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(FZE] BHM HEREDBLHEE N C(PO) B R RN TEURILE . 7k MRS
PRI 4 i IR 2 S5 (VTE) 43 31T 20211 4F 6 7 F12022 4F 10 J 512 Tl SRR 2% I o — I B, Ui 4R
SEUEE G Z BTG PR R B A A RS i 3% 26 1 C Il M (PC: A) R R (PC: Ag) & f2 B LA AH ¢
BEMFER . LASE AL pUR S (TGT) VAR HATsEsE /1. R FH DNA BB 720058 PROC JEH 2845 (37
o TG B W 5328 3L X 1 B M SO PE . T PyMOL 34347 8 1 B — 2R AL D 2 28
ARG IEIR Z M A B o R R B A R WA 58 AR R SRR AR, FE IR o 5 Y HEK 293 T 20, 4 J FH 4
B Y ATH6 P 1 200 AL RNA 3547 5848 PROC 3 R §5 S /K SF- 9 F 98 o R HI ELISA 12l Western blot Fl14
LG RE VNGRS T PC AR R A BRI 9T . R KRR 12 BIEH M PC: ASHIFEE35% |
40% ,PC: Ag 53k 2 44% 39% , D- R {K 531 FF 15 & 4.42 mg/L .0.83 mg/L , HoAAH ICEE ifi 48 45 IS HH
SR IFE MR, KR 1.2 6IEE B PROC FE R 55 9 4 i 743 5| 4715 ¢.833T>C (p.Leu278Pro) .
C.1330T>C(p. Trp444Arg) 4555 L 58748 o I 1M B AE p a6 22 W W (07 S8 UE % B L5 L | PROC 2L A
TAF G Z N BIPLRESNBEX 240 . AR STIE 3 HT /R Leu2278 Al Trp4dd 75 ] V4 R ] 5% 5 BE AR 57 . 2
i PE M 7R p.Leu278Pro Fll p. Trp44d Arg ¥ M A 5848 . 85 A B HL M7 B 7 % P Rl 28 A5 4 18 5 30
EARE I R A A o (RAMNRIR S WoR , 5 B AE BUAH L, p. Leu278Pro Ml p. Trp444 Arg W5 Fit 28 745 1
mRNA F3k 21 AT B 25 57 (A PR 28 28 5 34 i s 9% L& W PC: Ag & it Fl PC 2R (A 3 14 1 I R AIG
TP A AV TE A0 R AR T R TR AR AL L Z548 PROC HEH A 9 A F A A A LR 7R p.
Leu278Pro il p.Trp444 Arg T3 PC 2K [ 733 WA 1] BE 3515 1 PC Bl FEAE 1Y 4 T BORALH -
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[Abstract] Objective To investigate the molecular pathogenic mechanism of venous thrombosis
caused by heterozygous missense mutations in two protein C (PROC) genes through laboratory phenotype
analysis, genetic mutation analysis, and in vitro expression experiments. Methods Two probands
presented with venous thromboembolism at the First Affiliated Hospital of Wenzhou Medical University.
Clinical data and blood samples were collected from the probands and their family members to evaluate the
plasma protein C (PC) activity (PC: A), PC antigen (PC: Ag) levels, and other relevant coagulation
parameters. The anticoagulant capacity was assessed using the thrombin generation test (TGT). The
mutation sites of the PROC gene were identified using direct DNA sequencing. Bioinformatics software
was used to analyze the conservation and pathogenicity of the mutated gene. PyMOL software was used for
the analysis of the protein three-dimensional models and interactions between mutated amino acids. Wild-

Sy



A M F 2475 2025 4E 3 H 45 46 555 3 Chin ] Hematol, March 2025, Vol. 46, No. 3

type and two mutant expression vectors were constructed and HEK293T cells were transiently transfected.
Total cellular RNA was extracted from positively transfected cells to investigate the transcriptional levels of
the mutant PROC gene. Enzyme-linked immunosorbent assay, Western blot, and cellular
immunofluorescence assays were used to investigate the translation levels of the mutant PROC protein.
Results Probands 1 and 2 exhibited PC: A levels of 35% and 409% and PC: Ag levels of 44% and 39%,
with increasing D-dimer levels to 4.42 mg/L and 0.83 mg/L, respectively. Meanwhile, other coagulation
parameters revealed no significant abnormalities. TGT demonstrated impaired anticoagulant function in
both proband witnesses and their familial PC carriers. Sequencing analysis revealed heterozygous missense
mutations ¢.833T>C (p. Leu278Pro) in proband 1 and c.1330T>C (p. Trp444Arg) in proband 2 within
exon 9 of the PROC gene. Conservation analysis revealed that Leu278 and Trp444 were highly conserved
across homologous species. Pathogenicity analysis indicated that both p. Leu278Pro and p. Trp444Arg
mutations are deleterious. Protein modeling analysis demonstrated that both mutations induce structural
alterations in the protein. In vitro expression experiments revealed that compared with the wild-type, both p.
Leu278Pro and p. Trp444Arg mutations showed no significant differences in the mRNA expression level of
the PC protein. However, both mutations caused significantly lower PC: Ag content and protein expression
levels in the cell culture supernatant compared with the wild-type, whereas higher levels were observed in
the cell culture lysate. This indicates the association of both mutations with the secretion function of the PC
protein. Conclusion The heterozygous missense mutations p. Leu278Pro and p. Trp444Arg in exon 9 of
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the PROC gene in both probands are associated with decreased PC levels.
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HE 1 C(PC) Sl H JHEIE 4310 ) A 4 A= 3R K
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1. WFFE 5T 42 ARWFGE AN A 2021 4F 6 H F12022 4F
10 J3 76 M1 BB 27 B s 27— = Be st 12 114 1 431 35t
TR PE B 1 C BRI AE B M R & o O s A Bk
e, BEREIRIT 100 24 fg B A A 25 7 S ki R4 (&
454, BB 554 AR 22 ~ 56 %) ST AT LI %
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2. bRAS R S AL HE . AR R AT BB BT
EEIR YT AR AR AR R # K 1 2.7 ml, A 109 mmol/L
FORATR AN LA 1: 9 HTEEAL FE, 2 000xg B.0> 15 min, HL
2 2 /0N L2 RS I i e s R I kA
B N2 M40 TP DNA , 17 PCRY 4
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F Y PCIGPE(PC: A) FIHLEE I BE PE (AT A) ,
B g% LR A D-—5RAK(D-D) , BEE 246 I PS 1%
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M RAEHEARA R A F

4. ¢ ML B A R S5 < 1 FH Stago H e 1E ¢ ML
it 2k (CAT ) K &E 1 A= B, 10554 Stago BLEE (1)
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5. PCRY 14 FHM -S04 U ek MR &
B 51 KL 4 DNA, PCR 4 1% &y ABI Thermalcycler
2720, I S Y)7 512 BOCHK (6], PCR &I & &R
25 plo FEBGAF G A b st RARAE LR A IR
/5 7] (TIANamp Genomic DNA Kit) , % F8 15 B 45 ik
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6. PROC JE I . PCR 9™ 14 7= Wy 3% |- ifg 32 )2
AR R A FINT . F Chromas /44 5 25
H 5 GenBank 1) PROC J3 51| #E 47 HL X, X A &% %€
AR PEAT RN B UE . B ZSAR A SR AR R
HoAh R 53 AH R 1A 2T R B

7. R AE B o bl 1 2 )% 5 LR R
ClustalX-2.1-win $f 5 28 2 KL 2 5 53 A JUA [] I3 4
T (R S SE TR 7 B AT LT, A 5 748 S S R A () U5
Py () O S v CIR) U4 b 22 B 1R 1 4 R U8 - http://
www. ncbi. nim. nih. gov/homplogene) . H] Mutation
Taster , Polyphen-2 . PROVEAN & FATHMM 7E £k /&
Y5 B A 0 5 A8 37 56 PC &5 44 B 5% . R
JH PyMOL R {14 i 58 A5 1 J 14 285 (1 25 f A, 4y
BT 58728 X6} 2 11 50258 [B) 25 44 1 02 DA K s i), PC 1) iy
IREEFEE Sk F AR 1 T8O B (http://www.resb.org/
pdb/home.do, PDB ID:1AUT)

8. ) 5 AE F IR AR | 40 M B FE A% gL . PC
25 FEANEF A 1 (PC-WT) BURL 34 W [ m ot B A W)
Bl H A B A, % H TK-PCDH-copGFP-T2A-Puro
4 8 PC 33K KL , SR F A i 15 A8 3 ) & (36
STRATAGENE 2 #] 7 it ) 7£ PC-WT 1Y 2 il | 44
# p.Leu278Pro %€ 48 A 3% 3k Jit ki (PC-L278P) Al
p.Trp444 Arg 53 78 B2 3K UKL (PC-W444R) , X 54>
PC 1) ¢cDNA #4720 5, K B w58 248 i 2 5|
A, A5 AHASEAE . HEK293T 2 it fif 1% 52 75
Ja %% 2 5 10% JiG 48 1% 1) DMEM 1 57 4, T
37 °C 5% A AR IR BE v i L 5% o R G ik
7 & LipofectamineTM 3000 reagent ( 3¢ [& Thermo
Fisher 23 7 7= iy )25 2% | B 4 RN 28 245 AU 3¢ 38 481
Wk B A e A ROPRAS R4 HEK 293 T 41 i, 7E 2 1
TR T USRI e

9. PROC kPR sg oKk P Kl - 4 i 4% Yk 48 h 5
K HH Trizol 1A & 42 O U 24 P (1 5 RNA L SR
Prime Script ¥ SR8 &, B RNA 5% Sk il cDNA,
Y& TB Green® Premix Ex Taq™ II FAST qPCR i)
i W 53 5 S A 96Ol 5 HE PCR(QRT-PCR ) 32 K6 BF
A BN ZE 75 %1 PC mRNA B R ILKF. PCH 154
£ %1 ; 1F ] 5'-CCAGCTCCTCTTGACTCAGTG-3',
2 1] 5'-AGGAAGGAGTTGGCACGTTT-3', M Skt

[ GAPDH ¥ # 5| ¥ & % . 1IE | 5’
-AGAAGGCTGGGGCTCATTTG-3" , & [ 5'
-AGGGGCCATCCACAGTCTTC-3' . i Bio-Rad

CFX Manager 3.1 34434t PROC 2 [X il GAPDH 1

Ct{H , R JH H A Ctig (27-AACH) 158 B A= R F1 98 72
I PROC KL [H ) mRNA AHXT ik & .

10. PROC i [H 85 11 38 AT il - e 8 5% 4 FH
PEARAE, FH 55 A B 6 A 41 11500 7 RIPA 2% i 24
i 2B, B AP S ) 20 R 3 S RN LT TR Y
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B BB BR LT AR il i B P DL — B P s
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AT BR 2> w1 ) Ao 000 248 it 45 5% L 175 VRN 4 i S A v v
Py RIS AR PC: Ag K-

11. 20 f S e 5 7% U 48 h J5 1Y 21 il 28 PBS
B KK 4% 1) 2 5 B (g3 2 KA w ™
f ) [ 5 20 min, JillA 0.19% Triton X-100( | i34 =
TN F ) IR E 20 min BB B, 25 A
1:200 6 BB %2 Hi A PC IgG B o0 B Hi 1A (25 =
Thermo Fisher A 577 ) AE 4 °CEM4 T E 12 h; %
FH 1:500 # B 19 Cy3 i 09 1L bt btk (£ H
Proteintech 2\ &) 7= i ) 7E 37 °C &4 FI%E 2 he o
FH— 72 £ & DAPI LA I (LI 2 KA
PO FEATE A, 8 Thunder 296 BANGE U4 248
(8= Leica 2y w7 i ) #4140 S 5 A%

# =R

LIGRER: KRR VIS, B, 55% 584 H
B, P22 T TR % 58 1 95 0 WA ) 22 3 e 1 A 20 Bl st
2, U T DVT A B . BEILKE A 7R D-D 4.42
mg/L(Z%{H0~0.5mg/L),PC:A PC: Ag /i Hlfk %=
35% 44% oo L AR T PC:AFIPC: AgHy
AH 0 R AIG, LAt AH DG B I8 R4 E % . T D Ag
EH . ERRZILICIOANPAART, XK RZHA
S BRSCUE 5 ACSETE 50 45 5 H B AN Ak 35 1ML A, 2296
RICHIET: . HARFIER A L MEREL, XR
BIDLIE 1o KA N B EE IS AR 45 R L2 1,

RAR2EUEH T, 63 % WAL 40 4347, 5
K20 37, I 4 45, PR F5 AR 1 302
SfEEKBE L, Mish bk 5 B A Rl sh ik,
e T sk Koy oy K 22 Kok % . RUR R sk B
MR A T IR ER bR 2E . BEIMAS AR A2 : D-D 2
T+ 55 (0.83 mg/L) , PC: A PC: Ag 43 5l F& & 40%
39% , Hitr )R PC: A FIPC : Ag A5 A [ 2
BEAG, FL A A DG BE M FE R34 B % 2K R 30T A9
AWFFE o AR F HoAth 5 35 75 TN Ml AR A FE 0 o0
R UL 2, BEIM ARSI S 02 2.

2. Ak IfiL P A S I 25 IR - 5 IE X BB AR B, R



A M F 2475 2025 4E 3 H 45 46 555 3 Chin ] Hematol, March 2025, Vol. 46, No. 3 <247

B 5ETE# M H K Z v PROC JE R 2 A8 455 4 1) D T3
P R I PR 57 N0 e B4, LT PR A SR T
BIHR(E3).

3. D20 DNA P 4528 - X & 1 Jeiib & S o
o5 2 JLFEF 1) PROC JE K 55 9 5 A i Y7 1
.833T>C 74 & 55 L 2748 ('3 p.Leu278Pro) , 1% %
A5 2021 A AN TR AL BT IR HGE™ . KRR 2 JBIEH I
H AL Ah 9 PROC 5 K 55 9 5 51 1 34 47 75
c.1330T>C 255 LA (78 p. Trp444Arg) . 4>
REHAMAZ RN T B AR, R4, 7ET A
3 K 41 i & (https:/www. genome. gov /27528684/
1000-genomes-projec) H1 A& & B p. Trp444Arg, HE B
BB 22 25 1k 0 AT RE 5 A BN 28 R 58 A B
HGMD (https://www.hgmd. cf. ac.uk/ac/all. php ) Fl [E
N AN I SCHK , & UL p. Trp444Arg 38 .
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EL 5 /1 kiE#

Bl BAEYEEA CBEIER R (AR D

R LT CBRBAITE 2R 1 BEMARARAGINZS R

. % D-D  PS:A  AT:A PC:A PC:Ag
FHEIA
(%) (mglL) (%) (%) (%) (%)
#E(I2) 79 0.41 78 98 94 104
JeuEE(I2) 55 442 88 100 35 44
FEF(M1) 52 024 87 103 111 105
(I3 sl 0.58 96 99 47 51
FIE(I4) 50 031 91 113 107 110
JLF(IL) 29 0.14 101 115 104 106
ZJL(M2) 25 0.46 92 102 46 52
EF(m3) 26 0.39 95 110 41 49
E4(M4) 22 0.31 88 107 108 105
A 0~0.5 70~130 98~118 70~130 70~ 135

¥ D-D:D-RIR;PS: A SRR AT: A Bk i B 1
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DO
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2 BN COEIE R R K (KR 2)

¢.1330T > C & R F IR Lotk

IEF S PR 2

B ma S RiEH

K2 RAETEE A CBRBAIE AR 2 BE LA bR 45

~ AERy D-D PS:A AT:A  PC:A PC:Ag
FHEIN
(%) (mgL) (%) (%) (%) (%)
SeuEF (1) 63 0.83 92 98 40 39
FEF(12) 61 0.24 93 103 98 102
JLF(IM1) 33 0.24 89 114 94 97
ZJL(1M2) 29 025 91 99 49 50
g (3) 32 031 85 105 95 101
ANV 4 0.26 90 108 43 42
SN (IV2) 6 0.28 87 113 99 109
2% H 0~0.5 70~130 98~118 70~130 70~135

£ D-D:D- RGPS AR STEYE AT A BUEE L BTG 5
PC: A CiE M ;PC: Ag: FH C PR

4. 'S B2E o B 45 R RS M o b R
Trp444 7 i 5 HoAth 9 i [a] J5 9 52 w5 B2 O~y (1815
Mutation Taster PROVEAN Polyphen-2 #lFATHMM
TE LA YT B 22 51 o B 45 R ¥ 40K p. Trp444
Arg RALHAAFFRAE . EABALEIR p.Trp444Arg 5
A P EOR RS R B R K (6).

5. R AP 3R GE LI A5 L« e Yl B A AR 98 AR Al
FIRHAK 48 h 5 AE Al — LB N OS2t Wi e T
S 3 ' 4 LI R e e 0 B A5 R an &1 7 B B AR
YT 58 A8 B TR AR I8 1 e i 2y, L3 G 0 ik
A —%, 2} 85% . qRT-PCR 45 5 7R , 55 4% 48 h
J& B9 HEK293T 4l Jitd 55 PC-WT 4 Lt , PC-L278P FlI
PC-W444R 1) mRNA £k K FE 2R LFE T HE X
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(P1H %3 %) 59 0.938 . 0.182) , % W] p.Leu278Pro 1 HYPCEE 1, 4558 WoR PC-WT &5 [ 44 434 16 2 Jifo S
p.-Trp444Arg W7 55 1Y 58 28 ¥ A 5% i) PROC & o1, PC-L278P Fll PC-W444R & [ 1) 5) 43 A5 1 21 Jifd Joi
Bt (B 8) . ELISAVERMFL UL 5 HEK293T 4 A% rh, &R 43 43 s B 40 i B v, {H PC-W444R 43
ZUHI LB PC: Ag R H (E19) ,AIPC-WT R  FEJFEM R AEMAHFE ST 25O85E 5 B35
R YL () HEK293T 4 Y A0 i b5 2 S fmm A (I 1),

EVEWCP R PC: Ag % i 1009% , PC-L278P K ik Trpadd
ER A M 32 BN LIS W [ PC: Ag 7 4y v

Kokkkk | kk Kk

B (118.1£1.9) % . (33.7+3.3) % (P=0.003) , PC- Az
WA44R 55 I8 2R 20 it 55 77 24 O 35 I PC: Ag LD
S (132.3£1.4) % . (5.7+0.45) % . Western ”‘\2:
blot Z5 3 g 78 , PC-L278P il PC-W444R % ik 2K 11 UBEE]
20 i 24 f o S e P e TR AR A T AN l%ﬁi:
W444R Fik g LT R 018 10) . A FH Cy3 X% Gy 141
JEORLA HEK293T 40 i PC 2R FHLHEAT e (0. SRJS (2R
FH AR 58 ¢ G S 1S W B A i N 2 S AR e iR B Ry El5 p.TrpdddArg PROC IR ¥ FI I EALARSTAE ST
A B
250 r 250 r
200 r 200
- EH G = — EEXE
”g 150 | S T 150} —  kiEH
k. Cope) E — )L
& 100 L & 100 r Shh
£ |l ET -
50 F) 50 |
0 A >l | 0 e —
30 40 50 20 30 40 50
f A (min) A (min)

B3 et CHFEIER R 1(A)FIZ R 2(B)HE M AGAE 2k
A a0

N T T e

B4 BETEE A CBLUEIESR 2 PROCIEN S 9 SAME TIFEE R A c833T>CAAHE LR ;B c833T>CH/EM;C  c.1330T>CH+4
Al 55D ¢.1330T>C B/
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TR R WA ) s AL 1 2 i i AL R E R A
Y VTE F% 5 PC  PS R EE MLl (AT) g A
F PC BB AE A 12 W E AR SRS IR = X PC: A
HIPC: Ag il . HLHE PC: A K FI PC: Ag AR AR
JE AN TR], TR 8 A PC Bl AE 23>0 1 00 1T Y
I #12 PC 404 B /b, R 3k PC: A 7KF-Fl PC:
Ag Fr [l AL TR A 7 a1 R B
PC: A KL, HPC: Ag & RIEH" . TEAWFSY
T RR VUEHE K5 2L AR T PC:AJKEAI
PC: Ag &R RRAK, K & 2 Jeib & KA L Ahh
PC: A/KFHIPC: Ag & & R FEAL 2R R E T
1 8%k PC BIEE o 458 I 6 A At X6 2 1 7 1)
JUEH F H 5% 2 PROC JE [R5 48 a1 & (K T B I
TR SZ 4, Fo B 7 e e R A i i 3
Ry Kk R &R b3 R H B 2L E T
PROC £:[H 55 9 41 T FE1E p.Leu278Pro 24 154 X
RAR R R 2 B AL T U B T
p.Trpdd4 Arg Z+ 55 AR  HEBR B 50 L H At S
HPC: AZKFFIPC: Ag & HERRMIRIM R 2R, DAL PR 4%
Bl LIAB VT REAT I SRR PCIKEREARAT G
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A PR L278P  WA444R

GAPDH WS SN D

B WP L278P  W444R

©-—

E 10 p.Leu278Pro Fil p.Trp444Arg 575 T2 [y EN I 43 Hr 45 SR
(A YIERHT; B 598 BT

B PC B A 1 419 D& SR ALK, Hh —
21kD %55 5 — 45 41kD H 55 2 Cys141 #l Cys277Z
I‘Eﬂﬂﬁiﬁﬁ‘éﬁijﬁﬁﬁk“”o PC 4241 N A i 1) y- R
D ARG R Ca™ 455 1 X8, Ay 356 1 it - 1 A
P A Z A WS PC )77 X3 FE5E C AR 1)
B 2 il A 22 2 R A 1 I 45 4 3K PC R TR PR IX
W RIS AY p.Leu278Pro Hl p. Trp444Arg 47
TS PEX 5. p.Leu278Pro H1 Xu %5 1 R IH ,
H PC & H B 50 1 B 7K, p.Leu278Pro %878 5 £
Pro278 Fll Leu265 Z & X8 i, JE Wi (1 4R 38 . [A]
B, Huang 55 4538 1 % Z F R (45 F 58 B, 2
A7 75 7 B AT ) 2 B R Al T ReAE S &R BT & I
AR o BT B 2R R IE B AT e 2 AR &R A B AT

DAPI#: (5,

FpA

PC-1278P

PC - W444R

B AT B, DA 5% ) 2 125 (0] 254 5 At A Tk ke 91
BT AT B 3l 7 A 5 R B ) K R f 2 A
K, A B K S SRR AR BB B B, R A AT &
HORFEAG, R, 5T p . Trp444Arg i 5 , 24717 IEHL Y
Wt B R Arg BURARR M 2 SE TR Trp J5 , R I 4G 1"]
TH R M EE AR, 7] 58 23 52 i — 2540 I AR
SRR TE . PCHSE 212~4611¢E’J§L%@&2ﬂ
BT HoAARS *’Jinjz APC IKWITE Y Z Rif o 2 5 61
THAWIREE G XA . B, A7 T X I
p.Leu278Pro Fl p. Trp444 Arg W > 58 745 S5 142 1] 45
FA AR AT RE R BCAE T PC Y (i AL 45 40 iR 2 7k, I
S PC AL B0R SR 5 B A B 456 -
ABFFEHI T PC-L278P Hl PC-W444R ik #%
TRIEIT % Y« HEK293T 4ii i, 45 5 R PN AR AN
S0 PROC K& R % 5% o W WFR X A 248 X PC
R IB K WIS 6 TS 5848 3R Y I Y
HEK293T 41 Jitd 4 fift 0 AN _L 35 M E 4T Western blot it
53T, 45 L R A 2 AR B PC B 7E 2 P
B 38 T AR AL IR LW RO S KT
7 4= Y, F W p.Leu278Pro Ml p. Trp444 Arg I i 58 25
YIHE 52 PC 25 1 H 48 A P 1) 28 B A0 0 S i o ()
[, ELISA FAH 5008 2 45 Al i /n W4~ PC 58748
B HETEME N & 2505, 5 Western Blot 45—
it (&M PC il B IE K 2 & 1t PROC H— {3/ 4%

Cyg (/L

B 11 S AN G2 o e A 4 SR (AN A% i e 5 o, PC 2R U ALt o )
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B AR A T B, i FBR B 2B A A T L
4l G A 0 PC IS PR E H IR sl 0 4G D 2] (GGl
INF 19%) ™ I RAE R — i BAE A2 )5 2 h 2L
A H A & B A A 0 iR IF R AR R 4 R 5t
R I R B BB (3 e PR ) Y AR ST W Ao
SEiE#H #54 PROC L A 34 & T, PC K41 N
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