
Introduction
Neural tube defects (NTDs) are critical congenital 
deformities in the central nervous system (CNS) (1). 
Throughout fetal development, neural tube development 
is an essential process (2). If a partial neural tube closing 
occurs, its neuro- epithelium is now bare to the amniotic 
fluid leading to its disintegration and neuron insufficiency 
(3). Various gene-environment influences trigger the 
occurrence of NTDs (4). The clinical approach for prenatal 
screening regarding various congenital anomalies started 
around 50 years ago by measuring the above range for 
alpha-fetoprotein (AFP) in amniotic fluid among pregnant 
females with current NTD fetuses (5). Raised AFP level 
in the maternal serum is a screening tool for NTDs, 
usually done at 15 weeks of gestation. Yet, there are some 
concerns regarding AFP sensitivity and specificity (6). 
AFP used as a screening tool is influenced by numerous 
factors and is restricted by its high false-positive rate (7). 
AFP is in direct correlation with the pregnancy weeks at 
the time of prenatal visit, body mass index (BMI), race, 
smoking, and parity (8,9). Raised AFP was also seen in 
association with other bad pregnancy outcomes. For 
example, preeclampsia, intrauterine fetal death, preterm 
birth as well as oligohydramnios (10). Around 95% of 

NTD cases occur unexpectedly in females with a short 
family history of NTDs. This highlights the urgency of 
prenatal screening to detect NTDs (11). NTDs can be 
discovered by ultrasound (12). However, its accuracy is 
usually affected by fetal position, maternal BMI, operator 
skills doing the ultrasound (13). 

Proprotein convertase subtilisin/kexin type 9 (PCSK9) 
was primly recognized in cerebellar neurons as an mRNA 
which is highly expressed during the progression of 
apoptosis (14). It is member number nine in the cluster 
of serine proteinases. It slices nonfunctioning secretory 
precursors and changes them to functioning proteins 
and peptides. PCSK9 gene is positioned on chromosome 
1p32.3 (15). The proprotein convertase enzyme (furin) 
slices mature PCSK9. Furin deactivated PCSK9. Although 
it is lower in concentrations, the cleaved form flows in the 
circulation and intact form (16).

PCSK9 regulates the physiology of the CNS in many 
different ways, mainly through neuronal differentiation 
metabolism of the low-density lipoprotein (LDL) receptor 
family. PCSK9 is poorly expressed in the human brain, 
but PCSK9 expression rises inside the human brain in 
coexistence with the neurological disease. There is a 
strong link between PCSK9 found in Cerebral spinal 
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fluid and NYDs (17). It was also reported that PCSK9 
levels were lesser in NTD maternal serum than the sera 
of healthy pregnant women by 0.73 fold (7). We aimed by 
this work to evaluate two forms of PCSK9 (Mature PCSK9 
and furin cleaved) circulating in NTD maternal sera as 
a potential novel non-invasive biochemical marker for 
prenatal detection of NTDs.

Materials and Methods
Study Setting and Participants
In this case-control study, 60 pregnant women referred to 
the Recurrent Pregnancy Loss Clinic, Prenatal Diagnosis 
and Fetal Medicine Department, National Research 
Centre, Cairo, Egypt, from June 2019 to January 2021 
were enrolled and followed up till delivery in two groups: 
30 pregnant women with current NTD fetuses as the case 
group and 30 pregnant women with a healthy singleton 
pregnancy as the control group. All data were recorded 
from the participants’ medical files.

Pregnancy with an NTD fetus was diagnosed by 
screening tests at 13-22 weeks of gestation and confirmed 
by the ultrasound. Follow-up was performed for the low-
risk women to determine whether their fetuses were 
normal or not. All low-risk women that NTD was not 
detected by ultrasound scan in their fetus were excluded 
from the study. We identified all fetuses for NTDs using 
prenatal ultrasound examination via General Electric 
Voluson P8 real-time scan system to measure gestational 
age and evaluate viability. A full anomaly scan was done to 
assess any anomalies in fetuses among the case group. The 
control group was selected from the pregnant women with 
a healthy singleton pregnancy that had no any congenital 
anomalies, history of NTDs, bad pregnancy outcomes, or 
complicated pregnancies”. All participants took folic acid 
regularly under doctor supervision during pregnancy. 

Collection of Serum Samples 
Three milliliters of peripheral blood samples was taken 
from all women (weeks 13-22). The collection and 
handling of the gathered serum were done following 
operational procedure to decrease pre-analytical disparity. 
Serum was separated from peripheral blood samples 
directly through centrifugation at 4°C at 4000 r/min for 
5 minutes, then extra centrifugation at 14 000 r/min for 5 
minutes at 4°C to get rid of any cellular remains. Storage 
of serum aliquots was done at -80°C.

Analysis for CSPK9 Using Western Blot
Immunoprecipitation of PCSK From Plasma
Thirty microliters serum was incubated with 10 μg 
PCSK9 antibody at 4oC for an hour on a rotating shaker 
(Thomas Scientific, United States). 20 μL of resuspended 
protein A/G agarose beads (Santa Cruz, Germany) were 
introduced to the collected serum at 4oC for an hour on a 
rotating shaker. Samples were centrifuged for 15 minutes 
at 2000 rpm and 4oC. Supernatant existed was thrown 
away, and the beads were swept away using 5X using 
phosphate buffered saline. The pellets were resuspended 
in electrophoresis buffer and boiled for 2 minutes. 
Subsequently, centrifugation (Sigma Co., Germany) was 
done for 10 minutes at 2500 rpm at 4oC, and 10 μL aliquots 
were used for electrophoresis. 

Immunoblotting of PCSK9 Protein
The loading of different samples was done on 10% sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis gel. 
Following electrophoresis, proteins were placed on 
nitrocellulose membranes with pores diameter 0.45 um 
(Amersham). The membranes were saturated for 30 
minutes with 5% fat-free milk in Tris-buffered saline with 
0.1% Tween® 20 detergent. The membranes were incubated 
with PCSK9 antibody (Santa Cruz, Germany) in dilution 
1:200. Anti-mouse secondary antibody was used in dilution 
1:5000. Proteins were detected by chemiluminescent 
revelation (Invitrogen Novex ECL, Thermo Fisher, United 
States), and the bands were detected by Charge-Coupled 
Device camera (Azure c280). Western blot is less likely 
to give false-positive results. Therefore, western blotting 
has higher specificity, making it independent regarding 
antibody specificity (18).

Data Analysis
Statistical analysis was handled by means of IBM© SPSS© 
Statistics version 22 (IBM© Corp., Armonk, NY, USA). 
Numerical statistics were stated as mean and standard 
deviation (SD) or in the form of median and range as 
properly. Qualitative statistics were stated in the form 
of frequency as well as percentage. Fisher exact test was 
done to test the correlation among qualitative variables. 
As for quantitative statistics, an independent sample t test 
was used to compare two groups. A receiver operating 
characteristic (Roc curve) was used to find a cuff off value 
regarding mature CPSK9, furin, and mature CPSK9/
furin ratio band intestines of the western blot to be able 
to promptly classify subjects normal or reduced for the 
protein concentration (18) and P value was obtained by 
chi-square test. Accuracy was expressed using sensitivity, 
specificity, the likelihood ratio of a positive test, and the 
likelihood ratio of a negative test. P value < 0.05 was 
considered significant.

 
Results
A total of 60 pregnant women were enrolled in the study 

 ► The ratio of mature PCSK9 to furin cleaved can be a 
potential original biochemical marker in non-invasive 
prenatal screening of NTDs.

 ► Finding a non-invasive biochemical marker for NTDs 
would help early predict high-risk pregnant women and 
reduce the incidence of fetal morbidity.

Key Messages
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in two case and control groups (n=30/each). There was 
no significant difference in the mean of age between 
two study groups. The consanguinity rate among the 
case group was higher than the control group as well as 
BMI (Table 1). The demographic characteristics of the 
participants are summarized in Table 1. The NTD fetuses 
among the case group were included anencephaly (n=2), 
meningocele (n=16), and Spina bifida (n=12). 

Serum PCSK9 immunoprecipitation followed by 
western blotting revealed the presence of 2 PCSK9 forms 
(Mature and furin-cleaved). The two forms were detected 
as two bands at approximate molecular weights 70 kDa for 
the mature PCSK9 and 55 kDa for the furin -cleaved form, 
as shown in Figure 1. The median of band intensities for 
mature PCSK9 and furin-cleaved showed no statistical 
significance between the case and control group, however 
the ratio of mature/furin showed a statistical significance 
between the case group and the control group (Table 2).

ROC curve analysis was done for band intensities of 
mature PCSK9 and furin cleaved forms. It demonstrated 
cut-off values (26226 and 18705), which are the optimum 
threshold to predict NTD (Figure 2a, 2b). For mature 
CPSK9 and furin cleaved the ROC curve displayed 
sensitivity, specificity, positive predictive value (PPV), 
negative predictive value (NPV) as shown in Table 3, 
Figures 2 and 3. Among the case group, there were 20 
NTD pregnancies with a reduced expression for mature 
PCSK9. In comparison, only 12 healthy pregnancies 
(control group) had reduced expression of mature PCSK9. 
Only 13 NTD pregnancies among the case group had 
reduced expression of the inactive form (furin cleaved) 

compared to controls. Only 18 healthy pregnancies had 
shown reduced expression of the inactive form (Table 4). 

Among case group, median of mature PCSK9/furin 
ratio was statistically significant (in comparison to control 
group). ROC curve demonstrated a cut-off value of 0.985 
(Figure 2b). With a sensitivity and specificity, PPV, and 
NPV demonstrated in Table 3. 11 women among the 
case group expressed a high normal mature CPSK9/furin 
cleaved ratio. Whereas, 19 women among the control 
group expressed a high normal mature CPSK9/furin ratio 
(P = 0.039) (Table 4, Figure 3).

Discussion
NTDs are hypothetically a multifactorial disorder. Due 
to large number of genetic mechanisms as well as other 
environmental influences, it is not conceivable to rely 
only on one biomarker for diagnosing NTDs. That is 
why PCSK9 protein was selected for this study. PCSK9 
is exceedingly found in the brain during embryonic 

Table 1. Demographic Characteristics of the Participants in the Two Studied Groups (n=30/each)

Variables Case Group Control Group P Valuea

Age (y), mean ± SD 26.9 ± 4.6 26.7 ± 3.8 0.87

BMI (kg/m2), mean ± SD 28.6 ± 5.2 24.3 ± 3.7 <0.001

Live births (No. of children), mean ± SD 2±1 2 ± 1 -

Consanguinity (1st degree relative), No. (%) 11 (36.7) 4 (33.3) 0.03

Family history for NTDs, No. (%) 5 (16.7 ) 3 (10) 0.70

Obstetric history, No. (%)**

HELLP syndrome 3 (0.9) -

-

Preeclampsia 4 (1.2) -

Abortion 13 (3.9) -

IUGR 1 (0.3) -

Preterm delivery 3 (0.9) -

Gestational diabetes 6 (1.8) -

BMI: Body mass index, NTDs: Neural tube defects; HELLP: Hemolysis, Elevated Liver enzymes and Low Platelets; IUGR: Intrauterine growth retardation.
a Independent sample t test.

Table 2. Molecular Weight of Band Intensities of (Mature CPSK9, Furin Cleaved, Ratio of Mature CPSK9/Furin) Among Both Studied Groups

Case Group Control Group P Valuea

Mature CPSK9 20220.9 (683.0-48746.0) 29039.4 (5533.0-46294.0) 0.06

Furin cleaved 21668.3 (2895.41-58536.2) 19595.7 (4278.8-88936.2) 0.40

Ratio mature/furin 0.92 (0.05-2.54) 1.29 (0.19-6.62) 0.02

CPSK9: Proprotein Convertase Subtilisin/kexin type 9
Data presented as median (range).
a Mann Whitney test. 

Figure 1. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 
(SDS-PAGE). Lane 1 and 2: immunoprecipitation of serum pcsk9 and furin 
form among women carrying healthy fetuses (controls). Lane 3 and 4:  
Immunoprecipitation of serum pcsk9 and furin form among women carrying 
NTDs fetuses (cases).
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growth stages and is highly expressed in cerebellar 
neurons. It regulates the physiology of the CNS in many 
different ways, mainly through neuronal differentiation. 
It was documented in a previous study that PCSK9 was 
simultaneously poorly expressed among sera of pregnant 
rats with NTDs in comparison with pregnant rats in the 
control group (7). PCSK9 is involved in many biological 
actions such as lipid breakdown and absorption, cellular 
apoptosis, inflammation reactions, neuronal formation 
as well as tumor metastasis (19). It is important among 
the process of LDL-receptor breaking down inside liver 
cells as well as endothelial tissue. Atypical lipid profiles, 
precisely LDL are related with poor pregnancy outcomes. 
Therefore PCSK9 presence is involved in the cholesterol 
metabolism which is needed in the neuronal methylation 
processes during embryogenesis (20).

 It had been stated that furin cleaved PCSK9 have a much 
less action or role in regulating LDL receptor (LDLR) as 
well as serum LDL cholesterol in comparison to mature 

Figure 2. Roc Curves Analysis for Mature CPSK9, Furin Cleaved Form, and Mature CPSK9/Furin Ratio.

Figure 3. Mature CPSK9/Furin ratio among two study groups. 63.3% women 
had a low normal mature CPSK9/ Furin ratio in comparison to the controls 
36.7 % had a low normal mature CPSK9/Furin ratio.

Table 3. Area Under Curve Analysis of Mature CPSK9, Furin Cleaved, and Mature CPSK9/Furin Ratio

Sensitivity Specificity PPV NPV Accuracy

Mature CPSK9 66.7 60.0 62.5 64.3 63.3

Furin cleaved 43.3 60.0 52.0 51.4 51.7

Ratio mature/Furin 63.3 63.3 63.3 63.3 63.3

PPV: positive predictive value; NPV: negative predictive value; CPSK9: Proprotein Convertase Subtilisin/Kexin type 9.
Data presented as percentages.

Table 4. Comparison of Mature CPSK9, Furin Cleaved, and Mature CPSK9/
Furin Ratio in the Two Studied Groups (n=30/each)

Case Group Control Group P Valuea

Mature CPSK9, No. (%)

0.38Normal 10 (33.3) 18 (60)

Reduced 20 (66.7) 12 (40)

Furin cleaved, No. (%)

0.79Normal 17 (56.7) 12 (40)

Reduced 13 (43.3) 18 (60)

Mature/furin cleaved ratio, No. (%)

0.03High normal 11 (36.7) 19 (63.3)

Low normal 19 (63.3) 11 (36.7)

a Chi–square test. 

PCSK9 (15, 21, 22). Therefore, it is vital to quantity both 
forms of PCSK9 independently to be able to identify the 
importance of mature PCSK9 as well as furin-cleaved 
PCSK9 in cases of NTDs. Though there is not a precise 
method that has been described for measuring furin-
cleaved PCSK9, therefore assessing the ratio of each form 
of PCSK9 with NTDs would aid in increased sensitivity 
and specificity of the test.

 Our study evaluated the two forms of PCSK9 (Mature 
PCSK9 and furin cleaved) circulating in NTD maternal 
sera. Our results revealed no difference in expression 
of mature PCSK9 between women with current NTD 
pregnancies compared with women carrying healthy 
fetuses. Mature PCSK9 expression was reduced among 
NTD pregnancies compared to the control group but did 
not reach statistical significance. As for furin cleaved form, 
it was highly expressed among cases compared to the 
control group but also did not reach statistical significance. 
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However, we took a further step by measuring the ratio 
of mature PCSK9 to furin cleaved from among the two 
studied groups. We found out that the ratio was reduced 
among the case group compared to the control group. It 
was statistically significant, having a P = 0.02 (Table 2) and 
a sensitivity and specificity of 63.3% (Table 3). Even more, 
19 women having current NTD pregnancies expressed a 
low mature CPSK/furin ratio compared to only 11 women 
with healthy pregnancies who expressed a low mature 
CPSK/furin ratio; P = 0.039 (Table 4). To expand more 
understanding regarding those biochemical findings, we 
tried to interpret the reason behind why pregnant women 
carrying NTDs had a decreased ratio of mature PCSK9 to 
furin cleaved in comparison to women carrying healthy 
fetuses among the control group; it is hypothesized that 
furin is the key PCSK9 active protease inside the cells 
(23). Observing the SDS-PAGE, the cleaved PCSK9 
demonstrates a modification in 70 kDa band, converting 
it to a lower 55-kDa which does not have Ser153-Arg218 
amino acid site of the catalytic. Therefore we assumed that 
those pregnant women carrying NTD fetuses and were 
statistically significant for reduced mature PCSK9/furin 
ratio might be affected by this modification which leaves 
the furin cleaved PCSK9 unable to engage to the LDL 
receptor (16) and consequently affecting closure processes 
of the embryo’s neural tube. Furin cleaved form of PCSK9 
circulates in human plasma (16,23), forming 40% of the 
entire flowing PCSK9 (23). PCSK9 is deactivated by furin 
(24). Furin cleavage sequence 215RFHRQ219 mediates 
some gains of function mutations (25,26). There is also 
a possibility that those pregnant women carrying NTD 
fetuses with the reduced mature PCSK9/furin ratio might 
be carrying one of those mutations, affecting the PCSK9 
furin cleavage processes (16,23,25), signifying that furin 
antagonism is the primary molecular cause leading to gain 
of function phenotype. Whether or not furin cleavage of 
PCSK9 disturbs receptor engagement and post ligation 
measures is still under study. For instance, if cleaved 
PCSK9 is naturally inactive but still preserved to bind to 
the LDL receptor normally, the cleaved PCSK9 found in 
the circulation could act as a competitive inhibitor to the 
intact form mature PCSK9.

There is extremely a scarce in the literature regarding 
the correlation of PCSK9 with NTDs. Most of the 
published literature focus on other neurological diseases 
(27). However, Dong and his colleagues examined the 
possible correlation between PCSK9 expressions among 
serum females encountering NTDs pregnancy. The 
study revealed that PCSK9 is greatly reduced among 
pregnant women carrying NTD compared to women 
carrying healthy fetuses in the control group by 0.73-
fold decrease. Their study also documented that PCSK9 
had evidences of analytic efficacy with AUC = 0.763, 
making it a possible biomarker in cases of NTDs, having 
a sensitivity of 56.67% and specificity of 98%. They also 
found that PCSK9 level among spinal cords among 

healthy rat fetuses is progressively augmented over the 
embryo’s growth period. Nevertheless, PCSK9 expression 
level among spinal cords and placentas was dramatically 
lowered in the NTDs rat fetuses compared to normal rat 
fetuses (7). Earlier ontogeny research in mouse embryos 
revealed that PCSK9 is briefly found in the cerebellum 
throughout brain growth. It is also revealed that it is 
mainly found in the extended rostral part of the olfactory 
peduncle throughout growing up. Those findings show 
that PCSK9 might exist in critical stages of neuron 
synthesis, immigration, differentiation of neural cells. 
PCSK9 surge among primary neuronal cultures increases 
the variation of cortical neurons (28). Another study had 
revealed that PCSK9 is found in human CSF (29). Lately, 
it was stated that PCSK9 released in the CNS is maximally 
found in the cerebellum throughout perinatal growth. It is 
expressed in high brain levels among grownups after the 
ischemic attack (30). Our study is also the first to validate 
the Western Blot method to measure both PCSK9 forms; 
mature PCSK9 and furin-cleaved form. This method is 
likely to be valuable for examining the physiological or 
pathological activity of PCSK9. The limitations that faced 
our study were the lack of national standardization of data 
regarding the incidence of NTDs despite the widespread 
of NTD cases among our population. Note to worth the 
scarcity in published literature regarding this topic.

Conclusions
Highlighting the important role of cleaved PCSK9 could 
improve the possibility of early detection and prediction of 
pregnancies carrying NTDs in the upcoming years. Larger 
prospective, comparative studies are needed to confirm 
the validity of CPSK9 as a potential novel biomarker 
for the non-invasive prenatal screening of NTDs and its 
clinical significance.

Authors’ Contribution 
MMS apprehended the idea for the review and its structure, reviewed 
literature and drafted the manuscript. TAS apprehended the idea for the 
review, recruitment of participants, and drafted the manuscript. SS lab 
work up as well as prepared gel electrophoresis figure for publication, 
critical revision of the manuscript for important intellectual content 
and draft the manuscript. All authors approved the final version of the 
manuscript.

Conflict of Interests
The authors have no conflict of interest to declare.

Ethical Issues
The study proposal was approved by the Medical Ethical Committee 
of National Research Centre (NRC), Cairo, Egypt (Code: 19266). In 
accordance with the Helsinki Declaration, a written informed consent 
form was signed by all participants after a full explanation of the purpose 
and steps of the study. 

Financial Support
This study had no financial support.

Acknowledgments
We would like to thank all recruited women who cooperated us to get 
this study done.



Shaker et al

International  Journal of Women’s Health and Reproduction Sciences, Vol. 10, No. 2, April 202296

References 
1. Molloy AM, Kappen C. Papers from the 7th International Neural 

Tube Defects Conference. Birth Defects Res A Clin Mol Teratol. 
2012;94(10):747-748. doi:10.1002/bdra.23082

2. Barutcuoglu M, Umur AS, Vatansever HS, et al. TGF-βs and Smads 
activities at the site of failed neural tube in the human embryos. 
Turk Neurosurg. 2013;23(6):693-699. doi:10.5137/1019-5149.
jtn.9428-13.0

3. Ghi T, Dall’asta A, Pilu G, Contro E, De Musso F, Frusca T. Neural 
tube defects. In: Obstetric Imaging: Fetal Diagnosis and Care. 2nd 
ed. Elsevier; 2018:213-226.e2. doi:10.1016/b978-0-323-44548-
1.00041-3

4. Copp AJ, Stanier P, Greene ND. Neural tube defects: recent 
advances, unsolved questions, and controversies. Lancet Neurol. 
2013;12(8):799-810. doi:10.1016/s1474-4422(13)70110-8 

5. Bartkute K, Balsyte D, Wisser J, Kurmanavicius J. Pregnancy 
outcomes regarding maternal serum AFP value in second trimester 
screening. J Perinat Med. 2017;45(7):817-820. doi:10.1515/jpm-
2016-0101  

6. Salih MA, Murshid WR, Seidahmed MZ. Epidemiology, prenatal 
management, and prevention of neural tube defects. Saudi Med J. 
2014;35 Suppl 1:S15-28.

7. An D, Wei X, Li H, et al. Identification of PCSK9 as a novel 
serum biomarker for the prenatal diagnosis of neural tube defects 
using iTRAQ quantitative proteomics. Sci Rep. 2015;5:17559. 
doi:10.1038/srep17559

8. Bredaki FE, Sciorio C, Wright A, Wright D, Nicolaides KH. Serum 
alpha-fetoprotein in the three trimesters of pregnancy: effects of 
maternal characteristics and medical history. Ultrasound Obstet 
Gynecol. 2015;46(1):34-41. doi:10.1002/uog.14809

9. Bredaki FE, Wright D, Akolekar R, Cruz G, Nicolaides KH. 
Maternal serum alpha-fetoprotein in normal pregnancy at 11-
13 weeks’ gestation. Fetal Diagn Ther. 2011;30(4):274-279. 
doi:10.1159/000330200

10. Tancrède S, Bujold E, Giguère Y, Renald MH, Girouard J, Forest JC. 
Mid-trimester maternal serum AFP and hCG as markers of preterm 
and term adverse pregnancy outcomes. J Obstet Gynaecol Can. 
2015;37(2):111-116. doi:10.1016/s1701-2163(15)30331-5

11. Chen CP. Prenatal diagnosis, fetal surgery, recurrence risk 
and differential diagnosis of neural tube defects. Taiwan J 
Obstet Gynecol. 2008;47(3):283-290. doi:10.1016/s1028-
4559(08)60125-4

12. Lepage N, Chaudhry A, Konforte D, et al. Standardized 
procedural practices of the Ontario prenatal screening program 
for aneuploidies and open neural tube defects. Clin Biochem. 
2012;45(15):1152-1157. doi:10.1016/j.clinbiochem.2012.06.015

13. Chan A, Robertson EF, Haan EA, Ranieri E, Keane RJ. The sensitivity 
of ultrasound and serum alpha-fetoprotein in population-based 
antenatal screening for neural tube defects. South Australia 
1986-1991. Br J Obstet Gynaecol. 1995;102(5):370-376. 
doi:10.1111/j.1471-0528.1995.tb11287.x

14. Chiang LW, Grenier JM, Ettwiller L, et al. An orchestrated gene 
expression component of neuronal programmed cell death 
revealed by cDNA array analysis. Proc Natl Acad Sci U S A. 
2001;98(5):2814-2819. doi:10.1073/pnas.051630598

15. Piper DE, Jackson S, Liu Q, et al. The crystal structure of PCSK9: 
a regulator of plasma LDL-cholesterol. Structure. 2007;15(5):545-
552. doi:10.1016/j.str.2007.04.004

16. Benjannet S, Rhainds D, Hamelin J, Nassoury N, Seidah NG. The 
proprotein convertase (PC) PCSK9 is inactivated by furin and/or 
PC5/6A: functional consequences of natural mutations and post-
translational modifications. J Biol Chem. 2006;281(41):30561-
30572. doi:10.1074/jbc.M606495200

17. Ferri N, Corsini A, Macchi C, Magni P, Ruscica M. Proprotein 
convertase subtilisin kexin type 9 and high-density lipoprotein 
metabolism: experimental animal models and clinical evidence. 
Transl Res. 2016;173:19-29. doi:10.1016/j.trsl.2015.10.004

18. Taylor SC, Berkelman T, Yadav G, Hammond M. A defined 
methodology for reliable quantification of Western blot data. Mol 
Biotechnol. 2013;55(3):217-226. doi:10.1007/s12033-013-9672-
6

19. Tang Z, Jiang L, Peng J, et al. PCSK9 siRNA suppresses the 
inflammatory response induced by oxLDL through inhibition of 
NF-κB activation in THP-1-derived macrophages. Int J Mol Med. 
2012;30(4):931-938. doi:10.3892/ijmm.2012.1072

20. Bishop J, Shaddeau A, Darwin KC, et al. The role of proprotein 
convertase subtilisin kexin 9 (PCSK9) in preeclampsia with 
severe features. Am J Obstet Gynecol. 2020;222(1):S546-S547. 
doi:10.1016/j.ajog.2019.11.888

21. Hampton EN, Knuth MW, Li J, Harris JL, Lesley SA, Spraggon 
G. The self-inhibited structure of full-length PCSK9 at 1.9 Å 
reveals structural homology with resistin within the C-terminal 
domain. Proc Natl Acad Sci U S A. 2007;104(37):14604-14609. 
doi:10.1073/pnas.0703402104

22. Kwon HJ, Lagace TA, McNutt MC, Horton JD, Deisenhofer J. 
Molecular basis for LDL receptor recognition by PCSK9. Proc 
Natl Acad Sci U S A. 2008;105(6):1820-1825. doi:10.1073/
pnas.0712064105

23. Essalmani R, Susan-Resiga D, Chamberland A, et al. In vivo 
evidence that furin from hepatocytes inactivates PCSK9. J Biol 
Chem. 2011;286(6):4257-4263. doi:10.1074/jbc.M110.192104

24. Benjannet S, Rhainds D, Hamelin J, Nassoury N, Seidah NG. The 
proprotein convertase (PC) PCSK9 is inactivated by furin and/or 
PC5/6A: functional consequences of natural mutations and post-
translational modifications. J Biol Chem. 2006;281(41):30561-
30572. doi:10.1074/jbc.M606495200

25. Cameron J, Holla OL, Laerdahl JK, et al. Characterization of novel 
mutations in the catalytic domain of the PCSK9 gene. J Intern Med. 
2008;263(4):420-431. doi:10.1111/j.1365-2796.2007.01915.x

26. Allard D, Amsellem S, Abifadel M, et al. Novel mutations of the 
PCSK9 gene cause variable phenotype of autosomal dominant 
hypercholesterolemia. Hum Mutat. 2005;26(5):497. doi:10.1002/
humu.9383

27. Zimetti F, Caffarra P, Ronda N, et al. Increased PCSK9 cerebrospinal 
fluid concentrations in Alzheimer’s disease. J Alzheimers Dis. 
2017;55(1):315-320. doi:10.3233/jad-160411

28. Basak A, Palmer-Smith H, Mishra P. Proprotein convertase subtilisin 
kexin9 (PCSK9): a novel target for cholesterol regulation. Protein Pept 
Lett. 2012;19(6):575-585. doi:10.2174/092986612800494020

29. Redline RW. Placental pathology: a systematic approach 
with clinical correlations. Placenta. 2008;29 Suppl A:S86-91. 
doi:10.1016/j.placenta.2007.09.003

30. Rousselet E, Marcinkiewicz J, Kriz J, et al. PCSK9 reduces the protein 
levels of the LDL receptor in mouse brain during development 
and after ischemic stroke. J Lipid Res. 2011;52(7):1383-1391. 
doi:10.1194/jlr.M014118

© 2022 The Author(s); This is an open-access article distributed under the terms of the Creative Commons Attribution License  (http://
creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original 
work is properly cited.


