experiments.

Figure 5.3S Effects of knocking down PSAP on mouse liver health. A. Liver
morphology. B. Liver section stainin@Representative figures of H&E staining of cross-
sections of liver tissues. C. Plasma ALTactivity. Each sample was assayed in triplicate as

described previously. D. Bodyweight gain of Scrambled and PSARRNA injected mice.
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Chapter 6

Discussion and Future Perspectives
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Previous milestone discoveries in human genetics have established a clear link
between PCSK9 function and plasma LDL-C concentrations. GOF mutations in the PCSK9Y
gene cause autosomal dominant familial hypercholesterolemia. Conversely, LOF mutations
are associated with hypocholesterolemia and protect against CVD. Mechanistic analysis
reveals that circulating PCSK9 binds to LDLR at the cell surface of hepatocytes and promotes
the degradation of LDLR in the lysosome. In this thesis, I sought to further explore the
detailed molecular mechanisms, by which PCSKO is secreted from hepatocytes and interacts

with the LDLR, and directs the receptor for lysosomal degradation.

6.1 The role of PCSK9 CTD in its maturation and secretion

6.1.1 The length of CTD is important for PCSK9 maturation and secretion
Plasma PCSK9 is mainly secreted from hepatocytes, and its levels are positively
associated with LDL-C concentrations. However, the molecular machinery that mediates
PCSKO9 secretion is unclear. The PCSK9 C-terminus is essential for PCSK9-promoted LDLR
degradation. It has been reported that deletion of all three CMs, or only CM2 and CM3, does
not affect PCSKO secretion. Here, I have demonstrated that mutant PCSK9!-28 that lacks CM2
and CM3 displayed no significant difference in PCSK9 secretion compared to the WT full-
length PCSK9. However, I did find that mutant PCSK9!%*3, but not PCSK9!-328, significantly
impairs PCSK9 maturation, indicating a potential role of CM1 in the self-cleavage of PCSK9.
Furthermore, we were the first to define the role of the hinge region in PCSK9 secretion. We
found that full or partial deletion of the hinge region markedly impaired PCSK9 maturation to

a similar extent. Conversely, mutant PCSK9!-443

significantly reduced PCSK9 secretion but
still could be fairly secreted to culture medium, whereas mutants PCSK9!444 PCSK9!-443, and

PCSK9!'4?% all essentially eliminated PCSK9 secretion. Considering that the hinge region is
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exposed on the surface and close to amino acids Ile161 to Argl67 in the N-terminal CAT
(83,105,109,139), removal of the hinge region might interfere with the structural integrity of
the CAT, thereby affecting PCSK9 self-cleavage and maturation. In addition, deletion of
Pro** in mutant PCSK9!** was processed as efficiently as mutants PCSK9!45 and PCSK9!-
446 that included Pro**, but PCSK9!**** markedly reduced PCSK9 secretion compared to the

445 resides inside a pocket that is surrounded by Leu**,

other two mutations. Interestingly, Pro
Pro'®, Ala*?, Met’?8, Ala*?, erc. (83,105,109). It would be of interest to see if this pocket is
involved in the binding of cofactors that contribute to PCSK9 secretion and/or PCSK9-

promoted LDLR degradation.

6.1.2 SEC24 isoforms play a role in PCSK9 ER exit

Recently, it has been reported that knockout of SEC24A, and reduced expression of
SEC24B but not SEC24D in mice, decrease PCSK9 secretion (88). Consistently, we found
that knockdown of SEC24A and SEC24B but not SEC24D impaired PCSK9 secretion in
cultured human hepatocytes. Chen et al. also found that, unlike SEC24A and SEC24B,
overexpression of SEC24C together with SEC23A did not enhance secretion of PCSK9
expressed in 293T cells (88). However, we observed that knockdown of SEC24C in cultured
human hepatoma-derived Huh7 cells, significantly reduced PCSK9 secretion. Nevertheless,
these findings demonstrate that SEC24 plays an important role in facilitating the ER-to-Golgi
transport of PCSK9. The detailed molecular mechanism by which PCSK9 exits the ER,

however, has yet to be determined.

6.1.3 Conclusion
In summary, Chapter 3 has demonstrated the important role of the hinge region of

PCSKO in its secretion and processing. We also found that both loss-of-function mutations
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(S462P and AS522T) and gain-of-function mutations (S465L and E482G) impair PCSK9
secretion. Further, we have shown that SEC24A, B and C, but not SEC24D, facilitate PCSK9
secretion in cultured human hepatoma-derived cells. Together, these findings shed some light

on our understanding of PCSK9 secretion.

6.2 The binding motif between LDLR and PCSK9

6.2.1 The role of Asp203 of LDLR in PCSKY9 binding

It has been reported that the side chain of Asp203 forms hydrogen bonds with the
backbone amide of the LRS of LDLR (170), thereby playing an important role in maintaining
the structural stability of the LDLR. Indeed, mutations on Asp203 including D203N, D203G,
D203A, and D203V, have been identified in FH patients (171-173). However, we did observe
the mature form and cell surface expression of D203N, indicating that the mutant LDLR could
be delivered to the plasma membrane. However, this mutation of LDLR significantly reduced
binding of PCSK9 and LDL to the receptor, as well as PCSK9-promoted LDLR degradation.
It is of note that patients carrying the D203N mutation display FH. Thus, the effect of D203N
on LDL binding must be dominant over its effect on PCSK9 binding. In addition, mutations
D203N, D154N and D172N of the LDLR all introduced a novel N-glycosylation site to the
receptor. D203N and double mutation E153QD154N but not D172N seemed to cause a minor
electrophoretic mobility shift of the LDLR on SDS-PAGE. However, E153QD154N, unlike
DI172N and D203N, had no detectable effect on PCSK9 binding. It would be of interest to
determine if and how these mutations affect N-glycosylation of LDLR and the related

functional consequences.

6.2.2 The role of Asp172 of LDLR in PCSKY9 binding

Aspl72 resides in the highly flexible C-terminal half of the linker between the LR4
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and the LRS (167). No FH mutation has been reported at this position except for a frameshift
mutation that deletes three amino acid residues (172 to 174) and causes a premature stop
(174). Mutation D172N appeared to have no marked effect on LDLR trafficking, LDL binding
at pH 7.4 or PCSKO9 binding at pH 6.0, but significantly reduced PCSK9 binding at pH 7.4.
PCSK9 mainly binds to the EGF-A domain of the LDLR. How did mutations D172N
and D203N in the LR region of LDLR impair PCSK9 binding? We previously found that at
least three ligand binding repeats were required for PCSK9-promoted LDLR degradation (97).
Tyeten et al. also reported that binding of PCSK9 to mutant LDLR without the LRs was
significantly lower at a neutral or acidic pH value than its binding to the full-length receptor
(104). Yamamoto et al. further demonstrated that the LRs of LDLR bound to C-terminal
PCSK9 in a pH-dependent manner with much stronger binding in the acidic endosomal
environment (141). In addition, studies from Holla et al. indicated that the positively charged
C-terminus of PCSK9 might interact with the negatively charged LRs of LDLR (112).
Similarly, Cunningham et al. employed the surface plasmon resonance (SPR) assay and
revealed that C-terminus of PCSK9 purified from Chinese Hamster Ovary (CHO) cells was
important for PCSK9 binding to the LDLR (105). These findings indicate that the negatively
charged LRs of LDLR may interact with the positively charged C-terminus of PCSKO. In this
situation, D203N might affect the structural stability of the LR5 of LDLR and consequently
impair PCSK9 binding. On the other hand, Aspl72 that only affected PCSK9 binding at
neutral pH might involve the interaction with PCSK9. Alternatively, the flexibility of the
loops between the LRs might allow a possible intermodular crosstalk between different LRs.
Thus, it is possible that the structural alteration in the LRS caused by D203N may affect the
structural stability of the LR7, eventually impairing the integrity of the EGF-A and interfering

the PCSK9 binding to the receptor. In addition, several PCSK9 potential binding partners have
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been reported (113,178,179). It will be of interest to investigate if the LRs of LDLR,

especially D172 and D203, are involved in the interaction with these potential partners.

6.2.3 Conclusion

In Chapter 4, I have demonstrated the important role of negatively charged amino acids
in the LRs of the LDLR in the binding of PCSK9 at the cell surface. We showed that the
mutation D172N in the linker between the LR4 and the LR5, and the mutation D203N in the
LRS of the full-length LDLR, significantly reduced PCSK9 binding to the receptor at pH 7.4.
Further, D203N but not D172N reduced PCSK9 binding at pH 6.0 and LDLR-mediated LDL
uptake. Together, these findings indicate that Asp residues at specific positions in the LRs

regulate the binding of PCSK9 to LDLR.

6.3 PSAP regulated LDLR degradation

6.3.1 PSAP versus PCSK9

In Chapter 5, we sought to identify the unknown cofactor(s) that binds to the CTD of
PCSK9 and directs the PCSK9/LDLR complex to the lysosome for degradation. PSAP was
one of the candidate proteins we obtained from the yeast two hybrid system. Our initial
hypothesis was that extracellular PSAP bound to the CTD of PCSK9, while the CAT of
PCSKO interacted with the EGF-A domain of LDLR. After endocytosis, the PCSK9/LDLR
complex would be delivered to the endosome, where the C-terminal domain of PSAP would
provide a lysosomal targeting signal and direct PCSK9/LDLR to the lysosome for
degradation. However, our results demonstrated that PSAP-regulated LDLR levels was
independent of PCSK9 and vice versa. First, Huh7 cells incubated with purified PCSK9

protein displayed a reduction in LDLR levels, whereas incubation of purified PSAP protein
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had no significant effect on LDLR abundance (Fig 5.8). Second, knockdown of PSAP
increased LDLR levels in HEK293 cells that did not express PCSK9. These results suggested

that PSAP regulates LDLR in a pathway different from that of PCSK9.

6.3.2 Intracellular PSAP-promoted LDLR degradation

PSAP is ubiquitously expressed in tissues at a high level, probably due to its main
physiological role in facilitating glycosphingolipid degradation in the lysosome. However,
PSAP is also secreted from many organs, including kidneys, heart, and liver, and is present in
many body fluids such as plasma, at a high concentration (1.5 pg/ml). In this study, we used
AAV-shRNA that reduce PSAP mRNA levels in the mouse liver and found that knockdown of
PSAP increased hepatic LDLR and reduced plasma levels of total cholesterol. On the other
hand, incubation of purified PSAP protein in cultured hepatoma-derived cells had no effect on
LDLR levels (Fig 5.8). These results suggest that PSAP induces LDLR degradation mainly
through an intracellular pathway. Furthermore, we found that PSAP bound to LDLR probably
on its EGF domain. PSAP is transported to the lysosome by binding to a sorting receptor in
the trans-Golgi network. It is possible that some of the LDLR is transported to the lysosome

for degradation within the secretory pathway via interaction with PSAP.

6.4 Future directions

6.4.1 To uncover the binding motif in PSAP for its interaction with LDLR

In Figure 5.7B and 5.7C, I have demonstrated that PSAP interacted with LDLR via the
EGF domain of the LDLR, however the binding motifs in PSAP remain unclear. Since the
binding of the C-terminal domain of PSAP (aa 524-540) to a sorting receptor occurs in the

trans-Golgi network, which is responsible for its lysosomal trafficking, I speculate that the N-
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terminal domain of PSAP may interact with the EGF domain of LDLR. To characterize the
structural requirement for PSAP’s binding to the LDLR, I propose the following study. A
recombinant expression vector containing the full-length human PSAP cDNA will be used as
the template to generate a mutant form of PSAP, in which the N-terminal domain of PSAP is
deleted (PSAPANTD) using the QuickChange™ site-directed mutagenesis kit. Co-
immunoprecipitation experiments will be performed as previously described in Figure 5.7C. I
expect that LDLR will be pulled down with the WT PSAP but not with the PSAPANTD. This
result will indicate the critical requirement of the N-terminal domain for PSAP for its

interaction with LDLR.

6.4.2 To investigate the role of sortilin in PSAP-induced LDLR degradation
We have demonstrated that the intracellular PSAP bound to LDLR and regulated
LDLR degradation. However, how this intracellular pathway functions is yet to be
investigated. The sorting of PSAP to the lysosome occurs in the TGN by sortilin. Given the
role of sortilin in regulation of lipid metabolism, I hypothesize that sortilin plays a role in the
PSAP-induced LDLR degradation. To test this hypothesis, first, we will study the effect of
knocking down sortilin expression on LDLR levels in human hepatocyte-derived cells. If
reduction of sortilin expression increased LDLR levels, we would overexpress sortilin or
PSAP alone, or together to study their collective effect on LDLR degradation in the presence
or absence of the lysosome inhibitor chloroquine (CQ). I speculate that overexpression of both
sortilin and PSAP will reduce LDLR levels in the absence of CQ. This result would indicate
that sortilin plays a role in directing the PSAP/LDLR complex to lysosome for degradation.
Furthermore, it has been reported that compared to the WT mice, sortilin” mice have higher

hepatic LDLR levels and lower plasma levels of total cholesterol (92). We will characterize
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the effect of PSAP knockdown in sortilin” mice. It would be interesting to see if knockdown

of PSAP in these mice could modulate the levels of hepatic LDLR and plasma LDL-C.

6.4.3 To study the effect of PSAP knockdown in atherosclerosis

Our above findings have demonstrated that knockdown of PSAP in cultured cells
enhanced cellular LDL uptake. Further, PSAP-KD mice fed the Western-type diet showed
increased hepatic LDLR levels and a significant reduction in plasma levels of total cholesterol,
HDL and non-HDL cholesterol. This reduction is likely caused by enhanced LDLR-mediated
clearance of LDL, as well as chylomicron remnants and apoE containing HDL particles, as
reported in PCSK9-KO mice. Considering that plasma levels of LDL-C are positively
correlated with the risk of atherosclerosis, it is possible that knockdown of hepatic PSAP
would prevent the development of atherosclerosis. ApoE” mice fed the Western-type diet
would spontaneously develop atherosclerosis. Foam cell lesions are observed in these mice as
early as 10 weeks of age. To investigate the role of PSAP in early lesion formation, we will
inject apoE” mice fed the Western-type diet, with AAV-scrambled or PSAP-shRNA at 4
weeks of age when lesions are undetectable, and subsequently determine the effect of PSAP
on the development of lesions. To assess the LDLR dependence, Ldlr”- mice will be fed the
Western-type diet for 12 weeks to develop atherosclerosis and we will then inject them with
AAVs. At the end of the study, animals will be sacrificed, and blood and tissues will be
harvested and analyzed as described in Figure 5.2 and 5.3. The aorta between the aortic root
and iliac bifurcation will be collected, stained with oil red O and analyzed using Image-Pro
Plus software to assess the atherosclerotic lesions. Given that many factors have both pro- and
anti-atherogenic effects depending on the stages of atherosclerotic plaque, it is difficult to

anticipate the outcome of PSAP knockdown on the development of atherosclerosis.
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6.5 Concluding remarks
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Figure 6.1 Final working model.

In summary, studies in my thesis have demonstrated the important role of PCSK9 C-
terminus in PCSK9 secretion and function. In Chapter 3, I found that the hinge region of
PCSKO9 is critical for its processing and secretion, and SEC24A, B and C but not SEC24D
facilitate PCSK9 secretion in cultured human hepatoma-derived cells. In Chapter 4, I showed
the important role of negatively charged amino acids (D172N and D203N) in the LRs of
LDLR in PCSK9 binding at the cell surface. In Chapter 5, using in vitro and in vivo models, |
found that 1) knockdown of hepatic PSAP increased LDLR abundance in vitro and in vivo and
reduced plasma levels of total cholesterol in mice; 2) knockdown of PSAP had no effect on the
mRNA levels of LDLR and other SREBP2 target genes including PCSK9, SREBP2, and

HMGCR; 3) lysosomal inhibition with chloroquine had no effect on PSAP-mediated increase
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of LDLR; 4) PCSK9 was not required for PSAP-induced LDLR degradation and vice versa.
These findings indicate that PSAP is a potential LDLR binding partner and regulates hepatic
LDLR levels and plasma cholesterol metabolism.

In conclusion, since the discovery of PCSK9 in 2003, it has garnered a staggering
amount of attention from both the scientific community and pharmaceutical companies.
Secreted into plasma by the liver, PCSK9 binds to the LDLR at the surface of hepatocytes,
thereby preventing LDLR recycling and enhancing its degradation in the lysosome, resulting
in reduced LDL-C clearance. It takes 9 years to elaborate powerful new PCSK9-based
therapeutic approaches for reducing circulating levels of LDL-C. PCSK9 is now common
parlance among scientists and clinicians interested in the prevention and treatment of
atherosclerotic CVD. What makes this story so special is not only its recent discovery, and the
fact that it uncovers previously unknown biology, but also that these important scientific
insights have been translated into an effective medical therapy in a record short time.
However, the PCSK9 saga is far from complete. PCSK9 mAbs that dramatically reduce LDL-
C and incrementally reduce atherosclerotic CVD events, with additional therapeutic
antagonists of PCSKO9 are likely on the way. The work demonstrated in this thesis will shed
light on the molecular mechanism of PCSK9-promoted LDLR degradation. Yet, continued

research promises to provide further progress in the development of PCSK9 inhibitors.
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