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Abstract Background Protein C (PC) deficiency is a well-established risk factor for thrombo-
embolism (TE), commonly manifesting in pediatric patients. This study aimed to
elucidate the pathogenic mechanisms of two novel PC mutations, C238G and R189W,
identified in Thai children with both venous and arterial TE.

Material and Methods The effects of wild-type (WT), C238G, and R189W PC variants
were investigated through transient transfection of HEK293T cells. PC secretion levels
were measured, and immunofluorescence analysis was performed to assess intracellu-
lar localization. ER stress-related gene expression and UPR activation were evaluated.
Structural analysis was conducted to explore the significance of the C238 and R189W
residue in PC functionality.

Results The C238G mutation led to a severe 95% reduction in PC secretion, while
R189W showed a 30% decrease compared with WT. Immunofluorescence revealed that
C238G-PC was predominantly retained in the ER, indicating protein misfolding. C238G-
expressing cells exhibited significant upregulation of ER stress-related genes and UPR
activation. In contrast, R189W resulted in only a modest increase in UPR gene

Keywords expression, suggesting a less pronounced impact on protein folding and secretion.

» PC mutations Structural analysis demonstrated the critical role of the C238 residue in maintaining

= PC deficiency PC’s disulfide bond and overall conformation.

= venous Conclusion This study reveals distinct molecular mechanisms by which the C238G and

thromboembolism R189W mutations contribute to PC deficiency and increased thrombotic risk. The findings

= protein misfolding emphasize the essential role of the C238 residue in preserving PC structure and secretion,

= ER stress enhancing the understanding of PC deficiency-associated TE in pediatric patients.
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Introduction

Protein C (PC) is a vitamin K-dependent plasma glycoprotein
that plays a critical role in the anticoagulation system.' PC is
encoded by PROC gene located on the second chromosome
(2q13-q14) and consists of nine exons.? PC is synthesized in
the liver as a prepro-protein C (single chain). The mature PC
is formed when a dipeptide of K198 and R199 is cleaved,
resulting in the transformation to a heterodimer protein.
Mature PC has 419 amino acids in multiple domains, con-
sisting of one Gla domain (residues 43-88), two epidermal
growth factor (EGF)-like domains (residues 97-132 and 136-
176), the activation peptide (residues 200-211), and a tryp-
sin-like serine protease domain (212-450). The light chain is
composed of the Gla- and two EGF-like domains, whereas
the heavy chain contains the protease domain and the
activation peptide. Upon activation, the activation peptide
must be removed, and the light chain is linked with the heavy
chain by a single disulfide bond at C183 and C319. Activated
PC (APC) exerts the anticoagulative effect by inactivating the
cofactor activities of factor (F) VIIla in the intrinsic tenase
complex, and FVa in the prothrombinase complex.? The APC-
mediated FVIIla and FVa inactivation provides a specific
regulation of human coagulation. The PC system is physio-
logically important as demonstrated in newborns with ho-
mozygous PC deficiency presenting with purpura fulminans,
which is a severe thrombotic disease.*>

Deficiency of PC is commonly a consequence of mutations
in the PROC gene in which 300 mutations have been
reported.® PC deficiency is considered a common thrombo-
philic risk reported in Thai and other Asian populations.” A
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single novel mutation in exon 8 of PROC in three Thai
pediatric patients who presented with thromboembolic
events, including homozygotic twin boys and unrelated
girl, has been reported.® The mutation analysis demonstrat-
ed a homozygous T > G substitution at the nucleotide posi-
tion 7172 (7172 T>G), which resulted in a missense
mutation causing substitution of cysteine with glycine at
amino acid position 238 (C238G) in the prepro-sequence.
The mutation point does not reside in the promoter region of
PROC; however, it causes a severe PC deficiency as demon-
strated by a significant decrease in both PC activity and
plasma antigen level (2 and ~2.5% compared with unaffected
individuals, respectively).® The R189W mutation is a com-
mon mutation in Thai children® and Taiwanese populations
with venous thromboembolism (VTE).'® The mutation anal-
ysis revealed homozygous and heterozygous R > W substitu-
tion at the nucleotide position 6152 (6152 C>T) in exon 7,
which resulted in a missense mutation causing substitution
of arginine with tryptophan at amino acid position 189
(R189W) in the prepro-sequence. According to the study in
Taiwanese population, in a group of 85 individuals serving as
the control group, the levels of PC antigen were found to be
similar to the functional levels, with antigen levels measur-
ing 105.0% 4+ 19.6% and functional levels at 104.8% +21.5%.
Conversely, in the 22 patients with R189W heterozygotes,
both the average PC antigen and functional levels were
considerably lower than those of the control group, with
the antigen levels measuring 71.7% +12.4% and the func-
tional levels at 59.8% + 9.2%."% Additionally, in our study from
2018,” we examined a group of 184 patients aged 18 years or
younger. Within this sample, 100 patients (54.3%) were
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found to have arterial ischemic stroke, 38 patients (20.6%)
had VTE, and 23 patients (12.5%) were diagnosed with
cerebral venous sinus thrombosis.? Also, the study demon-
strated that the mean PC activity levels were 120.4% in wild
type, 80.0% in heterozygous mutation, and 44.3% in homo-
zygous mutation. It is also suggested that the compound
heterozygote of R189W with other mutations in the PROC
could result in severe PC deficiency since childhood.

The two mutations, C238G and R189W, which are the
main focus of the study, have been reported in Thai patients
with thromboembolic events. These specific mutations were
selected for the study due to their clinical significance and
novelty (C238G), and prevalence (R189W) in the Thai popu-
lation. The C238G mutation, leading to a severe reduction in
PC secretion, and the R189W mutation, associated with a
moderate decrease in PC secretion, present interesting mo-
lecular mechanisms that contribute to PC deficiency and
thrombotic risk. By studying these mutations, we aim to
unravel the underlying pathogenic mechanisms of PC defi-
ciency in patients with thromboembolism (TE), providing
valuable insights into disease mechanisms and potential
therapeutic targets.

Materials and Methods

DNA Mutagenesis and Plasmid Construction

Human PC complementary DNA (cDNA) for wild-type (WT;
reference sequences: BC034377.1, DQ890791.2), C238G, and
R189W (GenScript, New Jersey, United States) was synthe-
sized as a fragment DNA, and subsequently ligated into
pcDNA3.1(+) plasmid (Invitrogen, California, United States).
The constructs containing WT, C238G, and R189W were
verified by full-length sequencing of the cDNA (Macrogen
Inc., Seoul, Korea).

Cell Culture Condition

Human embryonic kidney 293T (HEK293T) cells were used
for transient transfection and PC protein expression. Cells
were cultured in Dulbecco’s Modified Eagle Medium/high
glucose medium (HyClone, Utah, United States) supple-
mented with 100 U/mL penicillin and 100 ug/mL streptomy-
cin (HyClone, Utah, United States), 2mM L-glutamine
(HyClone, Utah, United States), and 10% fetal bovine serum
(FBS; Gibco, New York, United States). Cells were grown in
37°C with 5% CO, and 95% humidity.

Expression of PC Molecules in Mammalian Cells

HEK293T cells were grown to 80% confluence in six-well
plates 24 hours prior to the transfection. HEK293T cells
expressing human PC WT, C238G, and R189W were con-
structed via transient transfection with plasmids containing
WT, C238G, and R189W cDNA using FUGENEG6 transfection
reagent (Promega, Madison, Wisconsin, United States) for
48 hours. After transfection, the transfected cells were cul-
tured in serum-free media supplemented with 10pg/mL
vitamin K and 1x insulin-transferrin-selenium for 24 hours
at 37°C. Cell culture supernatants were collected and stored
in aliquots at —80°C. The transfected cells were lysed in lysis

buffer containing protease inhibitor cocktail (Bio-rad, Cal-
ifornia, United States). PC protein expression levels were
measured in both cell lysates and culture supernatants using
Western blot (WB) analysis and enzyme-linked immunosor-
bent assay (ELISA), respectively.

Measurement of PC Protein Levels in Culture Media
The amount of secreted PC in the culture medium was
measured by ELISA using the Human Protein C ELISA Kit
(Abcam, Cambridge, United Kingdom) according to the man-
ufacturer’s instruction. A standard curve was constructed by
twofold serial dilutions to generate eight standard points of
human PC standard protein (0-200 ng/mL). The absorbance
was measured in the Synergy HT multi-detection microplate
reader (Biotek, California, United States) at a wavelength of
450 nm and compared with the standard curve.

Western Blot Analysis

The expression of PC was determined by WB analysis. Protein
samples were linearized under the reducing condition, sep-
arated by 12% SDS-PAGE, and transferred from gels to PVDF
membranes (Thermo Fisher Scientific, Massachusetts, Unit-
ed States). Membranes were blocked with 5% skimmed milk
in TBS-T (10 mM Tris, 150 mM Nacl, 0.05% Tween 20, pH 7.4)
overnight at 4°C, incubated with the rabbit polyclonal anti-
human PC(1:3,000; Abcam, Cambridge, United Kingdom) for
3 hours at room temperature (RT), and probed with the
peroxidase-conjugated goat anti-rabbit IgG H&L (1:10,000;
Abcam, Cambridge, United Kingdom) for 1hour at RT. Im-
munoreactive proteins were detected by the ECL detection
substrate (Bio-rad, California, United States) and visualized
using the ChemiDoc MP Imaging System (Bio-rad, California,
United States).

Immunofluorescence Microscopy

The transfected cells (2 x 10° cells/well) were plated on cover-
slips precoated with poly-D-lysine in a 6-well plate 24 hours
prior to the immunofluorescence staining. Cells were fixed
with 4% paraformaldehyde for 10 minutes at RT, and blocked in
10% FBS for 30 minutes at RT. Cells were co-incubated with
primary antibodies: rabbit polyclonal anti-human PC
(1:1,000; Abcam, Cambridge, United Kingdom) and mouse
monoclonal anti-protein disulfide isomerase (PDI; 1:100;
Thermo Fisher Scientific, Massachusetts, United States), or
mouse polyclonal anti-GM130 (1:250; Abcam, Cambridge,
United Kingdom) for 2 hours at RT. Cells were co-incubated
with secondary antibodies: Alexa Fluor 488 goat anti-rabbit
(1:1,000; Abcam, Cambridge, United Kingdom) and Cy3 goat
anti-mouse (1:500; Abcam, Cambridge, United Kingdom) for
1 hour at RT. Cells were mounted in the mounting medium
with DAPI (Abcam, Cambridge, United Kingdom), then ob-
served and imaged using the Eclipse Ts2R inverted research
microscope with Nikon NIS-Elements D version 5.21.00 soft-
ware (Nikon Instruments Inc., New York, United States).

Quantitative Real-Time PCR Analysis
Total RNA was extracted from transfected cells using Favor-

Prep Blood/Cultured Cell Total RNA Purification Mini Kit

Thrombosis and Haemostasis © 2024. The Author(s).
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(Favorgen, Ping-Tung, Taiwan). The RNA was quantified using
a NanoDrop One (Thermo Fisher Scientific, Delaware, United
States). One microgram of RNA was converted into cDNA
using iScript Reverse Transcription Supermix (Bio-rad, Cal-
ifornia, United States). ER stress-related gene expression
profiles were quantified on an ABI7500 real-time polymer-
ase chain reaction (PCR) system (Applied Biosystems, Cal-
ifornia, United States) with cycling conditions of 95°C for
3 minutes, followed by 40 cycles at 95°C for 10 seconds, 61°C
for 20 seconds, and 72°C for 30 seconds. The specific primers
of ER stress-related genes (ATF4, ATFG, BiP, CHOP, XBP1) used
in this study were previously described."” GAPDH was used
as an internal reference gene. Data were determined using
the 2~ method and presented as the relative gene expres-
sion levels.

Multiple Sequence Alignment

The human PC sequence (P04070) was retrieved from Uni-
Prot along with PC sequences from other species with a
sequence similarity of at least 50%. Fragments of the full
sequences were excluded, and only sequences with similar
lengths were included in the alignment. To avoid redundan-
cy, only one sequence from each species was included. In
total, 74 sequences from 74 species were included in the
multiple sequence alignment (=Supplementary Table S1,
available in the online version). The entropy scores indicating
the degree of variation or conservation of the amino acid at
each position were calculated.

Statistical Analysis

Data were expressed as mean =+ standard error of the mean
values (n=3). The statistical difference analysis was per-
formed using one-way analysis of variance followed by the
Tukey’s multiple comparison test. p-Values of <0.05 was
considered statistically significant. All figures and statistical
analyses were performed with GraphPad Prism 5.0 (Graph-
Pad Software Inc, La Jolla, California, United States).

Results

Transfected Cells Expressed the Zymogen Form of PC
After transient transfection, the forms of secreted PC pro-
teins in the culture supernatant were determined by WB
analysis under reducing conditions. PC was not detectable in
nontransfected PC cells (negative control) and cells trans-
fected with C238G. HEK293T transfected with WT and
R189W expressed the zymogen form of PC (=Fig. 1A) as
the appearance of bands corresponding with the full-length
zymogen (molecular weight [MW] ~ 62 kDa) and the light
chain of PC (MW ~ 21kDa). HepG2 cell lysate protein
(positive control) showed the zymogen form of PC (MW ~
62 kDa).

Secreted PC Levels Were Reduced in Cells Expressing
PC Variants

To investigate the effect of C238G and R189W on PC secre-
tion, the secreted levels of PC in culture supernatant from the
transfected cells were quantified using ELISA. Among the

Thrombosis and Haemostasis © 2024. The Author(s).

HEK293T cells transfected with the PC constructs, WT se-
creted the highest amount of PC (906.67 & 10.14 ng/mL). The
significant reduction of secreted PC levels by (238G
(37.80+1.53ng/mL) was observed (=Fig. 1B) compared
with that of WT (p=0.0001). PC levels by R189W was
significantly decreased (640.00+23.09 ng/mL) compared
with that of WT (p=0.0001). This result indicated that the
mutations impaired the secretory function of the transfected
cells. To determine whether the reduced PC secretion from
the mutants was not due to the differences of mRNA levels,
the mRNA expression levels of PC were determined by
quantitative real-time PCR (qRT-PCR). No differences in the
PC mRNA levels were observed between WT and both
variants (C238G and R189W) in transfected cells (~Fig. 1D).

C238G Variant Were Retained in the Endoplasmic
Reticulum

Because cells expressing C238G demonstrated severely de-
creased PC secretion levels, we speculated that C238G-PC
could, potentially, be intracellularly retained. Therefore, PC
in the cell lysates and intracellular localization of the PC
variants in transiently transfected cells were performed by
WB analysis and immunofluorescence staining, respectively.
PCinthe cell lysates appeared in all cells transfected with the
PC constructs (WT, C238G, and R189W) as revealed by the
appearance of dense band intensity corresponding with the
zymogen PC (MW ~ 62kDa; =Fig. 1C). The intracellular
localization study revealed that both WT and the two PC
mutants colocalized with the endoplasmic reticulum (ER)
marker, PDI, (~Fig. 2A) and the Golgi marker, GM130,
(=Fig. 2B). However, the C238G-PC predominately colocal-
ized with PDI compared with WT and R189W (~Fig. 2A).
These results indicated that the C238G-PC was primarily
retained in the ER and led to impaired PC secretion.

ER Stress-Related Genes Were Upregulated in Cells
Expressing PC Variants

Because C238G-PC retained in the ER, we postulated that it
might cause the ER stress. Therefore, the mRNA levels of the
downstream target genes of the unfolded protein response
(UPR) pathway in ER stress, including ATF4, ATF6, BiP, CHOP,
and XBP1, were determined in cells expressing PC variants by
gRT-PCR. The highest messenger RNA (mRNA) expression
levels of ER stress-related genes (ATF4, ATF6, CHOP, and XBP1)
were observed in cells expressing C238G compared with
those of cells expressing WT by 1.25+0.10, 2.36 £0.26,
1.25+£0.12, and 2.44 £ 0.08 folds, respectively (~Fig. 3A-C,
E). Also, the mRNA levels of ER stress-related genes (ATF6, BiP,
and XBP1) were significantly increased in cells expressing
R189W compared with those of cells expressing WT by
1.40+£0.12, 1.45+0.11, and 1.50+0.12 folds, respectively
(=Fig. 3B, C, E). The data indicated that the C238G-PC caused
the ER stress in the C238G-expressing cells.

Multiple Sequence Alignment

Multiple sequence alignment of PC from 74 species deposited
revealed that residues R189 and C238 are conserved across
74 species but not at the same level (~Figs. 4 and 5). The
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Fig. 1 Expression of human PC. WB analysis of PC in culture supernatant (A). One microgram of total protein was applied to each lane.
Nontransfected HEK293T (1 pg of total protein) was used as a negative control. HepG2 cell lysate protein (100 pg of total protein) was used as a
positive control. The zymogen PC and the light chain of PC appeared as a single band at 62 and 21 kDa, respectively. Secreted PC protein levels in
culture supernatant (B). PC protein levels were determined by ELISA. Intracellular PC expression (C). After transient transfection, the expression
of PC in cell lysates was determined using WB. PC mRNA levels (D). PC mRNA levels were examined by qRT-PCR. Data were reported as
mean £ SEM (n=3). **p <0.0001 in comparison between two groups. mRNA, messenger RNA; NS, not significant; PC, protein C; gRT-PCR,
quantitative real-time polymerase chain reaction; SEM, standard error of the mean; WB, Western blot.

entropy scores of the catalytic triad, conserved disulfide-
forming cysteine residues, proteolytic cleavage sites upon
PC activation, and R189 were compared to analyze
the degree of conservation and the importance of these
residues through the evolution. The entropy score of the
catalytic triads were 0.071, while the entropy scores of the
conserved disulfide-forming cysteine residues were be-
tween 0.071 and 0.141. The entropies of K198 and R199,
the cleavage site upon PC activation, were 0.334 and 0.631.
On the other hand, the entropy score for R189 was calcu-
lated to be 0.773, indicating a moderate conservation

compared with the former groups. Variants at this position
in other species included lysine, glutamine, and proline.
Glutamine and proline were predominantly in the species
with lower sequence identities to human PC, such as 63% in
Camelus dromedarius, 62% in Equus asinus asinus, and 68%
in Galemys pyrenaicus. Additionally, variations were ob-
served in PC sequences from species with different length
of activation peptides. Notably, tryptophan was not present
at position 189 in any of the 74 species examined. The
stabilizing effect of consensus sequences, where amino
acids with higher frequency at a specific position are

Thrombosis and Haemostasis © 2024. The Author(s).
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more likely to provide stability, has been reported.'? On the
other hand, C238 is highly conserved with sequence entro-
py scoring of 0.141. It directly forms the disulfide bond with
C254 in the heavy chain, which is also highly conserved in
all species (data not shown).

Thrombosis and Haemostasis © 2024. The Author(s).

Discussion

In this study, we aimed to better understand the pathogene-
sis of PC deficiency previously observed in Thai pediatric
patients by transient transfection of HEK293T cells with
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Fig. 3 Expression of ER stress-related genes. ATF4 (A), ATF6 (B), BiP (C), CHOP (D), and XBP1 (E) were performed in each PC variant-transfected
HEK293T by qRT-PCR. Data were reported as mean & SEM (n =3). **p < 0.001; *p < 0.01; "p < 0.05 in comparison between two groups. NS, not
significant. PC, protein C; gRT-PCR, quantitative real-time polymerase chain reaction; SEM, standard error of the mean.

c¢DNAs encoding the WT, C238G, and R189W mutants. The
C238G demonstrated a 95% reduction in PC secretion com-
pared with WT, whereas the R189W showed a 30% reduction
in PC secretion. The reduced levels of secreted PC variants in
our study were consistent with the observed plasma PC
antigen (PC:Ag) levels in PC deficiency patients with
C238G and R189W who had a reduction in PC:Ag in the
range of <1 to 2.7% and 32 to 64%, respectively.?

Although the secretions of C238G-PC and R189W-PC were
significantly impaired, there were no differences in PC mRNA
levels among WT and the two PC mutants. At this point, we
hypothesized that the C238G-PC could be retained in the cells.
As expected, WB analysis revealed that the C238G-PC was
detected in the cell lysates as well as in cells expressing WT and
R189W. Moreover, immunofluorescence staining showed that
the C238G-PC was predominantly visualized in the ER. Our
result was consistent with the previous study showing that the
majority of mutated A267T PCwas likely located in the ER of the
CHO-K1 cells, while WT was observed in both ER and Golgi,
indicating a rapid process and secretion of WT."> Moreover,
several studies demonstrated that mutations of FVII, which is
one of the vitamin K-dependent coagulant proteins, impaired
FVII secretion due to the ER protein retention.'*"'” Expression
of mutant proteins altered the accurate folding pathway or
proper conformation of proteins, preventing them to form their
native structure.®'® As a result, the mutant proteins were
mainly localized into the ER, and inefficiently transported to
the Golgi, suggesting the abnormal trafficking due to protein

misfolding.?® A single-point mutation can alter an amino acid
that affects the three-dimensional structure of protein, poten-
tially resulting in misfolding and unfolding of proteins.?"*2 The
aberrancyinprotein folding canlead tovarious diseases such as
Huntington’s disease®> and diabetes.>* ER stress induced by the
accumulation of misfolded or unfolded proteins within the ER
can be alleviated by the activation of UPR.>

The UPR is sensed by three distinct receptors: IRE1, PERK,
and ATF6 located in the ER membrane.?® Under unstressed
conditions, these receptors are maintained in the inactive state
by binding to the ER chaperone called binding immunoglobu-
lin protein (BiP).2” Upon accumulation of misfolded or unfold-
ed proteins in the ER, BiP dissociates from the three ER stress
sensors (IRE1, PERK, and ATF6) and preferentially binds to
misfolded proteins. Activated PERK reduces protein transla-
tion by phosphorylating elF2a. Subsequently, the phosphory-
lated elF2a increases the transcription of ATF4 and CHOP to
increase cytoprotective gene transcription and induce apopto-
sis, respectively.”® ATF6 is activated by translocating to the
Golgi where it is cleaved by proteases. Activated ATF6 then
increases the production of BiP2” ER stress also triggers IRE1 to
activate its endoribonuclease function, which results in the
production of spliced XBP1, leading to the production of BiP
and the promotion of ER-associated degradation of misfolded
proteins.® In this study, the highest upregulation of all ER
stress-related genes was detected in cells expressing C238G,
consistent with the immunofluorescence results showing that
the C238G-PC was predominantly localized in the ER.

Thrombosis and Haemostasis © 2024. The Author(s).
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TEEAE - FEETEY g A |
1 sp|P04070]| PROC_HUMAN Vitamin K AVKFPCGRP-WKRMEKKRSHLKR-----=--—-- DTEDQED 206
2 tr|AOATNSKS8E7 | AOATNSK8E7_AILME TVKFPCGRP-GKRLEKKRKQVKR-========== DTNQTD 248
3 tr|AOA2K5D4M1 | AOA2K5D 4M1_AOTNA AVKFPCGRL-WKRMEKKRTHLKR-========= DTEDQED 206
4 tr|AOA452CHLO | AOA452CHLO_BALAS RVTFPCGRP-GKRMEKKRKNLKR-========== DTDQVD 238
5 tr|AOA8B8XSC6|AOA8B8XSC6_BALMU KVTFPCGRP-GKRMEKKRKNLKR-========== 221
6 tr|AOA4W2DIO6 |AOA4W2DIO6_ BOBOX KVTFPCGRL-GKRMEKKRKTLKR- 1957
7 tr | AOASBOWIQ9 | AOASBIWIQ9 BOSMU KVTIFPCGRL-GKRMEKKRKTLKR-========== DTNQVD 209
8 tr|AOA6BOQUV6E|AOA6BOQUVE_9CETA KVTFPCGRL-GKRMEKKRKTLKR---——====== DTNQVD 239
9 sp|P00745|PROC_BOVIN Vitamin K KVTFPCCRL-GCKRMEKKRKTLKR--========= DTNQVD 202
10 tr|AOASF4WRN7 |AOASFAWKN7_CALJA AVKFPCGRL KRTHLKR--—---—-----DTEDQED 239
11 tr|AOA3Q7P610|AOA3Q7P610_CALUR TVKFPCCKP-GKRLEKKRKHLKR-========== DTNQTD 205
12 tr|AOA5N4E632 |AOA5N4E632_CEMDR —QGRRIERKK-RKNVKRDTDQGDRE-========= NQEDQG 222
13 tr|AOA452F6F9|AOA452F6F9 CAPHI KVTFPCGRL-GKRMEKKRKTLKR- -DTNQVD 196
14 tr|AOA2K5SAR6|AOA2KS5SAR6_CEBIM AVKFPCCRL-WRRMEKKRTHLKR-=—======== DTEDQED 206
15 tr|AOA2KSMQFS8|AOA2 K5MQF8_CERAT AVKFPCGRP-WRRIEKKRSHLKRR-======== DTEDQED 207
16 tr|AOAODORWI9 |AOAODORWI9 CHLSB SVKFPCCRP-WRRIEKKRSHLKRR-—======- DTEDQED 292
17 tr|AOA9BOX456 |AOA9BOX456 CHRAS TVKEFPCGRT----VKKKRNNLKR--============
18 tr|AOA9J7GSKS5|AOA9J7GSK5_CRIGR TVNYPCGKL-WKRIEKKRKKVKRD
19 tr|AOA2Y9PTI6|AOA2YIPTI6 DELLE KVTFPCGRP-GKRMEKKRKNLKR--=========
20 tr|AOA7J7F3N8|AOA7J7F3N8_DICBM EVTFPCGCRP-GCKRMEKKREKNLKR-==========
21 tr|AOA1S3FJCY|AOA1S3FJCY9_DIPOR KVSFPCGEKL-GKRVEKKRTNIKRD
22 tr|AOA8C4MVCS |AOA8C4MVC8_EQUAS -EGKPRGTQ-ERPPSAASDSGLRT
23 tr|AOASF5XWM6 | AOASF5XWM6_FELCA TVKFPCGRP-GRRMEKKRKTVKR-
24 tr|AOA8J6ASF3|AOA8J6AS F3_GALPY TVKFPCGRP-GKQIEKRRRKNLKR-==========
25 tr|G3sB50|G3SB50_GORGO Vitamin AVKFPCGRP-WKRMEKKRSHLKR-=-=======
26 tr|AOA8B7PUGL IAOABB7PUG1_HIPAR KVKFPCGRP-WNPMERKGKTLKC-—==========
27 tr|AOA340XPVO|AOA340XPVO_LIPVE KVTFPCGCRP-GKRMEKKRKNLKR--=========
28 tr|AOA667HRA2 |AOA667HRA2 LYNCA TVKFPCGRP-GRRMEKKRKTVKR-=—========
29 tr|AOA2K5VQK4 |AOA2K5VQK4 MACFA AVKFPCGRP-WRRIEKKRSHLKRR--=-===== DTEDQED 207
30 tr|AOA1lDS5QSH6 IAOAlDSQSHG_MACMU AVKFPCGRP-WRRIEKKRSHLKRR- -DTEDQED 228
31 tr|AOA2K6AGHO |AOA2K6AGHO MANLE SVKFPCGRP-WRRIEKKRSHLKRR-—======- DTEDQED 193
32 tr|AOAlUSCLO1 IAOAIUBCLOI_MESAU TVSYPCGRKL-WRRIEKKRRKNVKRD == ===—=~—. ADEEYELD 229
33 tr|AOA7J8FUW4 |AOA7J8FUW4_MOLMO GVKFPCGRP-WSPVNKKGRSLKC-========== CPDQID 228
34 tr|AOA4UlES97|AOA4ULES97_MONMO KVTFPCGRP-GCKRMEKKREKNLKR--========= DTDQVD 220
35 tr|AOA8C6DZZ4|AOA8C6DZZ4_MOSMO KVTFPCGRL-GKRMEKKRKTLKR-=—======== DTNQVD 205
36 tr|AOA5J5MI48|AOA5JI5MI48 MUNRE KVTFPCGRL-GKRMEKKRKTLKR--========= DTNQVE 226
37 tr|M3YKH6| MBYK.HG_MUSPF Vitamin TVKFPCGKP-GKRLEKKRKHLKR- -DTNQTD 234
38 tr|AOA2YO9HIXO|AOA2Y9HIX0 NEOSC TVKFPCGKP-GKRLEKKRKHLKR-—========= DTNQTD 205
39 tr|AOA341AV24|AOA341AV24_NEOAA KVTFPCGRP-GKRMEKKRKNLKR-========== DADQVD 226
40 tr|AOA8C7C2J8|AOA8CT7C2J8_NEOVI TVKFPCGKP-GKRLEKKRKHLKR- -DTNQTD 184
41 tr|AOA2I3GL25|AOA2I3GL25_ NOMLE AVKFPCGRP-WKRMEKKRSHLKR-—======== DTEDQED 215
42 tr|AOA2U3WHNO | AOA2U3WHNO_ODORO TVKFPCGKP-GKRLEKKRKHLKR-——======== DTNQTD 226
43 tr|AOA6J0X7IO0|AOA6J0X7I0_ODOVR KVTFPCGERL-GKRMEKKRKTLKR-========== DTNQVE 221
44 tr|AOA8B7B3V6|AOASB7B3V6_ORYAF AVKFPCGKT----VKKKRSNLKR--=-=========== DVD 220
45 sp|Q28661|PROC_RABIT Vitamin K AVRFPCGRLGWKRIEKKRGNVKR-——======== DLEQVD 200
46 tr|HOWPSO| HOWPSO_OTOGA Vitamin KVKFPCGRP-WRRVDRKRKYSKRDTDQADPVDPGQADQED 216
47 tr|AOA6P3YFZ8|AOA6P3YFZ8_ SHEEP KVTFPCGRL-GKRMEKKRKTLKR- -DTNQVD 226
48 tr|AOA2RI9BXL2 |AOA2RI9BXL2 PANPA AVKFPCCRP-WKRMEKKRSHLKR-========= DTEDQED 206
49 tr|AOA2I3RIA9|AOA2I3RIA9_PANTR AVKFPCGRP-WKRMEKKRSHLKR-——======- DTEDQED 240
50 tr|AOA8COKKX6|AOASCIKKX6 PANTA TVKFPCERP-GRRMEKKRKTVKR-——======== DTSQAD 198
51 tr|AOA2I3N4S0|AOA2 IBNASO_PAPAN AVKFPCGRP-WRRIEKKRSHLKRR-=—======= DTEDQED 228
52 tr|AOA6P5ILH4 |AOA6PS5ILH4 PHACI VVNFPCGCKP---KVKYPTPNFEE---==============
53 tr|AOA8COEBZ7|AOAS8COEBZ7_PHOSS KVTFPCGRP-GKRMEKKRKNLKR-==========
54 tr|AOA6J2LJ52|AOA6J2LI52_9CHIR KVKFPCGRP-WNPKEKKSKTLKC-
55 tr|AOA2Y9S3S6|AOA2Y9S3S6_PHYMC KVTFPCCRP-GKRMEKKRKNLKH=-=—========
56 tr|AOA8COHL62|AOABCOHL62 9PRIM SVKFPCGRP-WRRIEKKRSHLKRR-—=—=====- DTEDQED 207
57 tr|AOA2J8VLVS|AQOA2J8VLV8_PONAB AVKFPCCRP-WKRMEKKRSHLKR-========= DTEDQED 240
58 tr|L5KL90| LSKLQO_PTEAL Vitamin NVKFPCGKL-WNPMEKKGKILKC----——-—==— CTDQAD 205
59 tr|AOA6P3QD27|AOA6P3QD27_ PTEVA NVKFPCERL-WNPMEKKGKILKC-========== CTDQAD 242
60 tr|AOA2K6MFQ4 |AOA2K6MFQ4 RHIBE SVKFPCGRP-WRRIEKKRSHLKRR-—---—==- DTEDQED 225
61 tr|AOA7J8JL51|AOA7J8JL51_ROUAE RVKFPCCKL-WNPKEKKGKILKC-=—========= CTDQAD 226
62 tr|AOA2K6ULB3|AOA2K6ULB3_SAIBB VVKFPCCRL-WKRMEKKRTHLKR-=—=======- DTEDQED 206
63 tr|AOA6J3GPM2 |AOA6J3GPM2_SAPAP AVKEFPCGRL KRTHLKR--~-----===DTEDQED 227
64 tr|AOATN4P981|AOATN4P981_SARHA VANFPCGKP---KVSYPMPNSEE-
65 tr|AOA8D2DP52 |AOA8D2DP52_SCIVU SVRFPCGRL-GMRMEKKRNNFKRD == =====~ TDQVIRID 208
66 tr|AOA673SRJ2|AOA673SRJI2_SURSU KVKFPCGRP-GRRMEKKRKMVKR--—========= STNETN 226
67 tr|AOA8D2GCW7 | AOASDZGCW7_THEGE AVKFPCGRP-WRRIEKKRSHLKRR-======== DTEDQED 239
68 tr|AOA2YO9E4IS5|AOA2YIE4I5 TRIMA AVKFPCGRT----VKRKLSSLKH--=-==========
69 tr|LOKHL4| L9KHL4_’I'UPCH Vitamin TAKFPCGRP-WKRMEKKRNMLKR--=--—==—==—
70 tr|AOA6J3RNV1|AOA6J3RNV1_TURTR KVTFPCGRP-GCKRMEKKREKNLKR-==========
71 tr|AOA452R9Y6|AOA452R9Y6_URSAM TVKFPCGRP-GKRLEKKRKHVKR-
72 tr|AOASM1GDN9 IAOAQMIGDNB_URSMA TVKFPCGRP-GRRLEKKRKHVKR= = =========
73 tr|AOA4X2KVWY | AOA4X2KVW9_VOMUR VVNFPCCEKP---KVNYPIP--KE--===============
74 tr|AOA6J2CSD5 IAOAGJ2CSD5_ZALCA TVKFPCGKP-GKRLEKKRKHLKR===========
75 R189 R

Fig.4 Partofthe multiple sequence alignment of PC from 74 species, highlighting the conservation at position R189. The numberin the top row
indicates the amino acid positions in the alignment, including gaps. The right-hand side shows the position of the last amino acid in the selected
segment along the primary sequence. R189 on human PC is shown on the bottom row and is highlighted in yellow. PC, protein C.
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sp|P04070 | PROC_HUMAN Vitamin K
tr|AOA7NSKSE7 | AOA7N5SKSE7_AILME
tr|AOA2K5D4M1 | AOA2K5D4M1_AOTNA
tr|AOA452CHLO | AOA452CHLO_BALAS
tr|AOASB8XSC6 | AOASBSXSC6_BALMU
tr|AOA4W2DI96 | AOA4W2DI96_BOBOX
tr| AOAS8BOWIQO | AOABBOWIQ9_ BOSMU
tr | AOA6BOQUVE | AOA6BOQUV6E_9CETA
sp|P00745|PROC_BOVIN Vitamin K
tr | AOASFAWKN7 | AOASFAWKN7_CALJA
tr|AOA3Q7P610|AOA3Q7P610_CALUR
tr|AOASN4E632 | AOASN4E632_CAMDR
tr|AOA452F6F9 | AOA452F6F9_CAPHI
tr|AOA2K5SAR6 | AOA2K5SAR6_CEBIM
tr|AOA2K5MQFS | AOA2K5MQFS_CERAT
tr | AOAODYRWI9 | AOAODIRWI9_CHLSB
tr|AOA9BOX456 | AOA9BOX456_CHRAS
tr|AOA9J7GSKS5 | AOA9I7GSK5_CRIGR
tr|AOA2Y9PTI6 | AOA2YIPTI6_DELLE
tr|AOA7J7F3N8 | AOA7J7F3N8_DICBM
tr|AOA1S3FJC9|AOA1S3FJICY_DIPOR
tr|AOASC4MVCS | AOASCAMVCS_EQUAS
tr| AOASF5XWM6 | AOASF5XWM6_FELCA
tr|AOASJ6ASF3|AOASJI6ASF3_GALPY
tr|G3SB50|G3SB50_GORGO Vitamin
tr|AOASB7PUGL | AOASB7PUGL_HIPAR
tr|AOA340XPV0 | AOA340XPVO_LIPVE
tr|AOA667HRA2 | AOA667HRA2_LYNCA
tr|AOA2K5VQK4 | AOA2K5VQK4_MACFA
tr|AOA1D5QSH6 | AOA1D5QSH6_MACMU
tr | AOA2K6AGHO | AOA2K6AGHO_MANLE
tr|AOA1USCLO1 | AOA1USCLO1_MESAU
tr|AOA7J8FUW4 | AOA7JIS8FUW4_MOLMO
tr|AOA4ULES97 | AOA4ULES97_MONMO
tr|AOASC6DZZ4 | AOABCEDZZ4_MOSMO
tr|AOA5JI5MI48 | AOA5I5MI48_MUNRE
tr|M3YKH6 |M3YKH6_MUSPF Vitamin
tr|AOA2Y9HIXO |AOA2Y9HIXO NEOSC
tr|AOA341AV24 |AOA341AV24_NEOAA
tr|AOA8C7C2J8 | AOASC7C2J8_NEOVI
tr|AOA2I3GL25|AOA2I3GL25_NOMLE
tr | AOA2U3WHNO | AOA2U3WHNO_ODORO
tr|AOA6J0X7I0|AOA6J0X7I0_ODOVR
tr|AOASB7B3V6 | AOASB7B3V6_ORYAF
sp|Q28661| PROC_RABIT Vitamin K
tr| HOWPSO | HOWPSO_OTOGA Vitamin
tr|AOAGP3YFZ8 |AOAGP3YFZ8_SHEEP
tr|AOA2R9BXL2 | AOA2R9BXL2_PANPA
tr|AOA2I3RIA9 |AOA2I3RIA9 PANTR
tr | AOABCOKKX6 | AOASBCOKKX6_PANTA
tr|AOA2I3N4S0|AOA2I3N4SO_PAPAN
tr|AOA6PSILH4 | AOA6P5SILH4_PHACI
tr|AOASCOEBZ7 | AOASBCOEBZ7_PHOSS
tr|AOA6J2LJ52 | AOA6J2LI52_9CHIR
tr|AOA2Y9S3S6 | AOA2Y9S3S6_PHYMC
tr|AOASCYHL62 | AOASCIHL62_9PRIM
tr|AOA2J8VLVS | AOA2J8VLVS_PONAB
tr|L5KLOO | LSKLOO_PTEAL Vitamin
tr|AOA6P3QD27 | AOA6P3QD27_PTEVA
tr| AOA2K6MFQ4 | AOA2K6MFQ4 RHIBE
tr|AOA7J8JL51 | AOA7J8IL51_ROUAE
tr|AOA2K6ULB3 | AOA2K6ULB3_SAIBB
tr|AOA6J3GPM2 | AOA6J3GPM2_SAPAP
tr|AOA7N4P981|AOATN4P981_SARHA
tr|AOASD2DP52 | AOASD2DP52_SCIVU
tr|AOA673SRJ2 | AOA673SRI2_SURSU
tr|AOASD2GCW7 | AOASD2GCW7_THEGE
tr|AOA2Y9E4I5 |AOA2YIE4I5_TRIMA
tr|LOKHL4 | LOKHL4_TUPCH Vitamin
tr|AOA6J3RNV1 | AOA6J3RNV1_TURTR
tr|AOA452R9Y6 | AOA452ROY6_URSAM
tr|AOASM1GDNY | AOASM1GDN9_URSMA
tr | AOA4X2KVWO | AOA4X2KVWO_VOMUR
tr|AOA6J2CSD5 | AOA6J2CSD5_ZALCA
c238

490 500 510 520

Q---VDPRLIDGKMTRRGDS PWQVVLLDSKKKLACGAVLI
Q---VDPRLVNGKVTKWGESPWQVILLDSKKKLACGAVLI
Q---VDPRLIDGKLTRRGDSPWQVVLLDSQKKLACGAVLI
QEGQLDPRLISGQEAGWGESPWQVVLLDSKKKLACGAVLYV
QEGQLDPRLISGQEAGWGESPWQVVLLDSKKKLACGAVLYV
QRDQLDPRIVDGQEAGWGES PWQAVLLDSKKKLVCGAVLI
QRDQLDPRIVDGQEAGWGESPWQAVLLDSKKKLVCGAVLI
QRDQLDPRIVDGQEAGWGES PWQAVLLDSKKKLVCGAVLI
QKDQLDPRIVDGQEAGWGESPWQAVLLDSKKKLVCGAVLI
Q---VDPRLVDGKLTRRGDSPWQVVLLDSQKKLACGAVLI
Q---VDPRLVNGKETKWGESPWQVILLDSKKKLACGAVLI
DQERKGDQENKGDQENQGD---QVILLDSKKKLACGAVLI
QEDQLDPRIVSGQEARWGDS PWQAVLLDSKKKLVCGAVLI
Q---VDPRLVDGKLTRRGDS PWQVVLLDSQKKLACGAVLI
Q---VDPRLIDGKMTRRGDS PWQVVLLDSKKKLACGAVLI
Q---VDPRLIDGKMTRRGDSPWQVVLLDSKKKLACGAVLI
Q---VDPRLVNGKTTRWGES PWQVILLNSKKKLICGAVLI
QD----PRIINGTLTKQGDSPWQAILLDSKKKLACGGVLI
QEGQLDPRLISGQEAGWGESPWQVILLDSKKKLACGAVLY
---QLDPRLVNGQLTGWGDSPWQVILLDSKKKLACGAVLI
R RIVNGTLTRQGDSPWQVILLDSKKKLACGGVLI
RPSPDWELSEGSAVTSPSPPPFQVILLDSKRKLACGAVLI
Q---IDPRLVNGKLSGWGESPWQVILLDSKKKLACGAVLI
Q---LDPRLVMGKMTAWGES PWQVILLDSKKKLACGAVLI
Q---VDPRLIDGKMTRRGDSPWQVVLLDSKKKLACGAVLI
Q---VDPRLINGQLTLQGESPWQVILLDSKKKLACGAVLI
QEGQLDPRLISGQEAGWGESPWQVVLLDSKKKLACGAVLYV
Q---IDPRLVNGKLSGWGESPWQVILLDSKKKLACGAVLI
Q---VDPRLIDGKMTRRGDS PWQVVLLDSKKKLACGAVLI
Q---VDPRLIDGKMTRRGDS PWQVVLLDSKKKLACGAVLI
Q---VDPRLIDGKMTRRGDS PHQVVLLDSKKKLACGAVLI
PG----PRIINGTLTKQGDSPWQAILLDSKKKLACGGALL
Q---MDPRIVNGKSTVQGDSPWQGILLDSKKKLACGAVLI
QEGQLDPRLISGQEAGWGESPWQVILLDSKKKLACGAVLYV
QRDQLGPRIVNGQEAGLGDSPWQAVLLDSKKKLVCGAVLI
QRDQLGPRIVNGQEAGWGES PWQAVLLDSKKKLVCGAVLI
Q---VDPRLVNGKETKWGES PWQVILLDAKKKLACGAVLI
Q---VDPRLVNGKETKWGES PWQVILLDSKKKLACGAVLI
QEGQLDPRLIGGQEAGWGESPWQVILLDSKKKLACGAVLYV
Q---VDPRLVNGKETKWGES PWQVILLDSKKKLACGAVLI
Q---VDPRLIDGKMTRRGDSPWQVVLLDSKKKLACGAVLI
Q---VDPRLVNGKETKWGESPWQVILLDSKKKLACGAVLI
QRDQLGPRIVNGQEAGWGESPWQAVLLDSKKKLVCGAVLI
Q---VDPRLVNGKLSGWGESPWQGILLDSKKKLACGAVLI
EMDEVDPRLIDGKLTRRGDSPWQVILLDSKKKLACGAVLI
QVDQVDPRIIDGKVTTRGENPWQVILLDSKKRLACGAVLI
QEDQLDPRIVSGQEARWGDS PWQAVLLDSKKKLVCGAVLI
Q---IDPRLIDGKMTRRGDSPWQVVLLDSKKKLACGAVLI
Q---VDPRLIDGKMTRRGDS PWQVVLLDSKKKLACGAVLI
Q---IDPRLVNGKLSGWGESPWQVILLDSKKKLACGAVLI
Q---VDPRLIDGKMTRRGDSPWQVVLLDSKKKLACGAVLI
----LRIRISGGKPANKGDSPWQVILLDSRSKLKCGGVLI
QEGQLDPRLIGGQEAGWGESPWQVILLDSKKKLACGAVLYV
Q---VDPRLINGKLTLQGESPWQVILLDSKKKLACGAVLI
QEGQLDPRLISGQEARWGESPWQVVLLDSKKKLACGAVLYV
Q---VDPRLVDGKMTRRGDSPWQVVLLDSKKKLACGAVLI
Q---VDPRLIDGKMTRRGDSPWQVVLLDSKKKLACGAVLI
Q---VDPRLVNGKMTIQGESPWQVILLDSKKKLACGAVLI
Q---VDPRLVNGKMTIQGESPWQVILLDSKKKLACGAVLI
Q---VDPRLIDGKMTRRGDSPWQVGGEAALAAPALGPGSL
K---VDPRLINGKTTLQGDSPWQVILLDSKKKLACGAVLI
Q---VDPRLVDGKLTRRGDSPWQVVLLDSQKKLACGAVLI
Q---VDPRLVDGKLTRRGDSPWQVVLLDSQKKLACGAVLI
LQIRILGGRPANKGDSPWQVILLDSRAKLKCGGVLI

—————— RIVNGSLTRQGDSPWQVILLDSKKKLACGGVLI
Q---IDPRLVDGKLSGWGESPWQVILLDSKKKLACGAVLI
Q---VDPRLIDGKMTRRGDS PWQVVLLDSKKKLACGAVLI
Q---VDPRLVNGKLTKWGESPWQVLLLDSKKKLACGAVLI
NLTQIDPRLIDGKVTRRGDSPWQVILLDSKKKLACGAVLI
QEGQLDPRLISGQEAGWGESPWQVILLDSKKKLACGAVLYV
Q---VDPRLVNGKVTKWGESPWQVILLDSKKKLACGAVLI
Q---VDPRLVNGKVTKWGESPWQVILLDSKKKLACGAVLI
----LQIRILGGRPANKGDS PWQVILLDSRSKLKCGGVLI
Q---VDPRLVNGKETKWGES PWQVILLDSKKKLACGAVLI
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Fig.5 Partofthe multiple sequence alignment of PC from 74 species, highlighting the conservation at position C238. The numberin the top row
indicates the amino acid positions in the alignment, including gaps. The right-hand side shows the position of the last amino acid in the selected
segment along the primary sequence. C238 on human PC is shown on the bottom row and is highlighted in yellow. PC, protein C.
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Moreover, activation of some ER stress-related genes (ATF6, BiP,
and XBP1) was observed in cells expressing R189W. We
postulated that R189W may also result in some extents of
protein misfolding as observed by a 30% decrease in R1I89W-PC
secretion, resulting in modest activation of ER stress compared
with those in C238G-expressing cells. Taken together, these
results indicated that the drastically reduced secretion of the
C238G-PC was due to the intracellular retention within the ER,
subsequently induced the ER stress and the upregulation of
UPR genes.

Analysis of the crystal structure of human APC (PDB ID:
1AUT?") revealed a disorder in the C-terminal region of the
light chain starting from K188, as indicated by high b-factor
values. Since the crystal structure of the full-length PC is not
available, the predicted full-length PC structure obtained from
AlphaFold was utilized to analyze the structure of the activa-
tion peptide, and the potential role of R189 (~Fig. 6A, B). It was
suggested that R189 is part of a hydrophilic loop in the full-
length PC, with its side chain exposed to the aqueous environ-
ment and not form the hydrogen bond with other amino acids.
Upon proteolytic cleavage of the activation peptide, the region
from K188 becomes disordered. The hydrophilicity at this
position is likely to be essential as illustrated in the multiple
sequence alignment where the amino acid variation at this
position included lysine, glutamine, and proline. Substitution
of R189 with tryptophan resulted in the loss of a positively
charged amino acid, and subsequently introduced the bulky
and hydrophobic amino acid to the aqueous environment. This
can potentially lead to protein misfolding, as indicated by the
increase in ER retention. The mutation in PC could lead to the
loss of amidolytic activity or protein misfolding leading to
impaired secretion, low plasma level, and poor interaction
with protein S (PS). Since multiple mechanisms may be caused
by mutations, data from previously reported patients should
be considered to further elucidate the mechanism of R189W
on PC deficiency.

activation
peptide

\

C162

e =
K19/8 K C175

R189

w187

The previous study on R189W mutation showed that 1in 5
patients with R189W had normal plasma PC activity, while the
other 4 showed less than 75% plasma PC activity.>? However,
all the patients exhibited thrombotic phenotypes. Another
study in the Korean populationindicated that patients with the
double mutation R189W/K193Del had PC deficiency.>? Fur-
thermore, a study of Japanese patients suggested that K193del
showed normal plasma levels of PC.3* Moreover, the other
study indicated that K193del mutation did not result in a
significant decrease of the amidolytic activity of PC.3° There-
fore, it is suggested that the R189W would contribute to PC
deficiency and TE. However, R189W did not seem to lose the
amidolytic activity.3® All the clinical reports are in agreement
with our finding that the R189W mutation is likely to cause PC
deficiency through a poor secretion, resulting in the low PC
levels in plasma. However, the possibility that R189W does not
affect PC-PS complex formation cannot be excluded. Further
investigation is warranted to fully understand the role of R189
and its molecular pathogenesis in TE.

Residue C238 in human PC plays a critical role in maintain-
ing the structural integrity and functionality of the protein.
This cysteine residue forms a disulfide bond with C254 in the
heavy chain, a bonding event of paramount importance
(=Fig. 7). This disulfide bond not only lies in proximity to
the active site but is also indispensable for upholding the
three-dimensional (3D) structure of PC. The conservation of
this cysteine residue across all species underscores its evolu-
tionary significance. The disruption of this residue could prove
detrimental, impacting both the structural stability and func-
tional capacity of PC. Given its role in a crucial disulfide bond,
any alteration to C238 has the potential to compromise the
overall integrity of the protein and, subsequently, its biological
activity. This analysis highlights the dual importance of C238—
not only as a structural element contributing to the 3D
conformation of PC but also as a conserved residue critical
for the preservation of its functional attributes.
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Fig.6 The location of R189 on human PCin the crystal structure. (A) The structure with b-factor was shown to illustrate the flexible region near
the Gterm in the activated PC. (B) The surface potential of PC was shown toillustrate that the amino acids from W187 onward are exposed to the
solvent. The activation peptide is in red. K198 is in blue stick. The structure of full-length PC was predicted by AlphaFold (available from https://
alphafold.ebi.ac.uk/entry/P04070) and was superimposed with the crystal structure of protein C (PDB ID: 1AUT31). PC, protein C.
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Fig.7 Theactive site of human PC and the disulfide bond between C238 and C254. The crystal structure was retrieved from PDB ID: 3F6U.37 The
catalytic residues are in blue. The peptide inhibitor is in orange. The cysteine residues forming disulfide bonds are in green. The heavy chain is in

gray. PC, protein C.

In summary, our research unraveled the molecular
mechanisms behind the PC mutations (C238G and
R189W) that contribute to PC deficiency. The findings
showed that the R189W mutation triggered a mild activa-
tion of the UPR genes, suggesting a relatively minor disrup-
tion in protein folding and secretion. In contrast, the
C238G mutation significantly impaired PC secretion due
to protein misfolding, leading to increased retention in
the ER and subsequent ER stress. The mild activation
of UPR genes in R189W mutation suggests that modulating
UPR pathways might be a potential therapeutic strategy
for mitigating the thrombotic risk associated with PC defi-
ciency. Future studies could investigate the efficacy of
UPR modulators in reducing thrombotic risk in PC
deficiency.

What is known about this topic?

» Protein C (PC) deficiency: genetic mutations in PC can
lead to reduced levels of PC in human plasma, contrib-
uting to a higher risk of thrombotic disorders.

» ERstress and UPR: misfolded proteins in the endoplas-
mic reticulum (ER) can induce ER stress and activate
the unfolded protein response (UPR) to mitigate cellu-
lar damage.

* Mutations affecting PC secretion: specific PC muta-
tions can impair the protein’s folding and secretion,
leading to its retention in the ER and reduced plasma
levels.

What does this paper add?

» Impact of C238G and R189W mutations: the study
reveals that the C238G mutation significantly impairs
PC secretion by causing protein misfolding and reten-
tion in the ER, while the R189W mutation leads to a
moderate reduction in PC secretion.

» ER stress and UPR activation: cells expressing C238G-
PC show high levels of ER stress and UPR gene activa-
tion, indicating severe misfolding, whereas R189W-PC
results in mild UPR gene activation.

» Conservation and structural analysis: the article high-
lights the critical role of conserved residues C238 and
R189 in maintaining PC’s structural integrity and
functionality, with mutations at these positions lead-
ing to PC deficiency and increased thrombotic risk.

Authors’ Contribution

P.T. designed the overall research, performed the experi-
ments, interpreted and discussed the results, and wrote
the manuscript; K.S. performed the experiments, ana-
lyzed data, and wrote the manuscript; P.P. performed the
multiple sequence alignment and molecular model of
human protein C crystal structure, and reviewed the
manuscript; P.K. performed the quantitative analysis of
protein C; A.C. interpreted, discussed, supervised, and
reviewed the manuscript; N.S. interpreted, discussed,
supervised and supported the overall project, and
reviewed the manuscript.

Thrombosis and Haemostasis © 2024. The Author(s).



Unraveling the Molecular Pathogenesis of PC Deficiency—Associated VTE Tanratana et al.

Conflict of Interest
None declared.

Acknowledgment

This work was supported by a collaborative research
project from the Faculty of Science and the Faculty of
Medicine Ramathibodi Hospital, Mahidol University.

References

N =

w

N

w

a

~

(3]

o

Dahlback B. Blood coagulation. Lancet 2000;355(9215):1627-1632
Plutzky ], Hoskins JA, Long GL, Crabtree GR. Evolution and
organization of the human protein C gene. Proc Natl Acad Sci U
S A 1986;83(03):546-550

Dahlback B, Villoutreix BO. Molecular recognition in the protein C
anticoagulant pathway. ] Thromb Haemost 2003;1(07):1525-1534
Price VE, Ledingham DL, Kriimpel A, Chan AK. Diagnosis and
management of neonatal purpura fulminans. Semin Fetal Neona-
tal Med 2011;16(06):318-322

Mukherjee D, Pal P, Kundu R. Purpura fulminans due to acquired
protein C deficiency. Indian ] Dermatol 2015;60(06):637

D'Ursi P, Marino F, Caprera A, Milanesi L, Faioni EM, Rovida E.
ProCMD: a database and 3D web resource for protein C mutants.
BMC Bioinformatics 2007;8(Suppl 1, Suppl 1):S11
Angchaisuksiri P, Atichartakarn V, Aryurachai K, et al. Risk factors
of venous thromboembolism in thai patients. Int ] Hematol 2007;
86(05):397-402

Sirachainan N, Sasanakul W, Visudibhan A, Chuansumrit A,
Wongwerawattanakoon P, Parapakpenjune S. Protein C deficiency
in Thai children with thromboembolism: a report of clinical
presentations and mutation analysis. Thromb Res 2010;125
(02):200-202

Sirachainan N, Chuansumrit A, Sasanakul W, et al. R147W in PROC
gene is a risk factor of thromboembolism in Thai children. Clin
Appl Thromb Hemost 2018;24(02):263-267

Tsay W, Shen MC. R147W mutation of PROC gene is common in
venous thrombotic patients in Taiwanese Chinese. Am | Hematol
2004;76(01):8-13

Xiang P, Liu RY, Li C, Gao P, Cui XY, Ma LQ. Effects of organophos-
phorus flame retardant TDCPP on normal human corneal epithe-
lial cells: implications for human health. Environ Pollut 2017;
230:22-30

Lehmann M, Loch C, Middendorf A, et al. The consensus concept
for thermostability engineering of proteins: further proof of
concept. Protein Eng 2002;15(05):403-411

Tjeldhorn L, Iversen N, Sandvig K, Bergan ], Sandset PM, Skretting
G. Functional characterization of the protein C A267T mutation:
evidence for impaired secretion due to defective intracellular
transport. BMC Cell Biol 2010;11:67

Tanaka R, Nakashima D, Suzuki A, et al. Impaired secretion of
carboxyl-terminal truncated factor VII due to an F7 nonsense
mutation associated with FVII deficiency. Thromb Res 2010;125
(03):262-266

Hunault M, Arbini AA, Carew JA, Peyvandi F, Bauer KA. Character-
ization of two naturally occurring mutations in the second epi-
dermal growth factor-like domain of factor VII. Blood 1999;93
(04):1237-1244

Andersen E, Chollet ME, Myklebust CF, et al. Activation of endo-
plasmic reticulum stress and unfolded protein response in con-
genital factor VII deficiency. Thromb Haemost 2018;118(04):
664-675

Seanoon K, Payongsri P, Vivithanaporn P, et al. Mutations of TFPI-
binding exosites on factor VII cause bleeding phenotypes in factor
VII deficiency. Blood Adv 2022;6(22):5887-5897

Thrombosis and Haemostasis © 2024. The Author(s).

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Schroder M, Kaufman R]. ER stress and the unfolded protein
response. Mutat Res 2005;569(1-2):29-63

Chambers JE, Marciniak SJ. Cellular mechanisms of endoplasmic
reticulum stress signaling in health and disease. 2. Protein mis-
folding and ER stress. Am ] Physiol Cell Physiol 2014;307(08):
C657-C670

Chollet ME, Andersen E, Skarpen E, et al. Factor VII deficiency:
unveiling the cellular and molecular mechanisms underlying
three model alterations of the enzyme catalytic domain. Biochim
Biophys Acta Mol Basis Dis 2018;1864(03):660-667

Valastyan JS, Lindquist S. Mechanisms of protein-folding diseases
at a glance. Dis Model Mech 2014;7(01):9-14

Gomes CM. Protein misfolding in disease and small molecule
therapies. Curr Top Med Chem 2012;12(22):2460-2469
Shacham T, Sharma N, Lederkremer GZ. Protein misfolding
and ER stress in Huntington’s disease. Front Mol Biosci 2019;6:
20

Wau ], Kaufman RJ. From acute ER stress to physiological roles of
the unfolded protein response. Cell Death Differ 2006;13(03):
374-384

Rutkowski DT, Kaufman RJ. A trip to the ER: coping with stress.
Trends Cell Biol 2004;14(01):20-28

Haeri M, Knox BE. Endoplasmic reticulum stress and unfolded
protein response pathways: potential for treating age-related
retinal degeneration. ] Ophthalmic Vis Res 2012;7(01):45-59
Todd DJ, Lee AH, Glimcher LH. The endoplasmic reticulum stress
response in immunity and autoimmunity. Nat Rev Immunol
2008;8(09):663-674

Oyadomari S, Mori M. Roles of CHOP/GADD153 in endoplasmic
reticulum stress. Cell Death Differ 2004;11(04):381-389

Mei Y, Thompson MD, Cohen RA, Tong X. Endoplasmic reticulum
stress and related pathological processes. ] Pharmacol Biomed
Anal 2013;1(02):1000107

Travers KJ, Patil CK, Wodicka L, Lockhart D], Weissman JS, Walter P.
Functional and genomic analyses reveal an essential coordination
between the unfolded protein response and ER-associated deg-
radation. Cell 2000;101(03):249-258

Mather T, Oganessyan V, Hof P, et al. The 2.8 a crystal structure of
Gla-domainless activated protein C. EMBO ] 1996;15(24):
6822-6831

GuY, Shen W, Zhang L, Zhang ], Ying C. Deficiency of antithrombin
and protein C gene in 202 Chinese venous thromboembolism
patients. Int J Lab Hematol 2014;36(02):151-155

Kim HJ, Seo JY, Lee KO, et al. Distinct frequencies and mutation
spectrums of genetic thrombophilia in Korea in comparison with
other Asian countries both in patients with thromboembolism
and in the general population. Haematologica 2014;99(03):
561-569

Miyata T, Sakata T, Yasumuro Y, et al. Genetic analysis of protein C
deficiency in nineteen Japanese families: five recurrent defects
can explain half of the deficiencies. Thromb Res 1998;92(04):
181-187

Tang L, Lu X, Yu JM, et al. PROC c.574_576del polymorphism: a
common genetic risk factor for venous thrombosis in the Chinese
population. ] Thromb Haemost 2012;10(10):2019-2026

Ding Q, Yang L, Hassanian SM, Rezaie AR. Expression and func-
tional characterisation of natural R147W and K150del variants of
protein C in the Chinese population. Thromb Haemost 2013;109
(04):614-624

Schmidt AE, Padmanabhan K, Underwood MC, Bode W, Mather T,
Bajaj SP. Thermodynamic linkage between the S1 site, the Na+
site, and the Ca2+ site in the protease domain of human activated
protein C (APC). Sodium ion in the APC crystal structure is
coordinated to four carbonyl groups from two separate loops. ]
Biol Chem 2002;277(32):28987-28995



