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Abstract
Elevated levels of low-density lipoprotein (LDL) and its derivative lipoprotein(a) (Lp(a)) in the

bloodstream are directly implicated in the development and progression of atherosclerotic
cardiovascular diseases (ASCVD). LDL homeostasis is mainly regulated by the LDL receptor
(LDLR), which is expressed predominantly on the cell surface of hepatocytes where it binds and
removes free LDL particles from circulation. Endocytosed LDLR may then either be recycled
back to the cell surface or diverted to lysosomes for its degradation. LDLR recycling is therefore
critical for efficient LDL uptake. Endocytic recycling is a complex process involving several
trafficking steps and many potential molecular mediators. Here I characterized the role of a small
GTPase, RAB10, in the trafficking of LDLR. I found that RAB10 depletion inhibits LDLR
recycling from endocytic recycling compartment (ERC), thereby reducing surface LDLR
abundance and cellular LDL uptake. Further investigation showed that RAB10 also promotes
recycling of another cell surface receptor, the transferrin receptor (TFR), but from a different
endocytic compartment. Our findings suggest that RAB10 impacts recycling of LDLR and TFR
by promoting vesicle trafficking from different intracellular compartments.

Although Lp(a) is another casual risk factor for ASCVD, there are no specific Lp(a)-
lowering treatments, and their development is limited by a gap in knowledge regarding Lp(a)
regulation. Unlike the well-known receptor mediated pathway for LDL homeostasis, the
mechanism(s) for cellular uptake of Lp(a) are poorly understood, and several receptors, including
LDLR, have been individually studied with conflicting data. To address this gap, we applied a

high-throughput whole-genome CRISPR screen to interrogate the regulators of Lp(a)

vii



endocytosis in HuH7 cells. Surprisingly, LDLR and other known regulators of LDLR, including
SCAP, MBTPS2, MYLIP were among the top hits in the screen. No other receptors, including
those previously proposed to serve as Lp(a) receptors, exhibited a functional influence on Lp(a)
uptake in this screen. Our results suggest that the LDL receptor is the primary mediator of Lp(a)
uptake in hepatocytes. Collectively, the work done in this thesis increases our understanding of

receptor mediated trafficking of LDL and Lp(a).
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Chapter 1 Introduction

Cholesterol is an important biomolecule required by the human body to play several
essential functions. It is a crucial structural component of cell membranes and serves as
a precursor for the synthesis of vitamin D, bile acid, and steroid hormones. Cholesterol also plays
a role in many signaling pathways. The majority of cholesterol required by our body is
synthesized by the liver, with the remainder derived from dietary absorption in the intestine.
Cholesterol is a hydrophobic lipid and therefore requires packaging within specialized lipid-
protein particles called lipoproteins for transport through the bloodstream. Plasma lipoproteins
are classified into five major groups based on their size and density, which is determined by their
protein to lipid ratio. These includes: -1. Chylomicrons, 2. Very low-density lipoproteins
(VLDL), 3. Intermediate density lipoproteins (IDL), 4. Low-density lipoproteins (LDL), and 5.
High-density lipoproteins (HDL).

Although important for several physiological functions, dysregulated cholesterol
homeostasis can lead to hypercholesterolemia, a leading risk and causal factor for atherosclerotic
cardiovascular diseases (ASCVD)[2-4]. Atherosclerosis is a complex pathological process, in
which plaque composed of cholesterol, calcium, fat, and other substances accumulates in arterial
walls. Progression of atherosclerosis is associated with hardening and narrowing of arteries
leading to an obstruction of blood flow. An atherosclerotic plaque can also acutely rupture and

serve as a nidus for acute thrombus formation, leading to devastating consequences such as



myocardial infarction and stroke. The two well-established atherogenic lipoproteins associated
with development and progression of atherosclerosis are LDL (Low density lipoprotein) and
Lp(a) (Lipoprotein(a)), a derivative of LDL. Despite advances in diagnosis, treatment and
prevention, atherosclerotic cardiovascular diseases remain the leading cause of death worldwide.
In this chapter, we will discuss the currently understood mechanisms for LDL and Lp(a)

regulation.

1.1 Regulation of plasma LDL by receptor mediated endocytosis

LDL endocytosis, degradation, and receptor recycling are fundamental processes that
regulate LDL homeostasis. LDL is a cholesterol-rich lipoprotein particle generated as the end
product of VLDL metabolism, a triacylglycerol (triglyceride)-rich lipoprotein particle secreted
by the liver. The concentration of plasma LDL is determined by the balance between the rate of
biosynthesis and clearance, both of which primarily occur in the liver. More than 80% of
circulating LDL is cleared by the liver after cellular internalization of LDL by the LDL receptor
(LDLR). Mutations in LDLR cause familial hypercholesterolemia (FH), a genetic disease
characterized by very high blood cholesterol levels and early onset atherosclerosis. Mutations in
other genes including PCSK9, LDLRAPI and APOB have also been linked to FH. The LDL
receptor is a transmembrane glycoprotein that is primarily expressed in hepatocytes and clustered
in clathrin-coated pits on the cell surface. Each LDL particle consists of a single apolipoprotein
B-100 molecule, the C-terminal region of which is recognized and bound by LDLR for
endocytosis. After internalization of the LDL-LDLR complex into a clathrin-coated endocytic
vesicle, the coat rapidly disassembles, and LDLR undergoes conformational change induced by
endosomal acidity, releasing the LDL ligand. Dissociated LDL particles are transported through

early and late endosomes and targeted to the lysosome for hydrolysis, where its cholesterol



content is extracted for cellular
metabolism[12]. The majority of ligand-free
LDL receptors are transported through the
endosomal recycling pathway and recycled
back to the plasma membrane to bind and
internalize additional LDL particles (Figure
1.1). However, if the LDLR-LDL complex is
bound to its negative regulator, proprotein
convertase subtilisin/kinexin type 9 (PCSK9),
it then fails to undergo conformational change
in the endosome, redirecting LDLR to the
lysosome along with LDL for
degradation[13]. LDLR is also targeted for

lysosomal degradation by Inducible Degrader
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Figure 1.1 Schematic of the endocytic pathway for the
LDL-LDLR complex.

LDL binds to LDLR on the cell surface and is endocytosed
into clathrin coated vesicles. After internalization, the
clathrin complex rapidly dissociates and LDLR releases
LDL, which is then transported to the lysosome and
hydrolyzed. Free LDLR is then recycled back to the cell
surface.

of LDLR (IDOL), a ubiquitin ligase that ubiquinates and marks LDLR for proteasomal

degradation[ 14-16]. Although several regulators of the LDLR recycling pathway have been

identified, a complete picture of the mechanism by which LDLR is transported back to the cell

surface remains unclear.

1.2 SREBP mediated regulation of cholesterol biosynthesis and clearance

Cholesterol metabolism is regulated at the transcriptional level by sterol regulatory

element-binding proteins (SREBPs), a family of transcription factors that target several genes,

including those involved in the biosynthesis and uptake of lipids, e.g., HMG CoA reductase,

LDLR, and PCSK9 . SREBP activation is regulated by a negative feedback loop triggered by



sterol concentrations in the endoplasmic reticulum (ER). The precursor form of SREBP
complexes with two ER localized proteins, insulin-induced gene (INSIG) and SREBP cleavage-
activating protein (SCAP), stabilized by high cellular sterol. Reduced sterol levels in the ER
membrane result in ubiquitylation and degradation of INSIG, mediating the release and transport
of the SREBP-SCAP complex from the ER to the Golgi[21]. In the Golgi, SREBP is cleaved by
two membrane-bound site-1 and -2 proteases (MBTPS1/2), releasing the active N-terminal
domain which is then transported to the nucleus to induce target gene expression. LDL-derived
cholesterol suppresses the SREBP pathway, creating a feedback mechanism by which cells are
able to adjust the production of LDL, LDLR, PCSK9, and other genes to maintain cholesterol

homeostasis.

1.3 Lipoprotein(a) (Lp(a)), and it’s association with ASCVD

Lp(a) was discovered by Kére Berg in 1963 as a unique serum lipoprotein[22]. Lp(a) is a
variant of LDL, consisting of a core LDL particle bound to an additional protein called
apolipoprotein(a) (apo(a)) which makes a single disulfide bond with the apolipoproteinB (apoB))
component of LDL [23, 24](Figure 1.2). An elevated level of Lp(a) in the bloodstream has been
linked to atherosclerotic cardiovascular disease as determined by several epidemiologic, genetic,
and pathophysiological studies. Lp(a) concentrations above 30-50 mg/dL put an individual at
increased risk for a cardiovascular event. Due to the structural similarity of apo(a) to
plasminogen, Lp(a) has been hypothesized to be involved in thrombosis by competing for
plasminogen binding sites and thereby reducing fibrinolysis. Although many findings link Lp(a)
to atherosclerosis and thrombosis, the precise mechanism for its pathogenicity remains unclear.
The structure of apo(a) consists of an inactive serine-protease domain and several loop-like

kringle (K) domains. The latter include a single copy of the KV and 10 subtypes of the KIV



domain, KIV1-10. KIV subtype 2 is a hypervariable domain that can vary from 1 to >40 repeats.
The isoforms of apo(a) encoded by an individual’s LPA genes determine the size of the Lp(a)
particle and have been inversely correlated with Lp(a) plasma level; carriers of low molecular

. . . Variable numbers of KIV,
weight isoforms (11-22 KIV repeats) have higher \ /
circulating Lp(a) concentrations than carriers of high o 'if'vz‘ o é\i oe

molecular weight isoforms (>22 KIV repeats). ApoB-100

Therefore, copy number polymorphism of LPA4 is a

major genetic determinant of Lp(a) concentration and
associated disease risk. However, Lp(a) concentrations

(o]
can vary up to 200-fold between individuals carrying Apo(a)~"
Lp(a)

Figure 1.2 Lipoprotein(a) (Lp(a)) structure.

same sized isoforms, suggesting the influence of other

types of genetic variation within LPA, in addition to Lp(a) is composed of a core LDL-like particle
and a unique protein called apolipoprotein(a)
. (apo(a)), which is covalently bound to
copy number length, on Lp(a) concentrations[27]. ApoB100 by a single disulfide bond. Apo(a)
is encoded by the highly polymorphic LPA
Indeed, several SNPs in the LPA gene have been gene, and contains a protease like domain,

one kringle V(KV) domain and 10 different
. . o . ) types of kringle I[V(KIV) domains. The copy
associated with variation in Lp(a) concentration. A number of KIV subtype 2 can vary from 1-

>40 repeats.
novel and common splice variant of LPA, G4925A, occurring predominantly in smaller LPA
isoforms, was found to be associated with reduced Lp(a) concentrations and lower
cardiovascular disease risk, demonstrating the role of other factors in addition to LPA size
polymorphism in determining blood Lp(a) concentrations [26]. G4925A reduces expression via
an undetermined mechanism, distinct from simple loss of function. A second splice variant,
G4733A, found in nearly all size-isoforms, though predominantly in medium to large isoforms of

LPA, is also associated with reduced plasma Lp(a) levels[28-31]. G4733 A abolishes a disulfide

bond critical for kringle formation, which suggests that an altered protein structure may lower



apo(a) stability leading to reduced Lp(a). Both G4925A and G4733A are thought to reduce the
expression of their respective alleles without causing complete protein loss. Several other genetic

variants in LPA have been associated with reduced Lp(a) concentrations.

1.4 Lp(a) metabolism

Lp(a) is synthesized in the liver, which is also the main site of Lp(a) removal from
circulation[33]. Lp(a) particles assemble in a two-step process, with apolipoprotein(a) first
forming a noncovalent interaction with the N terminus of apoB-100, which is followed by the

formation of a disulfide bond between
Lp(a) metabolism

S ted t
apo(a) and apoB [34]. The subcellular 5P ecepors
Plasminogen receptors

. . . . Toll like receptors
location of these interactions remains Scavenger receptors /\
Lectin receptor family
unclear with contradictory data. l'l" T T Y T
Studies have shown that plasma f \"
concentrations of Lp(a) are regulated W ) a3
LPA .
not only by the rate of secretion but Apo(a)

also by the rate of \_/

. . Figure 1.3 Schematic representation of proposed pathway for
catabolism[35](Figure 1.3). However, Lipoprotein(a) (Lp(a)) metabolism.

the speciﬁc molecular determinants of Lp(a) is synthesized by the liver, where apo(a) is expressed
and secreted. Lp(a) assembly may take place either before or

after apo(a) secretion. The liver is also the major site of Lp(a)
Lp(a) biosynthesis and catabolism clearance. Several receptors have been proposed to mediate
Lp(a) uptake, as illustrated in the figure.
remain largely unknown. In particular,
the mechanism of Lp(a) catabolism remains controversial. Several candidate receptors for
cellular internalization of Lp(a) have been proposed and tested in vivo and in vitro with

inconsistent results. These includes LDLR, very low-density lipoprotein receptor (VLDLR), low

density lipoprotein receptor-related protein 1 (LRP1), megalin/gp330, scavenger receptor class B



type 1 (SR-B1), Toll like receptor 4, and plasminogen receptors[36, 37]. Due to the structural
similarity between LDL and Lp(a), the LDL receptor has been extensively investigated for its
potential role in Lp(a) binding and clearance. Lp(a) level is frequently found elevated in familial
hypercholesterolemia (FH) patients with complete or partial loss of LDLR function.
Interestingly, the two well established LDL-lowering therapies that increase hepatic LDL
receptor abundance have different effects on Lp(a) levels. PCSK?9 inhibitors, which reduce
plasma LDL by 50%-70% by inhibiting LDLR degradation, also reduce plasma concentrations
of Lp(a) by 20% to 30% . In contrast, statins, which increase LDLR protein abundance by
upregulating LDLR gene expression, have no effect on Lp(a) levels[42]. Although their exact
mechanism of action remains unclear, recent evidence suggests that PCSK9 inhibitors may
reduce Lp(a) concentration by both enhancing clearance[43, 44] and reducing its production and
hepatic secretion. Niacin therapy also reduce Lp(a) levels by amounts similar to that of the
PCSKO9 inhibitors, but by an unknown mechanism, and with no known effect on LDLR. Thus,
the contribution of LDLR to lipoprotein(a) removal remains unclear. This uncertainty has led to
a lack of therapeutic approaches for lowering Lp(a) concentrations, with current strategies in

development instead targeting LPA gene expression.

1.5 Concluding remarks

Atherosclerotic cardiovascular diseases (ASCVD), linked to elevated levels of LDL, are
the leading causes of mortality and morbidity worldwide. A critical pathway regulating plasma
LDL is mediated by LDLR expressed on the liver cell surface, with LDLR binding and
mediating the endocytosis of circulating LDL particles. LDLR, the major therapeutic target for

lowering atherogenic plasma LDL, has been extensively investigated. Despite a sophisticated



understanding of LDLR synthesis and endocytosis, the factors regulating the recycling of LDLR
remain largely unknown.

Elevated plasma Lp(a) is another factor independently linked to ASCVD with
proinflammatory, proatherogenic and potentially prothrombotic properties. The concentration of
Lp(a) in the plasma of an individual is largely genetically determined. LPA4 was identified more
than 40 years ago and has emerged as a clinically important molecule in recent years. Yet after
decades of research, information regarding the assembly, clearance and catabolism of Lp(a)

remains controversial, which has limited the development of Lp(a)-lowering therapeutics.
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Chapter 2 The Small GTPase RAB10 Regulates Endosomal Recycling of the LDL Receptor
and Transferrin Receptor in Hepatocytes!

Abstract

The low-density lipoprotein receptor (LDLR) mediates the hepatic uptake of circulating
low-density lipoproteins (LDL), a process that modulates the development of atherosclerotic
cardiovascular disease. We recently identified RAB10, encoding a small GTPase, as a positive
regulator of LDL uptake in hepatocellular carcinoma cells (HuH7) in a genome-wide CRISPR
screen, though the underlying molecular mechanism for this effect was unknown. We now report
that RAB10 regulates hepatocyte LDL uptake by promoting the recycling of endocytosed LDLR
from RABI11-positive endosomes to the plasma membrane. We also show that RAB10 similarly
promotes the recycling of the transferrin receptor, which binds the transferrin protein that
mediates the transport of iron in the blood, albeit from a distinct RAB4-positive compartment.
Taken together, our findings suggest a model in which RAB10 regulates LDL and transferrin

uptake by promoting both slow and rapid recycling routes for their respective receptor proteins.

2.1 Introduction

An elevated level of circulating low-density lipoprotein (LDL) cholesterol is a major risk factor

for atherosclerotic cardiovascular diseases, including myocardial infarction and stroke.

! This chapter is reproduced from Khan, T. G., Ginsburg, D., and Emmer, B. T. The small GTPase RAB10 regulates
endosomal recycling of the LDL receptor and transferrin receptor in hepatocytes. J Lipid Res (2022) 63(8) 100248,
DOLI: 10.1016/].j1r.2022.100248
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Regulation of plasma cholesterol is governed by a complex interplay between dietary absorption,
de novo biosynthesis, and clearance from the bloodstream. Therapeutic targeting of LDL
clearance has been a highly successful strategy for the prevention and treatment of
atherosclerosis. LDL clearance is mediated by the LDL receptor (LDLR), a cell surface
glycoprotein that directly binds to the apolipoprotein B component of LDL particles and triggers
clathrin-mediated endocytosis. The acidic environment of the endosomal lumen induces complex
dissociation, with LDL subsequently transported to the lysosome for hydrolysis, and free LDLR
recycled back to the plasma membrane. Many regulatory proteins affecting the endocytic
pathway and cell surface expression of LDLR have been identified, including PCSK9, a negative
regulator that redirects LDLR to the lysosome for degradation [3, 11], and IDOL, a ubiquitin
ligase that induces proteasomal degradation of LDLR . Although much is known about the
regulation of LDLR expression and endocytosis, questions remain concerning the molecular
determinants of LDLR recycling.

We recently reported a genome-wide CRISPR screen for modifiers of LDL uptake in
HuH?7 cells [2, 4, 7, 13-16]. This screen identified RAB10, a small GTPase known to mediate
trafficking of vesicles between intracellular compartments, as a key regulator of LDL uptake.
Deletion of RAB10 decreased cellular endocytosis of LDL but increased accumulation of another
endocytic cargo, transferrin. The receptors for low-density lipoprotein (LDLR) and transferrin
(TFR) are both endocytosed from the cell surface via clathrin coated vesicles and transported
through intracellular recycling pathways . In this study, we investigated the role of RAB10 in
LDL and transferrin endocytosis. Our results demonstrate that GTP-bound RAB10 positively
regulates the activity of LDLR and TFR by accelerating the recycling of both proteins to the

plasma membrane.
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2.2 Results

RAB10 regulates the cellular uptake of LDL and transferrin
To test the influence of RAB10 on LDL uptake, we generated RAB10 deficient HuH7 cells by
CRISPR-mediated disruption of the RAB10 gene and confirmed efficient depletion of RAB10

protein by immunoblotting (Fig 2.1A). Consistent with the findings of our previous CRISPR

screen [11, 18, 19], A
gRNA RAB10 gRNA
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CRISPR off-tar get Figure 2.1 RAB10 exhibits opposite effects on cellular accumulation of LDL and transferrin.

(A) Immunoblotting of lysates prepared from HuH7 cells treated with a control nontargeting
effect, we transduced  (NT) gRNA or a gRNA targeting RAB10, with or without heterologous expression of a
CRISPR-resistant wild-type (WT), GTP-locked (Q68L), or GDP-locked (T23N) RAB10 cDNA.
_ (B-C) Fold change of internalized fluorescent LDL (B) or transferrin (C) relative to NT control
RABIO targeted cells for cells indicated in (A). Individual data points represent independent biologic replicates, error
bars indicate standard deviation, * p-value <0.01 (one-way ANOVA test).
with a lentivirus

directing expression of R4AB10 cDNA with a synonymous mutation conferring resistance to
CRISPR disruption; this heterologous expression of wild-type RABI10 cDNA rescued LDL and

transferrin uptake, confirming that the observed effects of R4B10-targeting were mediated by
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on-target activity (Fig 2.1B, 2.1C). We also tested the requirement of GTPase cycling for RAB10
function in LDL and transferrin uptake by expressing RAB10 point mutants locked in the GTP-
bound or GDP-bound states (Fig 2.1A). Expression of both wild type and GTP-locked RAB10
(Q68L) rescued the LDL (Fig 2.1B) and transferrin (Fig 2.1C) uptake phenotype of RAB10-
targeted cells, whereas expression of GDP-locked RAB10 (T23N) had no effect.

RAB10 regulates the cellular distribution of LDLR and TFR

To clarify the molecular basis for altered LDL and transferrin uptake in RAB0-deficient cells,
we analyzed the total protein abundance and surface expression for the corresponding cellular
receptors, LDLR[21] and TFR[4, 17]. Despite the decreased LDL uptake observed in RAB10-
targeted cells (Fig 2.1B), these same cells exhibited increased levels of total cellular LDLR
protein, as measured by both immunoblotting (Fig 2.2A, 2.2B) and by flow cytometry of
permeabilized cells (Fig 2.2C), with no corresponding change in LDLR transcript levels by qRT-
PCR (Fig 2.2D). This increase in total cellular LDLR protein but not mRNA in R4AB10-targeted
cells suggested that the observed decrease in LDL uptake by these cells was due to a defect in
either LDLR trafficking or activity rather than an effect on LDLR gene expression. Indeed, flow
cytometry of non-permeabilized RAB10-targeted cells demonstrated a redistribution of cellular
LDLR protein from the cell surface to intracellular compartments (Fig 2.2E, Supplementary Fig
2.1A). In contrast, overexpression of either wild-type or GTP-locked RAB10 had the opposite

effect, increasing the proportion of LDLR at the cell surface (Supplementary Fig 2.1B).
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To examine the effects of RAB10 on TFR, we similarly analyzed the distribution of TFR

in RAB10-targeted cells. Despite the divergent effects of RAB10-targeting on LDL and
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Figure 2.2 RAB10 regulates cell surface expression of LDLR and TFR.

HuH7 cells were treated with a gRNA targeting RAB10, LDLR, TFRC, or a nontargeting (NT) control. Changes in LDLR
(A-E) and TFR (F-J) were evaluated by western blotting (A-B, F-G) or flow cytometry of permeabilized cells (C, H) for
total cellular protein, flow cytometry of intact cells for surface-displayed protein (E, J), or qRT-PCR for mRNA abundance
(D, I). Individual data points represent independent biologic replicates, error bars indicate standard deviation, * p-value

<0.01 (one-way ANOVA test).

transferrin uptake (Fig 2.1B, 2.1C), the effect on TFR abundance mirrored its effect on LDLR,

with total cellular TFR protein levels increased (Fig 2.2F-H) while mRNA levels were

unchanged (Fig 2.21) and surface-displayed protein levels were reduced (Fig 2.2J). These
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similarities suggest that the discordant effects of RAB/0 targeting on LDL and transferrin
cellular accumulation are a result of different fates of the labeled ligand rather than their
corresponding receptors. Consistent with this interpretation, internalized LDL is released from
LDLR in acidic compartments whereas transferrin remains in complex with TFR until it is
released to the extracellular environment after TFR is recycled back to the plasma membrane .
Heterogeneous distribution of RAB10 in subcellular compartments

We next assessed the localization of RAB10 in HuH7 cells by immunofluorescence microscopy.
Staining of RAB10-targeted cells confirmed the specificity of the RAB10 antibody (Fig 2.3A).
We observed colocalization of RAB10 with markers of the early endosome (EEA1), recycling
endosome (RAB11), trans-Golgi network (TGN46), and endoplasmic reticulum (ER, PDI) (Fig
2.3B), consistent with prior studies of RAB10 in other cell types . We quantified the relative
distribution of RAB10 in these intracellular compartments and observed that RAB10 was
sparsely distributed in EEA 1-positive early endosomes and in the TGN46-positive trans-Golgi
network. We also observed a large pool of RAB10 colocalized with RAB11-positive recycling
endosomes and with the PDI-positive ER (Fig 2.3C). We next tested how the GTPase cycle of
RABI0 affected its localization by comparison of wild-type, GTP-locked (Q68L), or GDP-
locked (T23N) RAB10 expressed in a clonal cell line deleted for endogenous RAB10 (Fig 2.3D).
Consistent with previous reports , we observed significantly decreased steady state protein levels
for the GDP-locked mutant by both immunoblotting (Fig 2.3D) and immunofluorescence (Fig
2.3E). In contrast, steady state levels of the GTP-locked (Q68L) mutant were comparable to
those of wild-type RAB10 (Fig 2.3D, 2.3E). In comparison to wild-type RAB10, GTP-locked
RAB10 demonstrated increased colocalization with TGN46 and decreased colocalization with

Rabl1 (Fig. 2.3F, G). Together, these findings highlight the heterogeneous subcellular
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distribution of RAB10, its modulation by the GTPase cycle, and its potential to directly regulate

the vesicular trafficking of LDLR and TFR.
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Figure 2.3 Characterization of subcellular localization of RAB10.
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(A) RAB10 immunofluorescence of wild-type and RAB10-targeted HuH7 cells. (B) Co-staining of wild type HuH7 cells
for RAB10 and the indicated markers for different subcellular compartments. (C) Mander’s coefficient showing overlap of
endogenous RAB10 with the indicated marker in HuH7 cells. (D) Western blot of lysates prepared from wild-type and a
RAB10-deleted HuH7 clonal cell line with or without heterologous expression of wild type, Q68L, or T23N CRISPR-
resistant RAB10 cDNA. (E) RAB10 immunoflourescence of the cells indicated in (D). (F-G) Mander’s coefficient and
Pearson’s correlation coefficient for the colocalization of the indicated marker with wild type or Q68L RAB10. Individual
data points represent single cells imaged in two to three biological replicates; error bars indicate standard deviation. * p-
value<0.01 (two-way ANOVA).
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RAB10 depletion induces the redistribution of LDLR and TFR within subcellular
compartments

By confocal imaging we observed that a subset of RAB10 colocalized with both LDLR and TFR
in intracellular punctae, (Supplementary Fig 2.2A, 2.2B). We examined the impact of RAB10
depletion on the intracellular distribution of LDLR and TFR. Consistent with the cellular
accumulation of LDLR and TFR in R4B10-targeted cells detected by immunoblotting and flow
cytometry (Fig 2.2A-C, F-H), immunofluorescence of RAB0-targeted cells revealed increased
staining for both LDLR and TFR that remained distributed in punctae (Fig 2.4). Colocalization
analysis revealed the intracellular accumulation of LDLR to occur primarily in RAB11-positive
recycling endosomes in RAB10-deleted cells (Fig. 2.4C, 2.4H), consistent with a role for RAB10
in receptor recycling, with no change in colocalization with the early endosomal marker
EEAI1(Fig. 2.4A, 2.4H), the early endosomal/rapid recycling marker RAB4 (Fig. 2.4B, 2.4H), the
cis-Golgi marker GM130(Fig. 2.4E, 2.4H), the ER marker PDI(Fig. 2.4F, 2.4H), or the
lysosomal marker Lamp1(Fig. 2.4G, 2.4H). Significant LDLR accumulation was also observed
in the trans-Golgi network, as reflected by TGN46 colocalization (Fig. 2.4D, 2.4H).

A similar analysis of TFR redistribution in RAB10-targeted cells revealed a significant increase
in colocalization with RAB4 (Fig. 2.5B, 2.5G) and a reduced colocalization with EEA1 (Fig.
2.5A, 2.5G). In contrast to LDLR, no significant increase in colocalization was observed for TFR
with Rab11 and TGN46 (Fig. 2.5C-D, 2.5G). Similar to LDLR, no change in TFR colocalization
was observed for markers of the cis-Golgi network (Fig. 2.5E, 2.5G) or the ER (Fig. 2.5F, 2.5G).
These findings suggest that RAB10 depletion affects distribution of LDLR and TFR in distinct

recycling compartments.
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Figure 2.4 RAB10 deletion alters LDLR intracellular distribution.

(A-G) HuH7 cells treated with either a RAB10-targeting gRNA or a non-targeting control (NT) were co-
stained for LDLR and intracellular compartment markers EEA1(A), RAB4(B), RAB11(C), TGN46(D),
GM130(E), PDI(F) or LAMP1(G). (H) Mander’s overlap of LDLR with each indicated marker. Individual data
points represent single cells imaged in two to three biological replicates; error bars indicate standard deviation.
* p-value<0.01 (two-way ANOVA)
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Figure 2.5 RAB10 deletion alters intracellular distribution of TFR.

(A-F) HuH7 cells treated with either a RAB10-targeting gRNA or non-targeting control (NT) were co-stained for
TFR and intracellular compartment markers EEA1(A), RAB4(B), RAB11(C), TGN46(D), GM130(E), and
PDI(F). (G) Mander’s overlap of TFR with each indicated marker. Individual data points represent single cells
imaged in two to three biological replicates; error bars indicate standard deviation. * p-value< 0.01 (two-way
ANOVA).
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RAB10 does not alter the kinetics of endocytosis for LDLR or TFR

The redistribution of LDLR and TFR from the plasma membrane to endosomes in RAB10-
targeted cells could be due to an influence on endocytosis or recycling. To distinguish between
these possibilities, we first examined endocytosis of TFR in complex with fluorescently labeled
transferrin in R4B10-targeted and control cells using a previously reported approach . Briefly,
cell surface TFR was saturated with fluorescently conjugated transferrin, with samples cooled to
4°C to block endocytosis. Endocytosis was then induced by increasing the temperature to 37°C
for various intervals, after which the temperature was again rapidly lowered to 4°C and
remaining surface bound transferrin was removed by washing with acidic buffer. Internalized
TFR-transferrin complex was then quantified by flow cytometry. At time zero, less fluorescent
transferrin was bound to RAB10-depleted cells compared to control cells (Fig. 2.6A), consistent
with the decreased surface TFR abundance in RAB10-targeted cells by flow cytometry (Fig.
2.2]). For the fluorescent transferrin that was bound to the cell surface, internalization was
complete within 5-10 minutes, with no significant difference in the rate of endocytosis between
RAB10-depleted and control cells (Fig. 2.6B).

In contrast to the TFR-transferrin complex, LDLR-LDL dissociates in the acidic
environment of early endosomes with subsequent LDL degradation , which limits the utility of
fluorescent LDL to monitor endocytosis. We therefore used an antibody that recognizes an
LDLR extracellular epitope to assay LDLR endocytosis kinetics . Cell surface LDLR was first
saturated with LDLR antibody at 4°C, with endocytosis then triggered by a temperature shift to
37°C. Samples taken at different time points were then quickly chilled to block further
endocytosis and the remaining surface LDLR-antibody complex was stained with fluorescently

labelled secondary antibody, with the fraction of internalized LDLR antibody reflected by its
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protection from surface staining with secondary antibody. Consistent with decreased surface
LDLR in RAB10 depleted cells, less fluorescent antibody was bound at time zero compared to
control cells (Fig 2.2E, Fig. 2.6C). Similar to TFR, no difference was observed in the rate of

LDLR endocytosis between control and RAB10-depleted cells (Fig. 2.6D).
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Figure 2.6 RAB10 regulates recycling but not endocytosis.

(A-B) HuH7 cells transduced with a RAB10-targeting gRNA or non-targeting gRNA control (NT) were assessed for surface
binding of transferrin at time 0 (A) and at serial time points following endocytosis for internalization of surface-bound
transferrin (B) by flow cytometry. (C-D) Surface-exposed LDLR was labeled with fluorescent antibody and assayed for
internalization after various time points by flow cytometry. (E) TFR recycling was assayed by synchronizing cells with
internalized transferrin and tracking the reduction in fluorescent signal at indicated time points by flow cytometry. Error bars
represent standard deviation for 4 biologic replicates. * p-value <0.01 (student’s t-test)

RAB10 promotes the recycling of TFR

In our assay of TFR endocytosis (Fig 2.6B), we noted a trend toward a decrease in cellular
fluorescence after 10 minutes in control cells that was less pronounced in RAB10-depleted cells.
This time frame is consistent with what would be expected for bulk recycling of endocytosed

receptor from common endosomes . We thus examined the recycling kinetics of TFR in response
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to RAB10 depletion. Cells were loaded with fluorescent transferrin at 37°C for 30 minutes,
endocytosis was then blocked by cold treatment, and recycling was induced by shifting samples
to 37°C for different chase periods. Samples of cells at specific time points were quickly chilled
and resurfaced TFR-transferrin was acid-washed. Remaining intracellular TFR-transferrin was
then quantified by flow cytometry. R4B10-targeting resulted in a significant delay in TFR
recycling, with 50% of the intracellular transferrin-TFR complexes recycled within 8 minutes for

control cells compared to 15-20 minutes for RAB10-targeted cells (Fig. 2.6E).
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Figure 2.7 RAB10 regulates the ratio of surface to total LDLR and TFR.

(A) Ratio of surface to total LDLR abundance for HuH7 cells treated with a gRNA targeting RAB10, or a nontargeting
(NT) control. *** p-value <0.0002 (student’s t-test). (B) Ratio of surface to total LDLR abundance for wild-type HuH7
cells and HuH?7 cells overexpressing wild-type or the Q68L mutant of RAB10. **p-value = 0.0017 (one-way ANOVA).
(C) Ratio of surface to total TFR abundance for HuH7 cells treated with a RAB10-targeting gRNA or NT control. **** p-
value <0.0001 (student’s t-test). Individual data points represent biologic replicates, error bars indicate standard deviation.
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Figure 2.8 RAB10 colocalizes with LDLR and TFR.

Immunofluorescence of HuH7 cells (A, C) with Pearson’s correlation coefficient and Mander’s overlap coefficient (B, D) for
colocalization between RAB10 and LDLR (A, B) or TFR (C, D). Individual data points represent individual cells imaged in
three biologic replicates; error bars indicate standard deviation.

2.3 Discussion

Recycling of endocytosed membrane proteins to the cell surface plays an important role
in maintaining the composition of the plasma membrane and the physiologic functions of the
recycled proteins. Together with gene expression, protein secretion, and protein turnover,
recycling regulates the steady state level of a given receptor protein on the cell surface. The
initial endocytosis of integral membrane proteins shares similar features, with receptors often
releasing their ligands in the acidic lumen of early endosomes. After complex dissociation,
receptors may then recycle back to the plasma membrane, either directly or via the endocytic

recycling compartment (ERC) and late recycling vesicles.
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Rab GTPases have previously been reported to play broad roles in the regulation of vesicular
trafficking. We recently identified the small GTPase RAB10 as a putative modifier of cellular
LDL and transferrin uptake [5, 37, 38]. In the current report, we confirmed the discordant effects

of RAB10 on LDL and transferrin cellular accumulation, with the former decreased and the latter
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Figure 2.9 Differential effects of R4B10 deletion on LDLR and TFR recycling.

(A) LDL bound LDLR and holo transferrin bound TFR undergo clathrin mediated endocytosis, upon which LDLR releases
LDL and transferrin releases iron molecules within sorting endosome. LDLR is then transported via an endocytic recycling
compartment (ERC) and recycled to the cell surface. The majority (80-90%) of apo transferrin bound TFR is recycled
through a fast-recycling route to the cell surface. (B) Deletion of R4B10 results in a defect in trafficking of both fast and slow
recycling vesicles, leading to accumulation of LDLR in RAB11 positive ERC and TFR in RAB4 positive fast recycling
vesicles, resulting in reduced cell surface LDLR and TFR. Despite both LDLR and TFR accumulating within recycling
compartments, only transferrin, which remains in complex with TFR, also accumulates in RAB1(0-deleted cells, as LDL
dissociates from LDLR and undergoes degradation within lysosomes.

increased upon RAB10 depletion (Fig. 1B-C). Unexpectedly, in contrast to the opposing effects
of RAB10 depletion on LDL and transferrin uptake, we observed similar effects on their
corresponding receptors, LDLR and TFR. This discrepancy was likely due to the different fates
of the two ligands following uptake, with LDL undergoing dissociation from LDLR while
transferrin remains in complex with TFR during recycling until its release extracellularly. This
process is summarized schematically in Figure 7.

Several lines of evidence support a model in which RAB10 promotes the recycling of
both LDLR and TFR. First, RAB10 depletion caused a decrease in the amount of both receptors

on the cell surface without a corresponding decrease in gene expression (Fig. 2). Second, RAB10
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depletion also caused an intracellular accumulation of both receptors in recycling organelles
consistent with a delay in their plasma membrane recycling (Fig. 4H-I, Fig. 5G-H). Third, a
subpopulation of RAB10 was found to colocalize with both receptors and with recycling
endosomes. Fourth, the association of GTP locked RAB10 mutant with recycling endosomes was
decreased, consistent with this active form accelerating the anterograde transport of cargo
vesicles out of this compartment. Finally, kinetic experiments confirmed a delay in TFR
recycling to the plasma membrane (Fig. 6D).

Previous studies have revealed heterogeneity in the recycling of different receptors, with
some, including LDLR, transported along a RAB11-mediated slow recycling pathway involving
the ERC, while others, including TFR, utilize both RAB11 and RAB4-mediated rapid recycling
pathways . Our results implicate RAB10 in both pathways, as we observed LDLR accumulation
in RAB11-positive punctae and TFR accumulation in RAB4-positive punctae upon RAB10
depletion. Small GTPases function as molecular switches, cycling between a GDP bound
inactive state and GTP-bound active state that mediates recruitment of effector proteins to
membranes. Intriguingly, GTP-bound RAB10 has previously been demonstrated to mediate the
insulin-stimulated transport of GLUT4-containing vesicles to the plasma membrane via its
recruitment of the exocyst membrane tethering complex [17]. Our prior screen of LDL uptake
modifiers likewise identified several exocyst components including EXOC1, EXOC2, EXOC3,
EXOC4, EXOC7, EXOCS that phenocopied RAB10, with depletion of either protein resulting in
decreased LDL uptake and increased transferrin accumulation. Association of RAB10 with the
exocyst complex has also been reported in renal epithelial cells [19]. Taken together, these
findings suggest that RAB10 may promote the recycling of LDLR and TFR through the

recruitment of the exocyst to recycling vesicles. The previously reported CRISPR screen for
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modifiers of LDL uptake [13] also identified RABIF (Rab interacting factor), a guanine
nucleotide exchange factor that stimulates GDP release from various Rab GTPases including
RAB10, and which has also been shown to stabilize RAB10 [20]. This screen also identified
STX4, a SNARE protein that facilitates docking and fusion of transport vesicle with the cell
membrane and has been similarly implicated in the fusion of GLUT4 vesicles with the plasma
membrane[17]. A recent study based on published proteomic data and CRISPR/Cas9 screens
also identified a correlation between RAB10 and STX4([5]. Taken together, these findings
suggest that RAB10, the exocyst, and STX4 may work together to coordinate the trafficking,
tethering, and fusion of LDLR and TFR-containing recycling vesicles, similar to their role in
GLUT4 vesicular trafficking.

RABI10 has also been implicated in diverse areas of membrane trafficking in different
cell types, including formation of noncanonical macropinosome tubules in macrophages [39],
vesicle transportation from early endosome to recycling endosome in C. elegans[40], and Golgi
to plasma membrane transport in macrophages [12, 41-45]. Consistent with this wide range of
functions, RAB10 has been localized to multiple subcellular compartments in different cell types
including the endoplasmic reticulum, trans Golgi network, early endosomes, recycling
endosomes, phagosomes, and primary cilia . We also observed significant subpopulations of
RABI10 in several subcellular compartments. In further support of the breadth of cellular
functions for RAB10, germline deletion of RAB10 in mice results in embryonic lethality[1]. This
latter observation limits the direct confirmation of our current findings in an in vivo mouse
model and, together with our demonstration that multiple receptors depend on RAB10 for
recycling, suggests that the potential for RAB10-mediated LDLR recycling as a therapeutic

target is likely to be limited by substantial off-target effects.
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2.4 Materials and Methods

Antibodies

Antibody Supplier /ID Experiment Dilution

Anti LDLR Proteintech; 10785-1-AP Western blot 1:2000

Anti LDLR Santa Cruz biotechnology; sc- Immunofluorescence 1:400
18823(clone C7) Endocytosis assay 1.25ul(0.25ug)/100ul

Anti LDLR R & D system; FAB2148G Protein quantification by 5ul/100ul(1076 cells)
Alexa488 FACS

Anti TFR Santa Cruz biotechnology; sc- western blot 1:1000
65882/H68.4 Immunofluorescence 1:400

Anti TFR-FITC

Fisher/11-0719-42 (clone OKT9)

Protein quantification by
FACS

5ul(0.125ug)/100ul(10°5-
1078 cells/100ul)

Anti Rab10 Abcam/ab237703 western blot 1:1000
Immunofluorescence 1:400

Rabbit anti EEA1 | Cell Signaling Technology, Immunofluorescence 1:100
Inc./3288S(clone C45B10)

Mouse anti EEA1 | BD BIOSCIENCE /610456 Immunofluorescence 1:400

Rabbit Anti Cell Signaling Technology /(clone Immunofluorescence 1:100

Rabl1 DA4F5) 5589S

Mouse anti Rabl1 | Santa Cruz biotechnology Immunofluorescence 1:50
/(clone D-3) sc-166523

Rabbit anti Santa Cruz biotechnology /9091S Immunofluorescence 1:100

LAMP1

Rabbit PDI Cell Signaling Technology /3501S Immunofluorescence 1:100

Mouse anti PDI Thermo Scientific Immunofluorescence 1:50
/MA3-019

Rabbit TGN46 Abcam Immunofluorescence 1:100
/ab50595

Sheep anti Human | Bio-Rad/AHP500GT Immunofluorescence 1:200

TGN46

Rabbit anti Abcam/ab52649 Immunofluorescence 1:100

GM130

Rabbit anti Cell Signaling Technology, Inc. Immunofluorescence 1:100

Rab7(D95F2) /9367T

Donkey anti- Thermo Scientific Immunofluorescence 1:500

Sheep IgG-Alexa | / A-11015

Fluor 488

Donkey anti Thermo Scientific Immunofluorescence 1:1000

Mouse IgG-Alexa | / A-21202 FACS

Fluor 488

Donkey anti Fisher/ A32754 Immunofluorescence 1:500

Rabbit IgG-Alexa

Fluor Plus 594

B-Actin Antibody | Santa Cruz biotechnology Western blot 1:1000

(4 /sc-47778

Anti mouse Western blot 1:5000
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| Anti rabbit | Western blot | 1:5000

Oligonucleotide sequences

RAB10 gRNA TGATGGTGTGAAATCGCTCC
LDLR gRNA AACAAGTTCAAGTGTCACAG
TFRC gRNA CGGTAGACTTGTTTACCTGG
Non targeting gRNA CGTGTGTGGGTAAACGGAAA

Plasmid, virus and cell culture

For CRISPR mediated gene knockouts, the sgRNA sequences were cloned into the CRISPR
plasmid pLentiCRISPRv2(Addgene, MA, USA #52961) as previously described [47]. Virus
particles were then prepared by co-transfection of cloned sgRNA together with pCMV-VSV-G
(Addgene #8454) and (Addgene #12260) into HEK293T cells with Lipofectamine LTX
(ThermoFisher). Media was replaced at 12 hr post transfection. Conditioned media containing
virus were harvested at 48 hr post-transfection, centrifuged at 1000g for 10 mins, and the
resulting supernatant stored at -80 C for future use. To generate knockout cells, HuH7 cells were
transduced with lentivirus carrying the corresponding sgRNA, selected for transduced cells with
puromycin, and passaged for two weeks to allow time for target site mutagenesis and turnover of
wild type protein. RAB10 knockout clonal cell lines were derived by diluting cell suspensions
into 96 well plates. Wells containing a single colony of growth were then expanded. Selected
clonal cell lines were analyzed by immunofluorescence and immunoblotting. RAB10 expression
constructs were generated by cloning CRISPR resistant cDNA sequences and a blasticidin
resistance cassette into the lentiviral expression vector LeGO-iC2(Addgene, 27345) using
GIBSON assembly mix purchased from NEB (NEBuilder HiFi DNA Assembly). HEK293T and
HuH7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum, and 100 U/ml penicillin, 100 mg/ml streptomycin (Thermo Scientific)

at 37°C in a 5% CO2-conditioned, humidified incubator.
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LDL and transferrin uptake assay

Cells were seeded in 6 well plates to achieve ~70%-80% confluence on the day of analysis. For
uptake assays, cells were washed with serum free DMEM and then incubated in DMEM
containing either 4 pg/ml DyLight550-conjugated LDL (Cayman Chemical) or 5 pg/ml Alexa
Fluor 555 conjugated transferrin (ThermoFisher Scientific) at 37°C for 1 hour or 30 mins,
respectively. Cells were harvested with TrypLE express (ThermoFisher Scientific), washed with
ice cold PBS, resuspended in 150ul of ice-cold PBS, and analyzed with a Bio-Rad Ze5 flow
cytometer. Data analysis was performed with FlowJo (FlowJo).

Western blot

Cells were cultured at 37°C in 10 cm dish until 70-80% confluent. Cells collected with trypLE
express were washed in PBS, and then lysed in RIPA lysis and extraction buffer (Thermo
Scientific) containing complete protease inhibitor cocktail (Roche). After brief sonication, lysed
cell suspensions were rotated at 4°C for 1 hr for protein extraction followed by centrifugation at
15000g. Protein concentration was determined with the Bio-Rad DC assay kit (Bio-Rad, # 500-
0111) and SDS-PAGE was performed using NuPAGE™ 4 to 12%, Bis-Tris, mini protein gels
(ThermoFisher Scientific # NP0321BOX) according to manufacturer’s instruction. Western blot
transfer was done into nitrocellulose membrane (Thermo scientific #1B23002) using the iBlot 2
Dry Blotting System (Thermo Scientific).

Flow cytometry

HuH7 cells cultured in 6 well plates were prepared for analysis at 70-80% confluence. For
surface staining, collected cells were washed three times with ice cold blocking buffer (PBS, 2%
FBS), resuspended at approximately 106 cells in 1 mL blocking buffer and incubated for 30 mins

with end-over-end rotation at 4° C. After centrifugation at 400g for 5 mins, cells were
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resuspended in fluorescently labelled LDLR antibody or TFR antibody diluted in 100 ul
blocking buffer and incubated for 1 hr in the dark at 40C. Cells were then washed 3 times with
ice cold PBS, resuspended in 150 pl cold PBS for final analysis by flow cytometry (Bio-Rad
ZES). For quantification of total cellular LDLR or TFR, harvested cells were fixed with 2% PFA
for 10 minutes followed by PBS wash and permeabilization with 500 pl of 0.5% saponin in PBS
before proceeding with staining for LDLR and TFR.

Immunofluorescence and confocal microscopy

Cells cultured on poly-D-lysine coated glass coverslips (Electron Microscopy Sciences, #72294-
11) were fixed in 2% paraformaldehyde for 15 mins in the dark at room temperature. After
washing three times with PBS, cells were then permeabilized with 0.1% saponin in PBS for 5
mins, incubated for 1 hr in blocking buffer (PBS with 4% FBS and 40mM glycine), stained with
primary antibody at indicated dilutions in PBS with 4% FBS for 1 hr, washed with PBS three
times, stained with secondary antibody at indicated dilutions in PBS with 4% FBS for 1 hr, and
washed with PBS three times. Coverslips were mounted on glass slides with Prolong Diamond
antifade mounting reagent (Invitrogen). Images were acquired with a NIKON Al standard
sensitivity (SS) confocal microscope with 60X (NAS51.4) oil objective. Colocalization
quantification was done using the open-source Fiji (Image J) software. Mander's coefficient and
Pearson's coefficient were calculated using JACop in Image J. A total of 10-30 cells from two to
three biological replicates were analyzed. For all quantitative analysis, the observer was blinded
to cell genotype.

Endocytosis assay

An assay for transferrin receptor endocytosis was adapted from previous reports . Briefly, cells

grown in 10 cm dishes were serum starved in DMEM for 30 mins, harvested in tryPLE Express
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(ThermoFisher Scientific), washed in ice cold DMEM, incubated with Alexa Fluor 555-
conjugated transferrin in DMEM at 4 C, and rotated for 1 hr. Unbound excess transferrin was
removed by washing cells with PBS and surface bound transferrin internalization was induced by
incubating cells in prewarmed complete culture medium at 37°C for various time points. At each
time point, an excess of ice-cold PBS was added to a sample to stop internalization, cells were
collected by centrifugation, and surface bound transferrin was removed with ice-cold acid wash
buffer (0.1 M glycine and 150 mM NaCl, pH 3) followed by three PBS washes. Cells were
resuspended in ice-cold PBS and analyzed by flow cytometry on a BioRad ZES. 10000-15000
cells were analyzed for each time point.

An assay for LDLR endocytosis was adapted from previous reports . Briefly, after PBS
wash, cells were incubated in blocking buffer (2% FBS in PBS) for 30 mins at 4°C. Surface
LDLR was then stained with LDLR antibody for 1 hr at 4 C and cells were washed with PBS to
remove excess antibody. Cells were then incubated with prewarmed media at 37°C for the
indicated duration of time. At each time point, ice-cold blocking buffer was added to the sample,
cells were collected by centrifugation, and the remaining surface-exposed LDLR antibody was
labeled by incubation with fluorescent secondary antibody for 1 hour at 4°C followed by three
PBS washes. Cells were resuspended in ice-cold PBS. Analysis was performed by flow
cytometry on a BioRad ZES, with 10000-15000 cells analyzed for each time point.

Recycling assay

An assay for transferrin recycling was adapted from a previous report [1]. Briefly, cells were
serum starved for 30 min in DMEM, incubated with Alexa Fluor 555 transferrin for 30 minutes
at 37°C, and washed with ice-cold PBS. Surface-bound transferrin was then removed by cold

acid wash (0.1 M glycine and 150 mM NaCl, pH 3) followed by a PBS wash. Cell samples were
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resuspended in pre-warmed media at 37°C for the indicated times. A second acid wash followed

by PBS wash was done after which samples were analyzed by flow cytometry.
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Chapter 3 Genome-Wide CRISPR Screen for Regulators of Lp(a) Uptake by HuH7 Cells

Abstract

Despite its importance in the pathogenesis of atherosclerosis and calcific aortic valve
stenosis, the molecular regulation of lipoprotein(a) (Lp(a)) homeostasis remains poorly
understood. In particular, it remains uncertain which of several proposed Lp(a) receptors is
responsible for hepatic Lp(a) clearance. We now report our development and execution of a
whole-genome CRISPR screen for modifiers of Lp(a) uptake in liver-derived HuH7 cells. We
first optimized a strategy for Lp(a) fluorescent labeling and fluorescent uptake, which we then
applied to pooled libraries of CRISPR-edited cells to isolate the subpopulations with reduced or
enhanced Lp(a) uptake. The top positive Lp(a) uptake regulator identified by this screen was
LDLR (low density lipoprotein receptor) (FDR<5%), and the top negative regulator was MYLIP
(FDR<5%), which encodes the LDLR-specific ubiquitin ligase IDOL. We also identified other
known regulators of LDLR, including SCAP, MBTPS2, and other genes we had previously
identified in a similar screen for LDL uptake modifiers. CRISPR guide RNAs targeting other
previously proposed Lp(a) receptors exhibited no effect on Lp(a) uptake, and no specific
enrichment was observed for other functional annotations or known protein-protein interactions.
Taken together, these results are consistent with a model in which Lp(a) uptake by hepatocytes is

primarily mediated by the LDL receptor.
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3.1 Introduction

Lipoprotein(a) (Lp(a)) is a highly atherogenic, proinflammatory and prothrombotic
cholesterol- carrying particle. Increased levels of Lp(a) in the bloodstream confer an increased
risk of cardiovascular diseases including myocardial infarction, peripheral artery disease, calcific
aortic valve stenosis, and stroke [2-9]. Structurally, Lp(a) consists of an LDL (low density
lipoprotein) core covalently bound to a highly glycosylated plasminogen-like protein called
apolipoprotein(a), or apo(a), encoded by the LPA gene [10]. The concentration of Lp(a) in the
bloodstream is influenced by the allelic heterogeneity of LPA [11, 12]. Apo(a) contains an
inactive serine protease domain, one kringle V (KV) domain and 10 different types of kringle IV
(KIV) domains. Kringle IV type 2 (KIV2) is present in humans with a highly variable number of
repeats, ranging from 1 to >40 copies. The number of KIV2 repeats in a given LPA allele is
inversely related to the corresponding steady state Lp(a) plasma concentration, with functional
studies suggesting that smaller apo(a) isoforms are secreted more efficiently by hepatocytes than
the high molecular weight isoforms[13]. Several common genetic variants identified in the LPA
gene are associated with Lp(a) concentrations, potentially due to different rates of apo(a)
biosynthesis[4, 14, 15].

Although physiologic variation in plasma Lp(a) has been mainly attributed to differences
in Lp(a) synthesis and secretion, the steady state level of Lp(a) is also dependent on its rate of
clearance. Lp(a) clearance from circulation occurs primarily in the liver but the molecular basis
for this remains unclear[16]. A specific receptor has not been definitively identified due to lack
of consensus between different in vivo and in vitro investigations suggesting a range of different
receptors for cellular endocytosis of Lp(a). Due to the structural similarities of Lp(a) and LDL, a

potential role for the LDL receptor (LDLR) in Lp(a) clearance has been extensively studied in
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vitro and in vivo with inconsistent results[17-19]. Several other candidate receptors including
VLDLR, LRP, megalin, TLR, SR-B1, ASGPR1, galectin-1, PIgRKT and sortilin have also been
tested for a role in Lp(a) uptake, with inconsistent or conflicting results [20, 21]. To date, no
high-throughput functional approach has been applied to systematically interrogate the relative
contributions of all potential Lp(a) receptors to Lp(a) hepatocellular uptake. We now report our
development and execution of a genome-scale CRISPR screen for modifiers of Lp(a) uptake in
HuH?7, a liver-derived cell line that closely matches primary human hepatocytes and has been
previously used as a model system to study LDL and Lp(a) metabolism. This forward genetic
tool enabled us to systematically interrogate nearly all coding genes and test all possible
receptors including previously suggested Lp(a) receptors and any potential regulators of these
receptors. Our findings support a model in which LDLR plays a dominant role in hepatic Lp(a)

clearance.

3.2 Results

Fluorescent labeling of purified Lp(a) particles.

To facilitate FACS-based screening of CRISPR-edited cells according to their capacity
for Lp(a) endocytosis, we first developed a method for Lp(a) fluorescent labeling. Using
commercial Lp(a) preparations derived from human plasma donors, we tested different reagents
for fluorescent labeling of Lp(a) particles. Our initial attempts with NHS ester-based labeling by
FITC, or pHrodo-Red and with lipid labeling by Dil (1,1'-Dioctadecyl-3,3,3',3'-
Tetramethylindocarbocyanine Perchlorate) were complicated by significant lipoprotein
precipitation (Figure 3.1A, B). Labeling with an STP-ester amine reactive dye, pHrodo-iFL-Red,
which is more hydrophilic than conventional NHS ester dyes[22], avoided this precipitation, with

successful labeling confirmed by SDS-PAGE gel electrophoresis and in-gel scanning of
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fluorescent signal of Lp(a) conjugated dye (Figure 3.1C). Silver staining demonstrated the
efficient recovery of lipoprotein with densitometric analysis showing approximately 85%
recovered after labeling (Figure 3.1D). In parallel as a control, we also labeled LDL to assess
efficiency of the labeling strategy (Figure 3.1F, G). During labeling optimization with varying
dye to protein molar ratios, we observed precipitation of Lp(a) with increased concentration of
dye, whereas LDL was stable with no precipitation. This suggests that the apo(a) component
confers increased hydrophobicity and structural complexity to Lp(a), rendering Lp(a) particles
less stable to a further increase in hydrophobicity by conjugation of a hydrophobic dye. To assess
the potential LDL contamination of the Lp(a) preparation, we also analyzed both unlabeled and
labeled Lp(a) preparations under non-reducing conditions, with the expectation that ApoB
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dominant band at a MW pHrodo(NHS) (B). Fluorescent labeling of Lp(a) (C-E) and LDL (F-G) was evaluated by
fluorescence scanning (C, F) and silver staining (D, E, G) of labeled and unlabeled
consistent with an lipoprotein preparations separated by SDS-PAGE under reducing conditions (C-D, F-G)
or nonreducing (E) conditions.

apo(a)/ApoB heterodimer, though a faint band with a MW band consistent with ApoB monomer
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(500 KD) remained visible, likely reflecting a minor amount of contaminating LDL (Figure
3.1E).
Development of a flow cytometry assay for quantification of fluorescent Lp(a) uptake.

We next analyzed the uptake of fluorescently labeled Lp(a) by HuH7 cells. Following a

2 hour incubation with 10 pg/mL of fluorescently conjugated Lp(a) in serum-free media, HuH7
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(Figure 3.2A, B). Together (A) HuH7 cells were treated with DMEM (control) or labeled Lp(a) in the
absence or presence of 20-fold or 40-fold molar excess of unlabeled Lp(a).

. Lp(a) uptake was measured by flow cytometry. (B) LDL uptake by WT and
these ﬁndlngs demonstrate that LDLR knockout HuH7 cells. WT cells were incubated with labeled LDL in the
presence or absence of excess unlabeled LDL. LDLR KO cells were only
treated with labeled LDL. (C-D) Time and dose curve for fluorescent Lp(a)
uptake by WT HuH7 cells. Cells were treated with either 10 pg/mL Lp(a) for
different lengths of time (C) or with different doses of Lp(a) for 2 hours (D).
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cells.
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To further define the kinetics of Lp(a) uptake we incubated HuH7 cells with 10 pg/mL
fluorescent Lp(a) for times ranging from 1 hour to 24 hours (Figure 3.2C). Next, we examined
the dose-dependency of Lp(a) uptake by HuH7 cells by incubating these cells with a range of
labeled Lp(a) concentrations for 2 hrs (Figure 3.2D). We observed steady increases in the
magnitude of fluorescence with increased duration of incubation and with increased Lp(a)
concentration, without reaching a plateau in either experiment.

Genome-scale CRISPR screen for Lp(a) uptake modifiers

Informed by the results of our fluorescent Lp(a) uptake analysis above, we next designed a
genome-scale CRISPR screen to identify genes whose perturbation altered fluorescent Lp(a)
uptake (Figure 3.3A). For each of 3 independent biological replicates, we transduced ~55 million
cells at >400X coverage with the pooled GeCKOV?2 library delivering Cas9 with each of 123,411
gRNAs, including 6 gRNA for nearly all known protein-coding genes in the genome[23]. We
then selected for transduced cells and passaged cells for 14 days to allow for target gene
disruption and turnover of residual protein. We then incubated pools of CRISPR-edited cells
with 20 ug/ml fluorescent Lp(a) for 2 hours and used flow cytometry to isolate subpopulations
with the top 10% and bottom 10% of fluorescent Lp(a) uptake. We then performed massively
parallel sequencing to quantify the abundance of each gRNA in each subpopulation for each
replicate.

We next identified gRNAs with significant enrichment in either Lp(a)high or Lp(a)low
cells, consistent with disruption of their corresponding target gene conferring an increase or

decrease, respectively, in Lp(a) uptake. Overall, we identified several genes whose disruption
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was associated with a significant increase or decrease in Lp(a) uptake (Figure 3.3B). Strikingly,
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Figure 3.3 CRISPR screens for Lp(a) uptake modifiers in HuH7.

(A) Schematic for genome-scale CRISPR screen. HuH7 WT cells were mutagenized with the pooled GeCKOV?2 lentivirus
library containing 6 gRNAs for each protein coding gene. After transduction and puromycin selection, cells were incubated with
fluorescent Lp(a). Populations of gene edited cells with increased or decreased Lp(a) uptake efficiency were sorted into separate
pools. Genomic DNA was harvested from each sorted population and sgRNAs in each population were quantified by massively
parallel DNA sequencing. (B) Volcano plot of MAGeCK gene-level FDR (negative log) and log2 fold-change for each gene
tested in the whole genome CRISPR library in HuH7 cells. Genes with FDR <5% and log2 fold-change >2 are highlighted in
green. Genes with known function in LDLR regulation are displayed in red. Other hits identified in the screen with a known
transmembrane domain are highlighted in blue and genes previously predicted to regulate Lp(a) uptake but not identified in the
CRISPR screen are highlighted in orange. (C) Correlation of log2 fold-change between the hits identified in previous LDL
uptake screen[1] and the current Lp(a) uptake screen in HuH7 cells. Genes identified in both screens are highlighted and
annotated. (D) Protein-protein interaction network of genes identified in our Lp(a) uptake screen with FDR<20%. (E) Wild type
(WT) HuH?7 cells were treated with labeled Lp(a) in the absence or presence of 20-fold molar excess of unlabeled LDL. And
LDLR knockout cells were treated only with labeled Lp(a). Cellular fluorescence was measured by flow cytometry.

among the top hits of the screen were several genes with well-established roles in LDL uptake.
These included the top-ranked positive regulator, LDLR(FDR<5%), and the top-ranked negative
regulator, MYLIP(FDR<5%), encoding the LDLR-specific ubiquitin ligase IDOL [24]. Other
identified genes with a known role in LDL uptake included SCAP and MBTPS2 (Figure 3.3B).
Similarly, a systematic comparison of gRNA enrichment between this Lp(a) uptake screen and
our previous screen for LDL uptake modifiers[25] revealed a high degree of correlation between
the two independent screens (Fig 3.3C). Among the other screen hits, only OR5A1 and
ADIPOR1[26] are known to contain a transmembrane domain and localize to the cell surface. Of
note, we did not identify a significant effect for disruption of any other previously proposed
lipoprotein(a) receptors, including PLGRKT, VLDLR, SORT1 (Figure 3.3B). Analysis of screen
hits for functional annotations and known gene networks likewise revealed only the known
LDLR regulatory network. An unbiased analysis confirmed a protein-protein network involving
LDLR, SCAP, MBTPS2, and MYLIP (FDR<20%), with no other significantly enriched gene
networks (Figure 3.3D). In follow up experiments we confirmed that a molar excess of
unlabeled LDL also reduced fluorescent Lp(a) endocytosis, suggesting that Lp(a) uptake occurs
via a process common to both Lp(a) and LDL particles (Figure 3.3E). Similarly, uptake by
LDLR knockout cells also showed a reduction in Lp(a) uptake, though the relative decrease was

less than that observed for LDL uptake (Figure 3.3E, 3.2B).
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3.3 Discussion

Given the structural similarities between LDL and Lp(a), the LDL receptor has long been
considered as a candidate receptor for hepatic Lp(a) clearance. However, studies of the role of
LDLR in Lp(a) clearance have yielded mixed results. In support of LDLR functioning as an
Lp(a) clearance receptor, patients with familial hypercholesterolemia (FH) caused by partial or
total loss of function mutations in LDLR have been reported to exhibit elevated circulating Lp(a)
levels [17, 27, 28]. A gene-dosage effect has also been demonstrated, wherein patients with
hypomorphic LDLR alleles exhibit less pronounced elevation of Lp(a) compared to those with
complete loss-of-function mutations, and homozygous FH patients exhibit higher Lp(a) levels
than heterozygous FH patients [17, 29]. In contrast, other studies have demonstrated no
difference in circulating Lp(a) levels [30] or in the clearance of radiolabeled Lp(a) [31] in
patients with FH. As noted in the introduction, common variation at the LPA locus itself exerts a
strong confounding effect on Lp(a) levels, and these negative studies did not account for LPA
genotype. On the other hand one positive study that matched FH and non-FH patients by apo(a)
isoform indeed found that LDLR genetic deficiency was associated with a significant increase in
Lp(a) levels across LPA genotypes. [29].

Two major classes of LDL-lowering medications - statins and PCSK?9 inhibitors - have been
reported to exert inconsistent effects on Lp(a) levels, despite both drug classes causing an
increase in LDLR activity. Several randomized clinical trials have demonstrated no change in
Lp(a) levels with statin treatment[32], whereas PCSK9 inhibitors have been found to produce a
consistent 20-30% decrease in circulating Lp(a)[30, 33, 34]. The basis for this discrepancy is not
clear but may be related to secondary effects, with statin treatment also leading to upregulation

of PCKS9 [35] while PCSK?9 inhibitors also affect Lp(a) synthesis[36].
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Several studies have identified other candidate receptors for Lp(a), with varying levels of
evidence, using different cell types and varying methods of gene perturbation[21, 37, 38]. It has
also been proposed that physiologic Lp(a) clearance may be mediated not by a single receptor
but by multiple receptors with additive effects[20].

The application of genome-wide CRISPR screening reported here systematically interrogated all
potential Lp(a) receptors, with our findings suggesting that Lp(a) uptake in HuH7 cells is
primarily mediated by the LDL receptor, with no significant enrichment observed for gRNAs
targeting any of the other proposed Lp(a) receptors. Though we cannot exclude contributions of
other genes or receptors to the regulation of cellular Lp(a) uptake, our data suggest that the
contribution of any such alternative receptors to Lp(a) uptake in HuH7 cells is likely small in
comparison to LDLR. Our results are also consistent with previous reports in HuH7 cells and
another liver derived cell line, HepG2 [39, 40].

An important caveat to our approach is that it would likely fail to detect genes that are essential
to cell viability or proliferation, as the corresponding edited cells would be progressively
depleted during cell passaging. The CRISPR screening approach is also limited in its ability to
detect functionally overlapping genes- i.e., knockout of a gene with a closely related paralog that
can also mediate Lp(a) uptake could be missed if activity of one paralog compensated for loss of
the other. Moreover, although the gRNAs present in the GECKOV?2 library typically exhibit high
rates of activity[23], it is possible that the gRNAs for a putative Lp(a) receptor may have
inadequate activity, precluding their detection in the screen and leading to a false negative result.
Finally, it should be noted that our Lp(a) preparations were purified from human plasma and may
contain co-purified LDL. Although our detection of ApoB protein not incorporated in ApoB-

apo(a) complexes under nonreducing conditions does suggest some degree of LDL
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contamination, the relative abundance of these putative LDL particles was ~20-fold less than
Lp(a). Nonetheless, we cannot exclude the possibility that small amounts of contaminating
labeled LDL may have contributed to the enrichment of gRNAs targeting LDLR modifiers in our
screen. Overall, our findings demonstrate the power of high-throughput CRISPR screening to
identify functional modifiers of lipoprotein metabolism and support the role of the LDL receptor

in hepatic Lp(a) clearance.

3.4 Materials and Methods

Fluorescent labelling of Lp(a) and LDL

Human plasma derived Lp(a) and LDL (Athens Research and Technology, Georgia, USA #12-
16-12160, # 12-16-120412-TC) were labelled with amine-reactive pHrodo- iFL Red STP ester
dye (ThermoFisher, # P36014) at 1:28 molar ratio of protein to dye for 15 minutes in the dark at
room temperature. Unconjugated free dye was removed from each sample by extensive dialysis
against cold phosphate buffered saline. Labelled and unlabeled Lp(a) and LDL samples were
prepared for SDS-PAGE by diluting in NuPAGE LDS sample buffer (ThermoFisher Scientific #
NPO0007) in presence or absence of reducing agent (DTT), and then heating at 70°C for 10
minutes. Gel electrophoresis was run using NuPAGE 3-8% gradient Tris-Acetate gels
(ThermoFisher Scientific # EA0375) followed by silver staining of the gels using SilverQuest
Silver Staining Kit (INVITROGEN, # LC6070) as per manufacturer’s instructions.

Lp(a) and LDL internalization assay by flow cytometry

Wild type HuH7 cells and LDLR knockout clonal cells (derived as previously described[25])
were seeded at 20% confluence in 12 well plates 2 days earlier to achieve ~70%-80% confluence
on the day of analysis. For uptake assays, cells were washed with serum free DMEM (Dulbecco's

Modified Eagle Medium) and then incubated in DMEM containing either 10 pg/ml conjugated
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Lp(a) or 4 pg/ml conjugated LDL at 37°C for 2 hours or 1 hour, respectively. For the Lp(a) dose
response experiment, cells were subjected to increasing concentrations of labeled Lp(a) ranging
from 0.1pg/ml to 40 pg /ml in DMEM. Time course experiment was performed by incubating
cells with 10pg/ml of labeled Lp(a) for time periods ranging from 0-24 hrs. Cells were harvested
with TrypLE express (ThermoFisher Scientific), washed twice with ice cold PBS, resuspended in
70 ul of ice-cold PBS, and analyzed with a Bio-Rad Ze5 flow cytometer (Everest software,
bandpass filter for PE). Data analysis was performed with FlowJo software.

Whole genome CRISPR screen

For each independent biological replicate, a total of ~60 million HuH7 cells were distributed in
10 separate 15 cm2 cell culture plates. Cells were transduced with a pooled library of lentivirus
containing the whole genome GeCKOv?2 library [23] at an estimated multiplicity of infection of
0.5-1. To select for transduced cells puromycin was added at a final concentration of 2.5 pg/ml
the following day and was maintained until selection was complete as determined by the death of
uninfected control cells. Cells were passaged every 3 days to maintain logarithmic phase growth
with a minimum of ~30 million cells, representing>200X coverage of the library, at all times. On
day 14 post-transduction, Lp(a) uptake was assessed. After an initial wash with serum free
DMEM, cells were incubated with 20 ug/ml fluorescently labelled Lp(a) in serum free DMEM
for 2 hrs at 37°C. Cells were then detached with TrypLE express (ThermoFisher Scientific),
collected in ice cold D10, centrifuged at 500g for 5 minutes, washed twice with ice cold FACS
buffer (2% FBS in PBS), incubated in 5 uM SYTOX Blue Dead Cell Stain (Fisher, S34857) for
3 minutes, washed again with ice cold FACS buffer, resuspended in 1.5ml cold FACS buffer,
and filtered into FACS tube and kept on ice until the time of sorting. Cells were analyzed and

sorted with a BD FACSAria III cell sorter (Bandpass filter for fluorophore PE). Subpopulations
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of edited cells with the top and bottom 10% of Lp(a) fluorescence were isolated and their
genomic DNA was extracted using a DNEasy DNA isolation kit (Qiagen, Hilden, Germany).
Amplicon libraries for NextGen sequencing were prepared in two rounds as previously
described[23, 41], where in the first round 20 cycle of PCR amplification of integrated gRNA
was done followed by addition of NGS barcode in the second round of 11 cycle PCR. Barcoded
samples were pooled and sequenced. FASTQ files obtained from NextGen sequencing run were
processed by PoolQ to deconvolute the sequencing reads, and individual gRNA and gene-level
enrichment analysis in Lp(a) low vs Lp(a) high population was performed using MAGeCK[42].
The top hits with an FDR of 20% were analyzed for predicted and known protein-protein
interaction using STRING database. Correlation analysis of the hits from prior genome-wide
LDL uptake screen[25] with the results from Lp(a) screen was done by plotting the log2FC

values for the modifiers from both screens.
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Chapter 4 Conclusion and Future Directions

Receptor-mediated endocytosis is an important process by which many macromolecules
enter eukaryotic cells[1]. This process is initiated with the binding of a ligand to a specific
receptor spanning the plasma membrane and its internalization into endocytic vesicles[2]. The
endosomal acidic environment may induce conformational change in the receptor causing
receptor-ligand complex dissociation, after which the receptor may recycle back to the plasma
membrane[3].

The level of LDL in the circulation is maintained by a balance of new LDL generation
and receptor mediated clearance, with reduction in the latter process leading to
hypercholesterolemia and cardiovascular diseases[4, 5]. Chapter 1 provides background on the
molecular pathways that are known to govern LDL homeostasis, including the expression and
trafficking of the LDL receptor (LDLR). LDLR is a plasma membrane protein that is expressed
predominantly on hepatocytes and continually recycles to the cell surface after endocytosis and
release of LDL. Although several studies have identified the molecular determinants of LDLR
endocytosis, our understanding of LDLR recycling has remained limited. The work described in
chapter 2 establishes a previously unrecognized role for a small GTPase, RAB10, in the
trafficking of internalized LDLR from the endocytic recycling compartment to the cell surface.
We show that RAB10 not only facilitates the recycling of LDLR but also that of the transferrin
receptor (TFR), a protein involved in the regulation of cellular iron stores. RAB10 promotes

trafficking of these two receptors from different endosomal compartments to the cell surface.
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However, the exact mechanism by which RAB10 facilitates trafficking of LDLR and TFR
carrying vesicles from different compartments remains unclear. Our prior genome-wide CRISPR
screen similarly identified multiple components of the exocyst complex (EXOC1, EXOC2,
EXOC3, EXOC4, EXOC7, and EXOCS), with a similar functional influence on LDL and
transferrin uptake as RAB10, suggesting that they may function in the same pathway. The
exocyst complex has previously been shown to interact with RAB10 and other RAB GTPases to
regulate vesicle trafficking[6, 7]. It is therefore plausible that the impact of RAB10 on LDLR
and TFR involves the recruitment of these components. Other modifiers including RABIF (Rab
interacting factor), known to stimulate GDP release from RAB10, and STX4, a SNARE protein
that facilitates docking and fusion of transport vesicle were also identified in the screen and were
previously shown to associate with RAB GTPases [8-10], suggesting that RAB10 may promote
vesicle recycling by recruiting and interacting with these proteins and thereby coordinate the
formation, trafficking, tethering, and fusion of LDLR and TFR-containing vesicles. Future
studies should investigate the plausible coordination of RAB10 with these proteins for transport
of vesicles carrying LDL and TFR receptors.

Our results are based on in vitro studies, and future work could address the physiologic
relevance of RAB10 on LDLR and TFR trafficking in vivo. Germline deletion of RAB10 in mice
causes embryonic lethality[11], which also suggests a broad cellular function for RAB10,
consistent with previous studies demonstrating the role of RAB10 in multiple trafficking
pathways involving various intracellular compartments [6, 12, 13]. However, future studies
could address hepatic RAB10 function in LDL homeostasis in vivo through the generation and
phenotypic characterization of a conditional knockout mouse model. Our results, together with

previous findings, support a global role for RAB10 in vesicle trafficking and suggest that
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multiple cargoes may depend on RAB10 for trafficking. This broad role of RAB10 could limit
the potential for developing RAB10 targeted therapeutic for enhancing LDL uptake.

Elevated levels of Lp(a) also lead to the development and progression of
atherosclerosis[14]. As discussed in chapter 1, however, our understanding of the molecular
factors that influence Lp(a) levels is very limited, especially in comparison to LDL. This lack of
understanding has provided a major barrier to the development of therapeutic approaches for
Lp(a)-lowering. In particular, the specific receptor(s) that mediate Lp(a) clearance has not been
established[15]. The work reported in chapter 3 describes the first application of a high
throughput CRISPR screening approach to interrogate all protein coding genes for their influence
on Lp(a) uptake. This screen clearly identified LDLR and several well-established regulators of
LDLR, including SCAP and MBTPS2, as positive regulators and MYLIP as a negative regulator
of Lp(a) uptake. A similar functional effect was not detected for any other membrane proteins,
including several previously proposed receptors. Our results suggest that LDLR is the primary
mediator of Lp(a) uptake in HuH7 cells. However, our data do not exclude the possibility of a
role for other hypothesized receptors due to several caveats related to genome wide CRISPR
screens. For example, genes that are essential for cell survival may not be identified in a CRISPR
knockout screen, as the edited cells will be depleted from the population. In addition to essential
genes, receptors with redundant function on Lp(a) uptake may also go undetected in a screen as
the loss of activity for one gene may be compensated by the other. Inadequate depth of coverage
is another major caveat associated with a genome wide screen. Future work will likely apply a
secondary screen with a custom library targeting fewer genes with more gRNAs per gene, in
order to improve the power of detection for validation and refinement of the candidates identified

in the primary screen. Although our finding suggests that LDLR may function as a key clearance
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receptor for Lp(a), future work could more fully characterize the interaction between Lp(a) and
LDLR, including dissecting the involvement of specific Lp(a) protein components as well as the
specific domains that mediate interaction with LDLR.

Altogether our screen hits provide additional support for previously studied role of LDLR
as a mediator for Lp(a) uptake, suggesting LDLR regulation as a potential therapeutic target for
lowering Lp(a) level. LDLR expression is regulated by the SREBP2 pathway. However, data on
statins, a class of drugs that upregulate hepatic LDLR expression through activation of the
SREBP2 pathway, showed mixed results on Lp(a) level in patients[16-18]. On the other hand,
targeting PCSK9, a negative regulator of LDLR, has been shown to reduce Lp(a) level by an
unclear mechanism, where some studies indicate that PCSK9 inhibitors increase LDLR-mediated
uptake of Lp(a)[19, 20], while other study showed that PCSK9 inhibitor reduces synthesis and
secretion of Lp(a)[21]. Statins also increase PCSK9 expression through activation of the
SREBP2 pathway. It is therefore possible that the impact of statins on Lp(a) is attenuated due to
upregulation of PCSKO9. A recent study showed that Lp(a) catabolism is increased in patients
receiving combined treatment with statin and PCSK9 inhibitor[19]. Statin may also increase
Lp(a) expression as shown by study where cells treated with statins had increased expression of
LPA mRNA and apolipoprotein(a) protein[22]. Future studies are required to address the
mechanism underlying the ineffectiveness of statins on Lp(a) level. Comparison of Lp(a) uptake
in statin treated wild type cells, PCSK9 knockout cells, and LDLR knockout cells would validate
whether the effect of statin on invitro Lp(a) uptake is due to PCSK9 or other unknown
mechanism. IDOL, encoded by MYLIP gene, which was also enriched in our screen, might be
another potential therapeutic target for lowering Lp(a). IDOL is a negative regulator of LDLR

and unlike LDLR and PCSK9, IDOL is not regulated by the SREBP2 pathway[23]. Therefore,
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pharmacologic inhibition of IDOL could increase LDLR level without increasing PCSK9 and as

a result increase Lp(a) uptake.
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