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Since its first description in 1963, significant advances in lipoprotein(a) [Lp(a)] biology have
taken place. Lp(a) is composed of a low-density lipoprotein (LDL)-like particle where
apolipoprotein B-100 (apoB) is covalently attached to the hydrophilic, glycosylated
apolipoprotein(a) [apo(a)]. Our understanding of Lp(a)’s pathophysiology has been
enhanced by epidemiology studies, meta-analyses and genetic instrumental variable analyses
that suggest Lp(a) is a causal mediator, and not merely a risk marker, of cardiovascular
disease (CVD) and calcific aortic valve stenosis (CAVS).! Elevated plasma Lp(a) levels,
>30-50 mg/dL or >75-125 nmol/L, are present in 20-30% of the general population, and in
even higher percentages in patients with established CVD and CAVS. However, one area of
Lp(a) biology that remains incompletely understood and in need of further clarification is
defining the mechanisms regulating its catabolism.

In this issue of the Circulation Research, Sharma et al.2 elegantly extend our understanding
of hepatic Lp(a) catabolism. Using confocal microscopy to study exogenously added Lp(a)
to cultured hepatocytes and fibroblasts, the authors describe different intracellular fates of
the lipid components of Lp(a) and of the protein apo(a). After initial binding and uptake, the
lipid components leave the Rab5+ early endosomes and undergo lysosomal degradation. In
contrast, apo(a) dissociates from apoB and traffics to the Golgi network, and ultimately
recycles via Rab11+ endosomes and is secreted back into the media. Via this process, the
authors suggest that ~30% of apo(a) recycles back to the extracellular space over a 24-hr
period. The fate of any such “free” apo(a) is unknown, but it could bind to LDL in the
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extracellular space or circulate free until it binds LDL to generate Lp(a), be cleared by other
receptors, enter the vessel wall or kidney or be degraded by proteolytic enzymes.

Furthermore, Sharma et al. showed that apo(a) internalization and recycling was diminished
by inhibition of the plasminogen receptor (KT) (PIgRkT). This novel finding implicates
PlgRkT, a widely-expressed receptor that binds plasminogen in Lp(a) catabolism. However,
binding of Lp(a) to PIgRkt was not fully evaluated and plasminogen did not compete for
Lp(a) internalization, so whether PIgRk is a de facto Lp(a) receptor, solely an apo(a)
recycling receptor or both remains to be clarified (Figure). Moreover, PIgRkT knockout cells
internalize apo(a), albeit much less than control cells, suggesting additional pathways for
Lp(a) catabolism. The authors excluded a significant contribution of the LDLR to Lp(a)
uptake since an LDLR antibody known to compete with LDL binding was unable to alter
Lp(a) clearance.

The LPA gene on chromosome 6, evolutionarily derived from the neighboring plasminogen
gene, encodes kringle domains K1V, KV and an inactive protease domain. KIV of LPA
contains 10 subtypes, of which KIV; is composed of a variable number of tandem repeats,
ranging from 1 to >40. For this reason, the apo(a) protein is highly polymorphic among
human populations. Large apo(a) isoforms with high number of repeats are synthesized
slower in molar quantities than smaller apo(a) isoforms. Therefore, apo(a) size is inversely
correlated with plasma Lp(a) levels, with small isoforms being highly overrepresented in
patients with elevated Lp(a) levels. Statins, the mainstay of preventative therapy for CVD,
reduce circulating LDL-C via upregulation of the LDL receptor (LDLR). Interestingly,
statins do not lower plasma Lp(a), and may in fact raise them 10—20%.3 Therefore further
increases in Lp(a) with statins may represent a significant component of the “residual risk”
not addressed by current medical management. This generates a clinical need to understand
the mechanisms involved in Lp(a) catabolism and to identify novel approaches to lower

Lp(a).

The significance of these findings is that apo(a) is trafficked via a pathway distinct from the
well described endo-lysosomal circuit for LDLR mediated LDL internalization. The role of
LDLR in Lp(a) catabolism is controversial with divergent findings in cell culture.#:°
Multiple cohort studies with familial hypercholesterolemia (FH) patients show an LDLR
gene-dose effect on Lp(a) levels with highest levels in those with homozygous FH (HoFH)
and lowest in non-FH subjects. Consistent with this, mice that overexpress human LDLR
show accelerated Lp(a) clearance.® Experiments in human cell lines demonstrate that Lp(a)
can bind the LDLR and that Lp(a) internalization is reduced by adding the proprotein
convertase subtilisin/kexin type 9 (PCSK9) which shunts the LDLR for lysosomal
degradation,*” PCSK9 inhibition also lowers plasma Lp(a) levels in all patient subsets and
increases the fractional catabolic rate (FCR) of apo(a) in healthy volunteers.8 However, the
FCR of Lp(a) in LDLR-null mice is not different from wild-type controls® or between HoFH
patients and their heterozygous relatives, albeit in very small studies, and other cells culture
studies have suggested no role of the LDLR in PCSK9 mediated Lp(a) reduction.? In further
support of an LDLR independent clearance pathway, evolocumab treated LDLR-null HoFH
subjects (n=2) experienced a 16—-20% decrease in Lp(a) whereas their LDL-C remained
unchanged,9 but a larger study that included 8 LDLR-null HoFH patients suggested much
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smaller reductions of <10%.1! The mechanisms of PCSK9-mediated Lp(a) reduction need to
be reconciled with more definitive studies on Lp(a) catabolism. Additional receptors in
Lp(a) clearance have also been suggested by preclinical models reflecting human disease
including the VLDLR, LRP1 and SR-BI.

More recently, a study of 431,239 patients found a strong correlation between APOE
genotype and plasma Lp(a) levels. Individuals with APOE e4/e4 genotype had 65% higher
Lp(a) levels compared to those with e2/e2 genotype.12 ApoE4 has high affinity for large
lipoproteins and facilitates triglyceride-rich lipoprotein (TRL) clearance via high affinity
binding to LDLR, LRP-1 and syndecan-1. In contrast, apoE2 binds to LDLR and LRP1, but
not syndecan-1, with lower affinity, implying that apoE on TRLs competes with Lp(a) for
LDLR and LRP1-mediated hepatic clearance. This could mean that the apoE-sensitive
clearance receptors either precede the apo(a) recycling pathway or bypass the recycling
pathway and set up Lp(a) directly for lysosomal degradation (Figure). The kidney may also
play a role in the relationship between Lp(a) and apoE since it expresses high levels of LRP1
and megalin/LRP2, both of which bind apoE and Lp(a), and apo(a) fragments are also found
in the urine, even in patients with very low Lp(a) levels.

There are a few limitations to consider when interpreting these studies and similar studies in
the literature. First, the translatability of in vitro cell culture studies to in vivo effects in
humans remains a potential limitation. Second, isolation of “pure” Lp(a) has not been
perfected, and most preparations have variable amounts of LDL and HDL when analyzed by
sensitive ELISA techniques, which may impact interpretation of Lp(a) binding to LDLR,
LRP1 and SRB1 in setting of small amounts of contaminating lipoproteins. Third, the
authors evaluated the effects of the PIgRkt on apo(a) 6 hours into the experiment, where
most Lp(a) was internalized within 1 hour. This suggests that apo(a) may not be internalized
by PlgRkT but rather resorted to PIgRk T in the early endosome that allows slow recycling
and prevention of rapid lysosomal degradation. Consistent with this concept is the
observation that PIgRkt knockdown or overexpression affected the cellular apo(a) content
and not apoB or plasminogen uptake. It remains unclear if Lp(a)-associated apoB uptake
was affected in the PIgRkr-deficient cells when challenged with Lp(a), which may have
clarified this issue. Finally, the relative quantitative contribution and clinical relevance of the
PlgRk T pathway compared to other pathways needs to be defined in future studies.

Overall, the study by Sharma et al. provides valuable insights into Lp(a) catabolism and
suggests a novel physiological pathway for apo(a) catabolism and apo(a) recycling.
Additionally, whether this thrifty conservation pathway of apo(a) protein had a primordial
beneficial function that no longer seems to be needed, as lack of Lp(a) does not apparently
lead to any known pathophysiological consequences,! remains to be determined. It was also
intriguing that the authors suggested that apo(a) may mediate the degradation within
lysosomes of accumulated oxidized phospholipids on apo(a) from cell membranes. Oxidized
phospholipids on apoB (OxPL-apoB), mainly reflecting OxPL on Lp(a), have been shown to
be integral in the clinical prediction of Lp(a)-mediated CVD risk.13 This may represent a
putative, long-sought physiological function of Lp(a) that may explain its evolutionary
arrival as a remodeled duplication from plasminogen, which also carries oxidized
phospholipids.1* This hypothesis can be tested by quantitating OxPL, either with mass
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spectroscopy or immunostaining with antibody E06, in apo(a) before and after secretion to
the media.

Going forward, it will be important to systematically characterize the interaction between
Lp(a) and its various components /n vitro and in vivo to optimally define the physiological
contribution of each receptor and pathway to Lp(a) catabolism. Ultimately, with such an
understanding, novel means to decrease circulating plasma Lp(a) levels by accelerating
catabolism of Lp(a) or apo(a) may be developed, in parallel with the recent successes in
reducing apo(a) synthesis with antisense oligonucleotides.1®
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