8 R B n Akt
3.3 CHI M1 CKI % %L i 9 40 e MCF-7 i #% 19 52 il

H2 A4k, CHL4 . CKI 41 . CHI+CKI 4]
MCF-7 41 Jit i 228 /N %5 28 38 1) 400 Jif 4k 35 38 0 /0 (P<
0.01) ;5 CHI4 \CKI4 4, CHI+CKI 43 i /N =
ZF o 1) 40 R B 3 k2 (P<0.01) , #2878 CHI S CKI
A BE B A St A i MCE-7 41 it £, LIl 2 . 3 3.
3.4 CHIHl CKI X ZL I o 20 e MCF-7 i T il J] 44
B 525 A4l , CHI 4] .CKI 4] . CHI+CKI
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&2 CHIMCKISHEAR BIRAFREMNE Xk HBAE MM ER CLE

Table 2 Expected additive effect values and CI, values following sequential equivalent dose conversion with CHI and CKI as respective

target drugs

CHUmg-L"' CHI® 255 /% CKUg-L' CKIMZMmEIR/% ACHI+CHIL,)/% g(CKI+CKI,)/% Sha)i/% CI, cL, HE
0.34 20.81 0.4 19.76 24.25 34.06 35.68 14716 1.0476 P
0.4 24.72 0.4 19.76 25.36 35.21 37.51 1.4792 1.0653 P
1.0 38.01 0.4 19.76 34.19 42.80 4529  1.3247 1.0583 A
1.6 44.58 0.4 19.76 40.40 4733 51.09  1.2645 1.0793 P
2.2 46.29 0.4 19.76 45.12 50.61 53.62 1.1882 1.0593 Pl
2.8 48.19 0.4 19.76 48.88 53.19 53.67  1.0979 1.0090 P[H
3.4 49.30 0.4 19.76 51.97 55.31 54.01 1.0394 09766 #iJm
4.0 50.05 0.4 19.76 54.56 57.11 53.67  0.9837 0.9396 Hibt
4.6 54.64 0.4 19.76 56.78 58.68 5253 09252 0.8951 #E#t

T CL,, SCPRAKR N /I CHI+CHI ) 5 CL,, S PRAL /g( CKI+CKI,,,)

A2 H4];B.CHI 4 ; C.CKI4 ; D.CHI+CKIZ (K 3 [7])
E2 CHI CKIXZ AR MCF-7 40 B i 7% B 82 0 (45 5 45, < 100)
Fig. 2 Effect of CHI and CKI on migration of MCF-7 breast

cancer cells (crystal violet,x100)

%3 CHIF CKIX ZLBREE MCF-7 A E B MR (F+s5,n=3)
Table 3 Effect of CHI and CKI on migration of MCF-7 breast

cancer cells (x+s,n=3)

215 JF e /g L i i B 2 /%
sk 100.00£1.85
CHIZ 1.6 63.66+0.73"
CKIZ 400 82.41+2.32"
CHI+CKI# 1.6+400 41.38+0.50'2Y

525 [ R VP<0.01; 5 CHI Y P<0.01; 5 CKI F
B P<0.01(FK4MESR)
2H 20 M R TR R 2 T (P<0.01) ;5 CHIZH . CKI 4
Lt 3, CHI+CKI 41 9 4 ffg 94 T % W 2 J+ &
(P<0.01) , & 7% CHI 5 CKI Bt A& fig o A 2 o 4 F
MCF-7 il 1° . 525 A4l %, CHI 41 J CHI+
CKI4 G,/G, I 4i g o5 Lt & 2 7+ % (P<0.01) ; 5 CHI
ZH CKI4 L # , CHI+CKIZH G,/G, i 40 g (5 L i 3%
T (P<0.01) 4275 CHI 5 CKIBE S RES B S T £

B MCE-7 40 L5 78 G/G, W o WL 36 4 K 1498 H il
B o 4k

%4 CHIF CKIXY 2L BR & MCF-7 40 B 8 1= 0 40 B &) B 19 5 i
(X+s,n=3)
Table 4 Effect of CHI and CKI on apoptosis and cell cycle in

MCF-7 breast cancer cells (x+s,n=3)

i B /gL AT R % G,/G,
2 4.62+0.16 56.35+0.24
CHI#H 1.6 11.50+0.94"  63.46+1.31"
CKI#H 400 6.84£0.50"  57.39+0.57
CHI+CKI 41 1.6+400 17.60£0.57"2% 78.36+0.34'2:%

3.5 BN R B E VS XS E L CHILCKI &
CHI+CKIZH # A7 5 sk A 7 . & s 5 Xt e, o
A FEA B A S0 5% 3 4 (clean bases) ¥ 7E 6.56 G
DLk, 5 B - i E B (GC) % & 7E 48.65%~
S1.45% , Bl i £ 15 R <1% AY & 5 B 2 L 1] (Q20)
0 5 A 15R 23 <0. 1% 1Y) 8 JTT ek B L 441 ( Q30) Bk
B H A 43 A 99% . 97% LA b, e W e 5 4 nT
L F IR 825381 o
3.6 WGCNA 4 5 SC BB H U] X 5% 5k 41 850
P F HE WGCNA . 45 {1 0 18 45 2R 7w, >4 1508 5K
{8 B=21 W], X 2% (1) TC R BE #1 F 40L& 46 % R°>0.85,
HF- 3435 42 Bt TR, 3R WA At i) 3k 383K I 48 7°F
A TG RO o A R Y Ik 8 B=21 HEAT 5 SR A il
Sl R AR LU 9 AN I F kA B | K (5 B B
R R A S DR B HE B o ) 4% B B 5 TR B A
7 M = M4 Br o, &5 R & B, MEdarkorange .
MEgreenyellow ., MEdarkgreen Al MEred #5 Bt 5 2] i
0 % 45 52 0 5 A OC (P<0.05) o A MEred £5 Bt
F AH 5 M B 5 (7=0.90, P<0.01) , H & & & IEAH 5 .
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KL, Fr MEred B2 H 6 28y OC B A B, fu
1 508 N FE[H Z 5 He JE R Al B 78 CHI 55 CKIEE & 1E
FH 0 C i Jeg ML) o & o R AR . DL A
st B i A 6

3.7 DEGs/r#r 5L AL [ H DESeq2 3k
X & AL AT 22 S RBH. S A,
CHI 4 34 4 907 4~ DEGs( L8 3 053 4~ . F M
18544 );CKIH A 2 5204 DEGs( Fi# 1 1024
T8 14184 ); CHI+CKI 4l 4L 47 4 268 1> DEGs( I
P 32324 N 10364 ), i 5 BB X MEred
iP5 & 2 (8] DEGs HUAZ 4R, i ik 1 97 M e BE 1A
B TR 3R 3K e A PRT 3 I 5k 35 5 ] A AN ) 4 ] R
M FEMRILES, 5 CHIL M CKI 4 L #,
CHIH+CKI 20t &8 43 55 P Y 2 35 A8 A 2 0 oy 12 3%,
PR X B L R ] fE 2 5 CHI S CKIBEA i b Je 78
U U AR

3.8 GO 5 KEGGIfg® &4 Hr  XF 97 A fig ik K&
K # 47 GO 5 KEGG & % 73 1 (P<0.05) : GO & £ 45
SR s i 1B R TR B E A TR T R Ak s AR
EER2iE DO TR NS AL NI G =N (B U P
K BP, MFJZ & 4 T A K 716 M 32 Bk
Ve S R E MR . XS IR
A i 35 5K DX 7 g et AC AT A R 5 A0 2 3 M T i
WA REEEH . KEGG & %451 /R £ 4

% 0 AR LS ME R F S K JIE AR AE S il L A
ith AT T IE B ARG cAMPE S KA. E
B FEENJE, cAMP {5 5 38 % /£ KEGG & 45 4
R IR B A ISR O R 4 A OGS
DEGs, cAMP JZ b T 454 5 1 3 7 3(CREB3L3) .
Jiv 51k 28 8 FR 7 (BDNF) \SRY & #5554 17 9
(SOX9) F1 4 % W2 #5 + #4 3Z /K NMDA #4 W %t 3B
(GRIN3B). H:#,CREB3L3{E N CREB R &M A ,
H R KA B BT cAMP 5 5 18 I /9 5% 5 7
£ ;1M BDNF /& CREB il % 1Y 28 #t T Jie B ], 5 |
A HE— 2R 52 T A N B SRR T RO o X TR i
A PR B B o el AR AR R 1 U A% 0 5 5 38 i AT RE
PG, R I 2 S 5 F — 22 X cAMP/PKA/CREB #
38 B G I R AT T U R o LAY R R
B kA Rk

3.9 Western blot il HDACI1.cAMP 5 5 1@ I &
A ST e RIE B HAE, CHI
20 . CKI 41 & CHI+CKI 4] ¥ & % T ## HDACI
(P<0.01) ;% /2403 & 18 PKA p21 () ik
p-CREB/CREB , Bax/Bcl-2 i (P<0.01) ; 5 CHI 4 .
CKI 4 H # , CHI+CKI 41 PKA . p-CREB/CREB fH .
p21 J Bax/Bel-2 {H ¥ i 3 Jt 5 (P<0.01) ; CHI+CKI
21 HDAC!1 £ A 7K °F i 3K T CKI 41 (P<0.01), 5
CHIH WK 2R LGt E L. WikS K3,

®5 CHIL.CKIRHEKAAEI MCF-74 2+ HDACI AN AT R cAMPESEREXEORENZIM (F+5,n=3)
Table 5 Effect of CHI, CKI, and their combined treatment on expression of HDAC1, cell cycle, apoptosis, and cAMP signaling pathway

related proteins in MCF-7 cells (x+s,n=3)

2151 /g L HDAC 1 j3-actin Bax/Bcl-2 p21/3actin PKA B-actin p-CREB/CREB
EHA 1.00+0.01 1.00+0.02 1.00+0.01 1.00+0.01 1.00+0.01
CHI# 1.6 0.27+0.02" 2.87+0.05" 8.99+0.11" 1.98+0.05" 1.78+0.05"
CKI4l 400 0.59+0.01" 1.89+0.04" 5.69+0.2" 2.70+0.08" 1.26+0.01"
CHI+CKI# 1.6+400 0.29:£0.02"% 5.12+0.17"%% 16.26+0.93%? 3.61+0.3112 2.56+0.08'%¥
4 itig R A A5 N E S Rl L, HARTE R

AW T CHI S 24552 )7 CKIEE G I HT X
HR"ZL i MCF-7 280 fg B A 5 2 04 P W] 470 o 9 1%
Mo ZERE T ERAKMEI TR, S B EN
G,/G, WA e E i -0 ik — B BT S
WIT M T L, A BF 5 i RNA-seq Bk &
WGCNA F3#1 0 9 H 55 240 400 o) 23R s 5 4 O A O
B (MEred k) Jf il i 25 A5 CHI 4 25 H 4
5 CKI4 .25 415 CHI+CKI 41 (1) 4 [8] DEGs B A2
B RAT 97 A SR L Sk I 3k B PR R A T
GO Fl KEGG & %0 & B, i 46 56 ) 32 22 3 K AQ
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)2, cAMP {5 538 B4 7F KEGG & 845 B h i 2 5
4, H £ % CREB3L3 . BDNF %5 £ > b F i 3t A
[ 223k el A | $ 7R H BRI PKA/CREB #% 0 {5 5 i
50T RE OB S o N TE S X — HEDN A O 1 — 25
FE R KT K 0 25 B OG5 oy 7 1 R Gk 5 R 1k
R . cAMP {5538 B A28 i & 2 & e rp By %
HEZ VA . cAMP/E R 2 LR 5 (516
F B B BT PKA, HE W IR Ak T R 45 5 Sk I
CREB i 14 , DA T 52 1 41 At J&] 100 08 7= 3 5 45 A
FHE N R . KOK 85777 M ¥ K =2 1A (ER) FH
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/N, CHI 4] 5 CHI+CKI 4] ) HDAC1 ik /K F 2 7
HbACt _ S3kDa TG 15 S0, LR T CRIALAIZS (141, 348
s [ - CHI % 5 HDAC1 #y Ml /E F , HDACT i 41l 1 v] A&
38 1oL 52 e 2 AR 2 T AR IR A AR G e T AT K, A

o _ 21kDa T 30 T 3 DR 2
o1 _ . O BF 58 iF 52 HDAC #I il 5 cAMP/PKA/
CREB {5 5 il i Z 0] 77 78 % Y 19 2 66 8K &
p-actin — 42 ¥l ZHANG Z:PVHESE 38 78 , HDAC il 3 25 2 T4k PKA
v [ fie Al S 40 0 HC 5 L 8 T BELIE CREB B 2 AL ; 1
HDAC1 # # #l J5 , PKA Z Bt 1k #1% , oF i 42 ik
CREB _ 35 kDa CREB #% 2 1k fl & & /2 ¥ 1k i 1 (Tphl) % 3¢ .
VECSEY %52 B 58 IE 52, HD AC 1 il 71 nJ 3 1 44 55
BERER _ 35 kDa 213 1 2 WAk K 7, $2 5 CREB #3737 IX 35k
P G o 5t Tl K, DT 3 5% cAMP/CREB K i i) 5t
practin _ 2 P 5% . MICHAEL % 57 % W], HDAC #1131

A B C D
El3 &EAMCF-74M+ HDACI AMEAH ATKE cAMPESE
BiAXEZARIZRIK
Fig. 3 Electrophoresis of HDAC1, cell cycle, apoptosis, and cAMP
signaling pathway related proteins in MCF-7 cells of each group

PE LR b & B PKA %5 5 ) ERa S305 B R 1L 5
PAK 1 /K VT4, 5 = RS Rt 2540 ¢ . Bk dh , i 5%
F W] I35 3 i cCAMP/PKA 15 53 4 43 i 28 kir 44
A R T G R B X ER i 3 cAMP/PKA/
CREB {5 5 # [ W 0 A &0 0 B f™ . MR,
PERSAUD %" B 57 2 18 40 g A & -24 (IL-24) fE
% 30 3F OIS PKA, A2 3 i 988 25 1 p53 (TPS53) HHi Y
G e s o AT G NNTTE i BN S Y R o8 S o'
SE Y 4 W], cAMP/PKA/CREB {5 5 il % 7 HR" %L
JiR g v — A A H G DU PR AR AL . FEAR
WF5E v, B S5 241 0 B 3 7R cAMP {5 53l % b R I 5%
Jif 5 [ CREB3L3 1 BDNF #J mRNA /K % & # I}
1o BT IX S Y % o 32 852 | PKA-CREB
S I PR AR R WIS AX — i SR AR iR 9K Bl B
i, A 5T #E— 2 38 13 Western blot 8 T #% .05 5
B LA FESE T i PKA ik F i & CREB [ #
R Ak TG o XFP AR KSR S AL IR S T
I U R ) B ik o 7, R T DA I i R Ak T
WUR TSR SRR MR A SRR T
cAMP/PKA/CREB 15 5 i #% 1 G 76 B¢ & 25 U IRl 471
98 20 ) O B R A

CHIYE iy HDAC # il 71 , €& A4 B 5% 3% B L nl 3
o HDACT 35 PE 48 &5 41 8 1 2 Itk K7 Sk R
S KL R GRS A B 9E Y Western blot 45 g

3 Ao 2 G 5T £ I AROIR S A B A% /NS L 3 5
PKA X} CREB (14 7] Jz 1, AT 4E 4 CREB Ser133 {if
I R AL R 2 ) R O 4 2k 0 SR SR 0E
CREB %5 & % H/E1A 454 % M p300(CBP/p300) 4
Rk Ok A . 25 A MEAEWFSE , HDACT il mT
FE 3 2o 5w G 8 T 2 Ak IR 2S5 5 PKA/CREB 5 %5
A H 2 0 B2, AT A cAMP/CREB 4 #fi 11 5% 5% 412
HEA RS0 o AW 9% 45 R AE 2 11 3R 3K J2 T S HF X
— Al ek H 2R HLRATS A R i — 2D 5k

give Yo SE NI Y N R L
F£ . Western blot 45 S I /5 , & 4 CHI+CKI 4
HDAC! {325 /KF 5 CHIA AT , {0 R 2 3k — 2
N L cAMP il B R UF {5 5 4 F PKA £ ik
p-CREB/CREB {H /% p21 3 ik #ll Bax/Bcl-2 {H ¥ B 3
F T CHI S CKIB 4 . p21 /50 Ji 3 2 Ak vk
i Q1 B I ==yl I 2/ S R e A B v
11l Bax/Bel-2 {8 FH i W] Sz e 2R 4K 5 % ) 1 051 1) 184
S8, (H15 1 Y&, CHI+CKI 41 HDAC1 7K F 3 ok
B CHIAH i — DR, X — 45 R 4R BB IR IT 4
568 [ 470 Jif RS 500 1T RE I AN 52 RO T X HDACT 1Y
TREEFD &I, 7 7] B8 BE £ i 5 PKA/CREB {5 7 i % 1
WG R ER AL, HAEENE, BREMRE
B CKI 1 32 206 Pk B 4 v 2 0 A] ik 35 149 5 20 21 p-
PKA #il p-CREB [y 3 i5 /K *F- , i i 1% /& PKA/CREB
15538 B B AR LY SO Y . SR AR A R M
I CKI 7] 3 i3 X} PKA/CREB 55 5 18 1% Y #47% 1E
JH .5 CHI Y 38t A% I8 42 08 AL il B #b e 4 03 [
PU R 280, AEL 123 % A B I 4 eb %) 4 D0 b 57 4TS
7 Ja SL I et L g i — 2 e
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YGRS R T CHI S CKI A B R Bt il 1
AR AE — 2 W R R o ARWF 5T AU AE MCF-7 iX
— HRZLIR I 240 i & rh AT 500, B AR IZA AL 5 CHI
It PRARAE (4 HR 3 7 S AR AT, {H 5 — 200 i 3% 3 TC ik 4>
A7 Jz B = B 4 58 HER 2 PH 4 FL A 9 55 e Ath 43 7 0 784
XK G T VR B BN, 22 S 5 A58 B B 3 e 2ok A
A S 56 I B[] 25 0 0 R 5 st R AR R H o AL
il , B E A SR AR PN SI2 56 14 & 24 5 B U T R SR ARG )
SR AN E0Bviok & - e i N B NP A 2 O I 1 [N
W3 K A Py Bl g 55 A 1) 22 A PR TP Al . RR CHL S
CKI¥y & R4t b 17 iy Il IR FH 259, HLE 7 2 33
Meta 43 #7115 L Al iF 5% ¢ W] CKI7E B A B A 98 245 4 st
HLA 3 0 RO T s T 2 i
SRFFR A3 0 52 A W 24 K P 2 A5 25 7 A R T 1 245
YA EAE R SO B 3 2R RS A B R . Lt B
2l B AR A0 S 56 N 2 DA 4 T PR AR KR A T R I R
TV AR MBS A E MCF-7 #8 BURS Al R
BERD AL R 45 25 3R 12, R B 5 HH 25 %0/ BRI ER
JF 55 2 i K i B U 4 1 5 ) R YRR €8 - S 36K I
T (LC-MS/MS) B2 A M 1l 24 e B e 40 215345, I
45530 W bR 4R S IR DG B A3 bR AR 1 AR A WUER
Y2 A5 J7 S0 T I FLIR R A A G RAEAS , Aar il
K Fhn R AR Ak IR 45 G I R TT ZOEAN , AT
IR T 58 B AR A A A R DR A 4 ARk T R i
HIIESE . e Ah , AW I B ARG B B A T 2 J5 PKA/
CREB 15 7 i i AH G 8 11 32 3k 1o 2 o AR R H
PKA Fo 571 100 ) 351 a8 35 PR 370 R 4% R (siRNA) BH B %
% LB IR KR OC 2R L AT5 A P R S50 LA IE

Zi L r ik, AR5 UE S5 CHI 5 CKI 7E 14 41 %)
HR*Z| i 98 MCF-7 4 il B A W 25 19 B [ 450 10 97 £
FH . ML AT RE ¥ & CHI M i 9  HDACT & %5 3%
W3t 4% P8 AR T, B G T 2 AT g i — 20l A 4R
PKA/CREB {5 5 il [ 3 5% CREB 14 85 f2 1k , #F17 I-
8 p21 5 Bax/Bel-2 {5 , 3 240 M & 30 PR A 5 04 1
CAIL ) T D348 i 1 R BRI A L) o ASBIF 9 Sy ik 2 2
Yy e R 3K A5 2 HT 4 40 25 09 52 360 4R 4 5 B8 5
R0 TP &3 TR s L 259 5 rh 25 5 D7 B Y
LR TR T T R W SR Y B o LB
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