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Abstract. It is well recognized that the elevated plasma level 
of low-density lipoprotein-cholesterol (LDL-C) is a major 
risk factor for atherosclerosis and cardiovascular disease 
(CVD). Deposition of pro-atherogenic LDL-C, on the intima 
of arterial wall, contributes to plaque formation and athero-
sclerosis, which further leads to lowered blood flow to vital 
organs and increased risk of CVD. The most commonly 
used statin therapy is effective in reducing dyslipidemia 
and preventing cardiovascular events only in about half of 
the patient population. However, in patients with familial 
hypercholesterolemia, these drugs were not effective to meet 
the required goals of lower LDL-C, and to reduce the CVD 
risk. Furthermore, many patients even develop intolerability 
to statins and resistance. The identification of pro-protein 
convertase subtilisin/kexin type 9 (PCSK9) and the associa-
tion of PCSK9 mutations with familial hypercholesterolemia 
led to the identification of PCSK9 as a new therapeutic target 
for lowering LDL-C and dyslipidemia-associated CVD. 
PCSK9 is found to promote the degradation of LDL-receptor 
(LDLR), thus rendering it unavailable for recycling to 
hepatocyte plasma membrane, leading to elevated levels 
of circulating LDL-C, as it cannot be taken up into cells. 
While gain-of-function mutations aggravate the degrada-
tion of LDLR as in familial hypercholesterolemia whereas 
loss of function mutations reduce the ability of PCSK9 to 
promote the degradation of LDLR and thus lower the plasma 
level of LDL-C and dyslipidemia. Monoclonal antibodies 
against PCSK9 are currently being tested in clinical trials 
and are found to be efficacious in countering the activity of 
PCSK9 and thus control the plasma LDL-C and triglycerides 
even in statin non-responsive patients and protect against 
dyslipidemia-related CVD.
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1. Introduction

Cardiovascular disease (CVD) is a major health problem world-
wide and despite significant advances in treatment approaches 
that led to reduced CVD-related mortality over the last few 
years, the number of individuals living with damaged heart has 
increased. It is well recognized that elevated plasma level of 
low-density lipoprotein-cholesterol (LDL-C) is a cardinal risk 
factor for atherosclerosis and CVD (1,2). Deposition of pro-
atherogenic LDL-C, on the intima of arterial wall, a process 
mediated by macrophages, contributes to the plaque formation 
and atherosclerosis. This further leads to lowered blood flow to 
vital organs and increased risk of atherothrombotic and athero-
embolic sequelae. Several clinical studies have shown a direct 
association between LDL-C reduction and coronary heart 
disease prevention (1,3). It is known that every 1 mM decrease 
in plasma LDL-C lowers the risk of cardiovascular events by 
20-22% (4,5). A target reduction of LDL-C to <2.5 mM for 
high-risk patients and <1.8 mM for very high-risk patients 
has been suggested by the European guidelines for managing 
dyslipidemia (6). The identification of statins, the inhibitors of 
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reduc-
tase, the rate-limiting enzyme of cholesterol biosynthesis, 
revolutionized the treatment of dyslipidemia and due to their 
overwhelming success in reducing hypercholesterolemia and 
reducing LDL-C they rapidly became the choice of first line 
therapy for this indication (7). However, statin therapy was 
effective in reducing dyslipidemia and preventing cardiovas-
cular events only in 50% of the patient population (4) and in 
some patients, particularly those with familial hypercholester-
olemia, these drugs were not effective to meet the required 
goals of lower LDL-C, and to reduce the CVD risk (8). In 
addition, many patients even develop intolerability to statins 
and resistance (9).

Thus there has been a significant impetus to develop alter-
nate therapeutics to meet the requirements of reducing LDL-C 
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and the incidence of cardiovascular events. Several such 
programs to develop novel therapeutics were not successful due 
to safety issues and lack of better efficacy over statins (10,11), 
except ezetimide, which has been found to further improve 
dyslipidemia over statin therapy (12). Even combination of 
lipid lowering drugs such as fibrates and nicotinic acid deriva-
tives failed to improve CVD events, when used in conjunction 
with statins (13). Thus, clinical guidelines do not recommend 
the use of non-statin drugs in combination with high-intensity 
statin treatment (14). The finding of pro-protein convertase 
subtilisin/kexin type 9 (PCSK9) (15) and association of muta-
tions in this protein with familial hypercholesterolemia (16) 
led to the identification of PCSK9 as a new therapeutic target 
for lowering LDL-C and dyslipidemia-associated CVD.

2. PCSK9

PCSK9 belongs to a family of intracellular ‘convertase’ or 
subtilase enzymes that process precursor protein, and are 
generally inactive, to active mature products that are func-
tional. Substrates for these convertases include a wide array 
of precursor proteins, such as hormones, receptors, growth 
factors and other enzymes (17). However, PCSK9 per se does 
not have an enzymatic function except for the autocatalytic 
cleavage of its own pro-domain, to become a mature protein. 
PCSK9 is encoded by a 22-kb long gene consisting of 12 exons 
and located at chromosome 1p32. PCSK9 gene codes for a 
692-amino acid protein of 74 kDa molecular weight, which 
later undergoes autocatalytic cleavage to the mature 62 kDa 
form, in endoplasmic reticulum/Golgi bodies, from where it 
is secreted into circulation. The cleaved prodomain remains 
non-covalently associated with the mature 62 kDa protein and 
is essential for the biological function of PCSK9 (18). PCSK9 
is primarily synthesized in hepatocytes but other tissues 
including intestine, brain and kidneys are also known to express 
this protein (19,20). The transcription factor sterol regulatory 
element-binding protein 2 (SREBP-2) upregulates PCSK9 
expression (21) and LDL-receptor (LDLR) as well as enzymes 
involved in cholesterol biosynthesis, such as HMG-CoA 
reductase. Unlike other proconvertase enzymes, PCSK9 is 
secreted as a complex of mature PCSK9 (153-692 aa) and its 
inhibitory pro-segment (aa 32-152) (15,22). This complex of 
PCSK9 is enzymatically inactive as its active site is blocked by 
the inhibitory pro-segment and thus prevents it from binding 
with any other substrates (23). Thus, it appears that PCSK9 is 
its own substrate and its physiological activity probably resides 
in its ability to bind specific target proteins to escort them 
towards intracellular degradation compartments.

3. PCSK9 and LDLR degradation

The first and probably the most studied and important target of 
PCSK9 is LDLR on the hepatocyte surface in liver (22). It has 
been shown in a mouse model that PCSK9 inactivation leads 
to a significant reduction in cholesteryl esters and atheroscle-
rosis, whereas the overexpression of PCSK9 led to opposite 
changes and excessive atherosclerosis and all these effects of 
PCSK9 expression were absent in the LDLR-KO mouse (24). 
PCSK9 is shown to associate with the epidermal growth factor-
A (EGF-A) domain of LDLR and to other similar receptors such 

as the VLDL receptor (25). Previous studies have indicated that 
PCSK9 is involved in the regulation of plasma triglyceride rich 
protein and thus it was observed that a deficiency of PCSK9 is 
associated with significantly lowered plasma triglycerides both 
in the clinical setting (26) and in genetically altered mice (27). 
The complex of LDL-C/LDLR normally enters cells through 
clathrin heavy chain-coated vesicles, followed by its dissocia-
tion in the acidic environment of endosomes to LDLR and and 
LDL-C. LDLR is usually recycled back to the cell surface, 
whereas the LDL-C is degraded in lysosomes, where the recov-
ered cholesterol is reutilized in the cell (Fig. 1) (28).

However, the complex of LDLR-PCSK9, which also 
enters the cells through the clathrin-coated vesicles, does not 
dissociate and is degraded in lysosomes, via some unknown 
mechanism (29). PCSK9 is shown to direct LDLR for degra-
dation through intracellular pathways 48 and also after its 
secretion extracellularly by binding to the LDLR (30). While 
there is ample evidence for these two pathways in hepatocytes, 
it is not clear if the two pathways are operational in other 
cells where PCSK9 is expressed. The Cys/His-rich domain 
present at the C-terminus of PCSK9 appears to be essential 
for the intracellular and the extracellular LDLR degradation 
pathways mediated by PCSK9 (31). It has been suggested that 
the acidic environment of endosomes causes His residues of 
CHRD domain to be positively charged, making its interaction 
with the negatively charged ligand-binding domain of LDLR 
stronger and facilitating its targeting to lysosomes for degrada-
tion (Fig. 1) (32). Even though it has been suggested that the 
amyloid precursor-like protein 2 (APLP-2) participates in the 
targeting of PCSK9-LDLR complex to lysosomes, through 
its interaction with CHRD at the surface (33), knockdown of 
APLP-2 had no effect on PCSK9-mediated LDLR degrada-
tion, either via the intracellular or extracellular pathways (18). 
Interaction of plasma LDL, in particular, the ApoB component 
of LDL, can bind to circulating PCSK9 and compromise its 
ability to bind with cell surface LDLR. Thus several players 
influence the PCSK9-mediated targeting and degradation of 
LDLR, including protein X, ApoB, and sec24a, although the 
mechanistic details of these regulations are not entirely clear. 
Thus, there is a positive correlation between circulating PCSK9 
and LDL-C, as increased levels of PCSK9 lead to LDLR 
degradation, rendering the cells unable to import LDL-C from 
circulation.By contrast, binding to LDLR followed by intracel-
lular clearance seems to be the major route for the removal 
of PCSK9 from circulation, as demonstrated in LDLR-KO 
mice (34) and in homozygous familial hypercholesterolemia 
patients (35).

4. PCSK9 mutations and altered lipidemia

Following its discovery by Seidah et al (17), mutations in 
PCSK9 were found to be associated with familial hypercho-
lesterolemia in a French family and a realization that these 
are gain-of-function mutations (16,36), led to the hypothesis 
that loss-of-function mutations and inhibition of PCSK9 
activity can be beneficial in curtailing dyslipidemia (Fig. 1). 
Gain-of-function mutations of PCSK9 cause an increased 
level of this protein in circulation and thus elevated LDL-C. 
It was also noted that D374Y mutant PCSK9 has a much 
higher affinity for LDLR as compared with the wild-type 
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PCSK9 and subjects with this mutation are found to be highly 
susceptible to develop premature coronary heart disease (23) 
with severe form of familial hypercholesterolemia and are 
also less responsive to statins (37). Another gain-of-function 
mutation, R218S, was found to significantly decrease PCSK9 
catabolism, thus promoting its increased circulation time and 
also high cholesterol levels (38).

Besides the gain-of-function mutations, mutations that 
led to its loss of function were also identified and were found 
to be beneficial. Thus, it was observed that carriers of two 
nonsense PCSK9 variants, Y142X and C679X, decreased 
plasma LDL-C by ~1.0 mM and the incidence of CVD in these 
subjects was reduced by ~88%. Similarly, another PCSK9 
variant, R46L, is known to be associated with an LDL-C 
reduction of 0.5 mM, and a 47% reduction in CVD risk (39). 

Protein stability of R46L mutant PCSK9 is reported to be 
decreased with increased degradation, as well as its affinity 
for LDLR (40). There is also certain ethnicity-dependent 
occurrence of a given mutation. Thus, Y142X and C679X 
mutations are seen in 2% of African-Americans whereas 
R46L is present in 2-4% of Caucasian populations (41). R46L 
mutation is also reported to protect against myocardial infarc-
tion (42). Other losses of function PCSK9 mutations are the 
truncating mutations W428X and L82X (43). In an interesting 
case of compound heterozygous woman, Y142X mutation of 
PCSK9 was inherited from the mother and c290-292 delGCC 
mutation was from the father. The woman had no detectable 
PCSK9 in circulation with only 0.36 mM LDL-C and lived a 
healthy normal life, indicating that PCSK9 is not necessary for 
normal life (44). A specific French-Canadian mutation Q152H, 

Figure 1. PCSK9-mediated LDLR degradation pathway. (A) In the absence of bound PCSK9, following binding with LDL, LDLR on hepatocyte membrane 
surface is internalized through clathrin coated vesicles, which form endosomes in cytosol. The acidic environment of the endosome causes dissociation of 
LDLR and LDL particle, followed by the recycling of LDLR molecules back to the cell surface. However, the LDL particle is taken up by the lysosomes, 
where complex lipids are broken down to individual components and released into cytosol for further processing and use. (B) In the presence of PCSK9, which 
associates with LDLR and LDL through different domains, the complex of LDLR-PCSK9-LDL does not dissociate in the acidic environment of endosomes 
and is degraded into amino acids and individual lipid components, which are released into cytosol. Thus in the presence of PCSK9, there is no recycling of 
LDLR. Gain of function (GOF) mutations (e.g., D374Y) in PCSK9 increase its affinity for LDLR and augment its overall effect on the breakdown of LDLR. 
On the other hand, loss-of-function (LOF) mutations in PCSK9 (e.g., Y142X and C679X) and also treatment with therapeutic monoclonal antibodies against 
PCSK9 result in decreased circulating levels of PCSK9 and thus increased availability of LDLR on the cell surface and significantly lowered plasma LDL-C. 
PCSK9, pro-protein convertase subtilisin/kexin type 9; LDLR, low-density lipoprotein-receptor; LDL, low-density lipoprotein.
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which causes loss of function of PCSK9, has been shown to 
prevent the autocatalytic processing of proPCSK9, leading to 
the formation of a dominant negative form of PCSK9, which 
reduces the circulating levels of PCSK9 and also LDL-C by 
~50% (45).

5. PCSK9 antagonists as therapeutic agents

Several strategies have been examined to develop PCSK9 
antagonists because of the promise they hold as therapeutic 
agents against dyslipidemia and associated CVD. Attempts 
to develop small molecule inhibitors, peptidomimetics, were 
not successful because of specificity and accessibility issues. 
To date it appears that monoclonal antibodies against PCSK9 
are the best approach to block PCSK9 function (Fig. 1), in a 
therapeutic manner (18,46). Many pharmaceutical companies 
such as Sanofi (Gentilly, France) and Amgen (Thousand Oaks, 
CA, USA) have developed different therapeutic monoclonal 
antibodies against PCSK9 (evolocumab, alirocumab and 
bococizumab), which have been clinically tested in several 
trials and found to be safe and efficacious in reducing LDL-C 
and also triglycerides.

Evolocumab (AMG145), developed by Amgen, is a fully 
human monoclonal antibody inhibitor of PCSK9 and several 
meta-analyses recently have shown that this mAb is well toler-
ated and more efficacious than statins in patients with familial 
hypercholesterolemia (47,48). Evolocumab was also found to 
reduce cardiovascular outcomes in statin treated patients (49). 
Alirocumab (SAR236553/REGN727), also a fully humanized 
monoclonal antibody was developed by Sanofi and is found 
to be almost equipotent as evolocumab in controlling LDL-C, 
triglycerides and also cardiovascular outcomes (49).

Clinical experience with the anti-PCSK9-monoclonal 
antibodies indicates that these therapeutic agents are safe and 
well tolerated, without any major safety issues and serious 
drug-related adverse events (50). The most common adverse 
events were nasopharyngitis, upper respiratory tract infections, 
influenza-like symptoms and back pain (51). Even though 
treatment related adverse effects were not noted in patients 
receiving PCSK9 mAbs, caution needs to be exercised for 
possible hypocholesterolemia associated adverse effects such 
as cognitive impairment as well as hemorrhagic stroke (49). 
More clinical data are needed to ascertain if these are poten-
tial problems or of not much concern.

6. Conclusions

Plasma level of LDL-C is a major risk factor for atherosclerosis 
and CVD. The most commonly used statin therapy is effective 
in reducing dyslipidemia and preventing cardiovascular events 
only in about half of the patient population and these drugs 
are not effective in patients with familial hypercholesterol-
emia, to meet the required goals of lower LDL-C, to reduce 
the CVD risk. The finding of PCSK9, which promotes LDLR 
breakdown and association of PCSK9 gain of mutations with 
familial hypercholesterolemia and loss of mutations with 
reduced levels of LDL-C, led to the identification of PCSK9 as 
a new therapeutic target for lowering LDL-C and dyslipidemia 
associated CVD. Monoclonal antibodies against PCSK9 are 
currently being tested in clinical trials and have been found 

to be safe without any major adverse effects and efficacious in 
countering the activity of PCSK9 and thus control the plasma 
LDL-C and triglycerides even in statin-non responsive patients 
and protect against dyslipidemia-related CVD. Further 
research is needed to clearly establish their protective effect 
against CVD and related mortality.
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