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[ Abstract] Objective To develop a highly sensitive method for detecting peripheral blood G-
quadruplex (G4) based on rolling circle amplification (RCA) technology, establish a non-invasive
molecular diagnostic system for ATRX-mutant gliomas, and provide a novel liquid biopsy strategy for
clinical early screening. Methods ATRX knockdown glioma cell lines (ATRX KD) were constructed
via shRNA lentiviral infection. Thioflavin T (ThT) fluorescence spectroscopy was employed to detect G4
levels in the supernatant. An orthotopic ATRX knockdown glioma mouse model was established. RCA

was applied to compare G4 abundance in peripheral blood circulating cell-free DNA (cfDNA) between
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model and control groups, with optimization of RCA amplification protocols. Serum samples from

clinically confirmed A TRX-mutant gliomas, wild-type gliomas, and healthy volunteers were collected.
After ¢fDNA extraction, G4 quantification was performed using optimized RCA protocols with further
procedural refinement. Results In vitro experiments demonstrated that ATRX knockdown significantly
promoted the formation of G4 structures, with the ThT fluorescence intensity in the supernatant of A TRX
KD cells being significantly higher than that in wild-type cells. The experimental conditions for detecting
G4 structures in cfDNA from the peripheral blood of ATRX-mutant glioma mouse models using RCA
temperature-variable amplification were established: starting with 50 ng of ¢cfDNA as the template and
performing 10 amplification cycles. Clinical sample validation showed that the optimized RCA temperature-
variable amplification protocol improved efficiency compared to traditional isothermal amplification and
effectively distinguished A TRX-mutant glioma patients from wild-type patients and healthy individuals.
Conclusion This study successfully developed a highly sensitive peripheral blood G4 detection system

based on RCA. This technology pioneers liquid biopsy-based molecular subtyping of ATRX mutation

status, offering a clinically promising non-invasive diagnostic approach for early glioma screening.
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cfDNA) $2 B 71 &, 4K 48 156 B 5 IS 2 1l 3 in A
MR B, E G N A MR T 54
QIAmp UCP MiniElute £ W [t , EB 28 #h i Ve it , 7%
cfDNA I ¢ &g .

cfDNA ZR & 3 B m VKR :50 ng/5 ng
cfDNA, 2 pL 10X T4 # % B 2% th ¥ , 1 pL. T4 DNA
LB (400 U/pl) , TR K #M B 2 20 pl. &
TSGR E 2 h,65 °C 10 min K .

RCA®BT ¥  [H 36.5 uL WK ZR 20 ul. T4
HEAEREPEY) 3 pL 10X phi29 ZE Wi ,2 p 10 mmol/L
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dNTP, 10 pl. Random Hexamer (50 pmol/L) ,
1.5 pL. Equi-phi29 DNA R 4 (10 U/pL) 530 C1H
AW 12 h, B 37 BRRE SR 4E 65 CHN#EA 10 min DA
K i phi29 DNA R4 i, 2 1k K0

RCA 34 3 [l 35 pL WUR K &R <20 pL
T4 DNA %20 729, 3 pl. 10X phi29 28 s , 2 pL
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(50 pmol/L) ;95 °C 3 min, 25 °C 3 min; [a]3E & 7= 4
JA 1.5 pL. Equi-phi29 DNA B 4 8 (10 U/pl) , &
A1JE 10 000X g B0 10 s; 88 J5 6 | v 4 B T PCR
I3 AT A6 BR P8 AR 2 30 °C 5 min, 42 °C 15 s,
100 BU™ 4 1/ 10 R B 2 iE AT T4 3% 4 il o 4
BRI AT H P S8 A B KR B S P IR
SAW Y AR 5 K, A5 B8 LIk PCR 729, IF
K B UTUE 1 MO 24k .
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20 A AR A 8 3 v 2 B MY R 1 4 B T v S
U1 bSR3 T A M A R < Al S ST R BROE TR
e, L EE LK (ED) . B3R29 72 hs B A] i
SRR R M 2 3R 450 1 T 1 (8 1E) .

I FH 8 95 75 % e B R 7E A TRXBF A= RSN i i
JIRE A B P A A TRX R RR 55tk (B 1F 1D o 1%
Tt e bR R A A0 G 3% v DR R R0 0 4 B0 e, 52
NN R S ORE o s S (11 U VAR N B I 2
T, LLEVE 7 AR, IF BB T BURRAIE 14 19 = 4 bl 22
BREEM (1G 1H) .

shCtrl shATRX

ATRX - '

Vinculin | w— —

1 1.0 P=0.00001
10r ,
g 0.8
206
204
% 0.2
(-4

0 shCtrl shATRX

A': Glioblastoma HE staining; B: Immunohistochemical staining, IDH (-); C: Immunohistochemical staining, ATRX wild type (+); D:

Primary culture of ATRX wild-type glioma cells (48 h) ; E: Primary culture of ATRX wild-type glioma cells (72 h) ; F and 1: Western blot

validation of ATRX knockdown in glioma cell lines. shCtrl: Empty vector control plasmid; shATRX: ATRX knockdown plasmid; G: Primary
culture of ATRX knockdown glioma cells (48 h) ; H: Primary culture of A TRX knockdown glioma cells (72 h). Scale bar=100 pm.
1 AR AR R B o e 48 B 3 7

Fig1 Human glioma primary cell culture
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R4 2% B (5} 10°) 5 3% L5 ThT W H &
2 B R, A TRX wi AR 41 55 87 Az R 41 1) 2¢ 6 i 3
ToE ST (E2A) . M5 RN ZE 1 X 10",
ATRX AR 4H 135 5 ThT 454 5 98GR iF i %

=

4000 =ATRX
3000
2000 ¢

ns_ - c-kit2
1000 |

0

I
D
0 pmol/L)
0 pmol/L)
mg-kit2 (10 pmol/L)
w=22AG (1 pmol/L)
m-kitl %1 pumol/L)
1 pmol/L)

T
b, .1 .

~1000 | E@
ns

=2 000

Relative fluorescence intensity

ThT 10 umol/L ThT 1 pmol/L

T B A A (8] 2B, P=0.007) o

X 45 B R L ATRX KD 4 5 ATRX WT 41
i LEh G FRESBE EL T ATRX SR
FEXF G4 T L R M .

B
> 200 1 P<0.01
g —t—
2 150
o
2
5
L+
§ 100
[=]
=
2 sof
=
O
- 0
ATRX WT ATRX KD

A: ATRX WT, ATRX wild-type human glioma cells; ATRX KD, ATRX knockdown human glioma cells; 22AG, c-kitl, and c-kit2

represent guanine-rich DNA sequences. Cell density: 5> 10°. B: Cell density: 1X10°. ns: Not significant.
B2 FINGIEATRX BURFIATRX BF B NS B LB E G4 R ME /AR BRE

Fig 2 In vitro validation of fluorescence intensity in G4-specific binding between supernatants of A7RX knockdown and

ATRX wild-type human glioma cells

B T RSP S BATARR I RCA SRR H A
SN T/ BB R 1A N G4 AR AR
SERAUESE T ATRX 3 PN 58 72 19 I i T3 988 /) B AE A
W SE 27 HE B2 1 G4 854, S AT AN A I G4 7K
SR S TG A i e A R AR I T R AR

ATRXWT

5 mm

ATRX KD

5 mm

EFATRX RE R RBIHYWRE G RCA Y
WEGMMENL @ ATRX 8 K (KD) By
GL261 /)N BB 0 9 e % Mk (GL261-shATRX) , 4
ATRX KD HIATRX W'T fisi i 598 /N BB AL - 455
A i ) B HE G £ 50 31F Jirb 88 T8 it (1 3) o

B

100 1um

100 tm

A: ATRX mutant mice glioma HE staining; B: ATRX mutant mice glioma HE staining; C: ATRX wild-type mice glioma HE staining;

D: ATRX wild-type mice glioma HE staining.

B3 NEEMEXEREFSHERE

Fig3 Images of mice brain tumor and HE staining

J A AL RCA $ AR X G4 DU BE A 45 #  K: 0 5%
FORBEIE E S T T IR E R E A AR IR
R Z . DL 50 ng I3 cIDNA Sy 6 4 (e AR Sk U5 49,
& ATRX KD ATRX W'T Ji¢ J5i 98 /)N FRUASE 80 K% fet B
X BE/INEL) L FIF A REAS 48 T4 DNA ¥ 32 il 25 16 b 31

J& .78 phi29 DNA R & ML T, 23 %l #175.10.20
MEA W RCAY . "% 5 ThT W F )5, ff
FH BRI G415 5 38 5

SR BN SMERAE 20 MEALN G455
R ) 25 5 TE Ge T E R (R 4A) | R 2 7
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20 M E IR AL, P8 Y B 2 B GAOF 5 1 TR
/N BRUXT BB 2H F1 ATRX W'T 20 o i T B 7545 5 b
FLAHZEIER TSR L, EHAEENE,
TEVOMNEIR SN L ATRX KD 41 G415 5o B 45
it 2 /Iy B BR 20 8 25 T s (P=0.035) , 1 5 ATRX
WT 41 M T & % 22 5 (P=0.065) ; [ B, ATRX
WT 4 5 it Je /N B BRAL Y G4 KPS AR — 8, X
LR LR W], 101> RCA T4 AT 78 50 ng cfDNA IR
B R LB R G4 P B ROR I A R 4y
ATRX HH 52 R (B 4A) o

itk — 2 AL RCA ZE IR P38 G4 19 &6 I R
BE L F AT LL 5 ng A1 50 ng ofDNA N2 bh &, H g
SAFAI0MEAN RCAY HHCR . 45K WoR, L5

ATRX KD 5 {52 /s U IR 2 22 [) 24 oK 0 4% 3] (g 2%
25 (K 4B) . L 50 ng cfDNA Jy 2 o5 & i, 5 496
WA ,ATRX KD 415 W'T 4 i fg 5 /)y R g
H YU £ 5 (P=0.059,P=0.062) ;1] 10 ™ 1E#H
MR, ATRXKDHM GAS5 SmER E®mTWT
20 % it B /N ROV R 4H (P=0.013, P=0.008) (& 4C) .

oAb RCA 8 5, 3 AT LA fil B NS0 F i .
ATRX 5875 1) ¢ 50968 58 35 A1 & 1l Sk i A 2 47 4G
PLge ilE RCA fa I R & B, 45 R s, L 50 ng
cfDNA I i, 75 10 ME KA T, ATRX 4%
2 5 f R A N LA B R X RR 2 I I 2
S 4D), — &R E LIEW T RCA ¥ #4155 R
W

ng cfDNA J g Ih & B, 28 5 5 A4~ Fl 10 1 34,
A Input cfDNA: 50 ng
RCA cycles: 5 RCA cycles: 10 RCA cycles: 20
ns ns
—
6 N ns 15 - 20
— ; 08 ns
= = . =y b
7 B (RLL m 15 F
g 4 5 1)) 5
ET - g E
3 8 8 1.0r
3, 3 3
£ £ g o5t
=3 =) fi-3
= [ =
& A, 0 S
g“o @ < & "k’ Ué) *‘_0 4{"
SRR ¢ «a~ & &
S &g S SR
&F &
R R
B Input ¢fDNA: 5 ng C Input ¢fDNA: 50 ng D Input cfDNA: 50 ng
RCA cycles: 5 RCA cycles: 10 RCA cycles: 5 RCA cycles: 10 RCA cycles: 10
ns (1)
ns ns —s |
6 - (1) 20 | i)  E——— = ) n (2)
) & D 7 e ns 230 || 15y /4
=z Qs 2 = S 2 2 £
z g " ns 8 g
= 28 15} s 3F 8 o
E4 E E 5 20 E ot
8 8 3 g
£ g 10} 22t 5
2 2 2 : g 10 5
g 2 3 i B A
2 2% B 2 =
N 29 o—
S 0 & & D
T T W o
& NN Q S &
> P b B &

A: RCA amplification with 50 ng ¢f[DNA as template (5, 10, 20 cycles) (#=3). ¢cf[DNA: Circulating free DNA. B-C: RCA amplification with

5 ng or 50 ng c[DNA as template (5 and 10 cycles). A-C: ATRX KD: Peripheral blood serum samples from ATRX knockdown glioma-bearing

mice; ATRX WT: Peripheral blood serum samples from ATRX wild-type glioma-bearing mice; Healthy donor: Peripheral blood serum samples

from healthy mice (n=3). D: ATRX mut: cfDNA of ATRX mutation glioma-bearing patients; Healthy donor: ¢fDNA in peripheral blood serum

samples from healthy individuals with normal physiological levels who have not been diagnosed with any disease; c-kit2: Positive control rich in

guanine DNA sequences (#=3). ns: Not significant, '""P<C0.05, ¥ P<C0.01.
B4 A RCABARI G4 WK H I BB EN M
Fig4 Optimization of RCA amplification efficiency for G4-quadruplex structures
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B R B I R G4 T $E 4K 45 # R0 A T 4y
M R PEA RCA S R4 18 AR A I R 12 W v 9
FHUAE I Ak G4 DU 1R 25+ 1 4G 0 5 92, R i
PR i J52 J55 96 55 5 A/ ) i I 975 s AR 2R AT 5 IE

T 5E LT BR A R EL cIDNA 38 i PCR W 25
P G4 254 o SR, B0 W R R LUK 45 R R P
WA SR o BTG I R AR, FATT o R
FH RCA e IR 38 A28 5 4 35+ R 347 X L4 #r
25 R R RCAHIRY 5 , ATRX 5% 78 84 Ji¢ 5t 8
R it B A R T R 4 o DNA ) 28 6 {5 5 G i
% 2% 5% (P=0.076, Bl 5A) . RCA ZE R Y 1 J5 ,
ATRX 57 B 10 G4 2549 2 3 0 g 7 T f %
JE A5 0T B, P 2 (] 2 6 o B 2 S B gt X
(P=0.029, P=0.008, & 5B) ., X — % Bl#& /" ,RCA
AR TR B B R AT G AR T G4 U BE A 45 A B4 R T R
W, HATEEME ATRX R RES G445
1 T A TE TS A QI A I B8 1 43 T2 e 4 1
BRI FE T 1] .

B, AR RCA AR IR Y38 5 R AT T 2 58
oAk, HAR S0 v A 4 1 6 TR o AEAR AR R 09 R
AT RCAZRY WA P 47 T 104 PCRE
W, S5HoR BT A TRX 9878 %) i e 5T 88 H 5 1
L7 A AR 5 i 3 A T A %o R A A9 i T A AR A 22 57
YA Gt 25 3 L (P<<0.05) , I ATRX B A R fig i
J5T 96 A6 LT A AR 5 £t R A A X R 2 Ja) D) oA

Input efDNA: 50 ng

A B
61 8 P=0.008
= z —
% é 6L P=0.029
E E
o S
2 2 4
2 2
w w
& g2}
= =
= [
e
o o
b g’? (ﬁb
\Q‘%
3 ¥
< N

A': Isothermal RCA amplification. Case 2: c¢[DNA from ATRX
mutant glioma patients; c-kit2: Positive control for guanine-rich
DNA sequences. B: Thermocyclic RCA amplification. Case 3, and
Case 4: cfDNA from ATRX mutant glioma patients; c-kit2: Positive
control for guanine-rich DNA sequences. Healthy donor: Peripheral
blood serum samples from healthy volunteers, ns:Not significant.

Es5 AMiFEIRAZEIT RCAY 1

Fig5 RCA amplification of human serum samples

WMEL B G it 2E 2 5 (K 7). X — K5 3P 9056 45
e —3

A SE, FRAT AL &S e T P G4
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RCA amplification products are circularized using T4
ligase, and RCA amplification is repeated.
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The specific method and steps for optimizing the amplification of G4 are as follows: c¢fDNA is cyclized, and the connected products are used as

templates for RCA variable-temperature amplification. RCA cycles are performed 10 times, and the final products are detected by binding with

ThT to measure their fluorescence intensity. RT: Room temperature. cfDNA : Circulating free DNA.
B 6 cfDNA# 1§87k 00 BE £k [
Fig 6 Experimental workflow for cfDNA amplification
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A': ¢fDNA from glioma patients with A TRX mutation. B: ¢fDNA from glioma patients with A TRX wild-type. Healthy donor: ¢fDNA negative

control from peripheral blood of healthy volunteers. All samples underwent 10 cycles of RCA amplification; z-tests were performed against the

Healthy donor. ns: Not significant, ‘”P<C0.01, ”’P<C0.001.
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Fig7 RCA amplification of different serum samples
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