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ABSTRACT

Introduction: Proprotein convertase  subtilisin/ke xin type 9
(PCSK9) regulates low density lipoprotein receptor (LDLR)
expression on liver cells mediating its lysosomal degradation
Therefore, PCSK9 has emerged as an important target of
lowering LDL - cholesterol and also treatment of atherosclerotic
cardiovascular diseases . However, the precise m echanism how
PCSK9 mediates LDL R internalization and degradation has not
yet been elucidated. Interestingly, the fully folded C - terminal
Cysteine - histidine rich domain (CHR D) structure of PCSK9 has
a distinct structural similarity to the resistin homotrimer. CHRD
of PCSK9 does not interact directly with the LDL receptor , but
the CHRD is nevertheless required for PCSK9 mediated LDL R
degradation.  Previously, we identified adenylyl cyclase -
associated protein 1 (CAP1) as a functional receptor for human
resistin and clarified its intracellular signaling pathway to
modulate inflammatory action of monocytes . We showed PCSK9
directly interacts with CAP1 /n vitro and /n vivo . Furthermore,
interaction between PCSK9 C HRD and CAP1 SH3 domain is

crucial for LDLR  degradation. High - fed mice deficient CAP1



(CAP1 ")  significantly display decreased low - density
lipoprotein cholesterol le vels in serum and increased LDLR
protein in liver without significant change in its mRNA level. W e
also found that binding between CAP1 and PCSK9 occurs in
lipid - raft on 30 minutes after treatment of PCSKO. Caveolin 1
knockdown in HepG2 cells did not show a decrease in LDL R. In
contrast, clathrin knockdown cell s caused the degradation of
LDL R in a treatment of PCSK9 dose- dependent manner. Taken
together, we suggested that PCSK9/CAP1 axis stimulates LDL R
internaliza tion for degradation in  caveolae lipid raft dependent
pathway , distinct from clat hrin - dependent pathway for LDL R
recycling.

Methods: In this study, we analyzed that CAP1 dependent
PCSK9- LDL R degradation, endocytosis mechanism in transient
CAP1 knockdown human hepatic cells (HepG2) and TALEN -
mediated CAP1™"* mouse.

Results: CAP1- SH3 domain binds to PCSK9 directly. CAP1 -
PCSK9 complex increased LDL R degradation through lysosomal
pathway. CAP1 targeting SiRNA in HepG2 cells resulted in
abolished LDL R degradation. These pathways are mainly

showed caveolin 1 rich lipid - raft. Although caveolin 1



knockdown HepG2 cells abolished LDL R degradation treated
PCSK9. In addition, lipoprofile analysis in CAP1 " mouse
showed that LDL cholesterol physiological level in high- fed
mice was decreased than wild type mice. Supportive results
were obtained with an  /n vitro, in vivo  system.

Conclusions: The sorting of PCSK9 to the CAP  1- LDLR is
required for caveolae lipid raft to promote lysosomal LDLR
degradation.  This study provides valuable insights into
mechanism regulating cholesterol homeostasis and LDL R

degradation.

Keywords; Adenylyl c yclase associated protein - 1, Low density
lipoprotein receptor , Proprotein convertase subtilisin/ke xin

type - 9, Caveolinl, Endocytosis.

Student number; 2009 - 31343
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INTRODUCTION

Elevated plasma levels of LDL - cholesterol (LDL - C) are a
cardinal risk factor for coronary heart disease. LDL particles

are formed in the circulation as a catabolic product of
triglyceride - rich lipoprotein metabolism and are removed by
LDL receptor (LDLR) - mediated endocytosis in the liver.
Circulating levels of LDL are delicately sensit ive to changes in
LDLR activity (1). LDLR activity is controlled at the
transcriptional level by feedback inhibition and at the post -
tr anslational level by targeted  degradation through the action of
proprotein convertase subtilisin/kexin type 9 (PCSK9) (2- 5).
LDLR comprises a large extracellular domain with seven
ligand - binding repeats, three EGF repeat domains (EGF - A
EGF- B and EGF - C), an O linked sugar domain, and an YWTD
domain (5). Following internalization, LDLR undergoes a
conformational change upon expos ure to the endosomes that
releases bound LDL particle . LDL particle is trafficked to
lysosomes, whereas the receptor itself is recycled back to the
cell surface (6). PCSK9 is a soluble protein that is secreted

primarily from hepatic cells and that directly regulates serum



LDL levels by targeting LDLR for lysosomal degradation (7, 8).

In the endoplasmic reticulum, PCSK9 is auto - catalytically
cleaved, releasing its prodomain. The prodomain then
reattaches near the catalytic domain and forces PCSK9 into an
auto- inhibitory  conformation that lacks detectable protease
activity (9). After PCSK9 binds to LDLR on the cell surface,

the complex is internalized, and their interaction tightens as
along the lysosomal route by which PCSK9 mediates LDLR
degradation (10 - 13). However, when bound to PCSK9, LDL R
is internalized and escorted to lysosomes for degradation
through unknown mechanism  (14). Interestingly, t he catalytic
domain of PCSK9 binds with LD LR and the other part of PCSK9,
or Cystein - histidine - rich domain (CHRD) is suspected to
interact with a putative membrane - bound protein that escort
the protein complex toward lysosomal degradation (20).
Recently, the CHRD of PCSK9 has been reported to have
structural homology with the human resisti n C- terminal domain
homotrimer (26) a proinflammatory cytokine expressed in
monocytes and macrophages to induced atherosclerosis (15).1In
our previous rep ort, we identified adenylyl ¢ yclase - associated

protein 1 (CAP1), a highly - conserved actin - binding protein



first isolated as a component of the Saccharomyces cerevisiae
adenylyl cyclase complex (20, 21), as a surface receptor for
human resistin  binding its C - terminal domain homotrimer  (22).
Since CAP1 was known to regulate actin filament dynamics to

be important for cell morphology, migration, and endocytosis

(22 ), we hypothesized that CAP1 is the unknown protein that
interact with CHRD of PCSK9  to escort LDL R- PCSK9 complex
toward lysosomal degradation. Plasma membrane is internalized
by clathrin - dependent and independent way (19) . LDLR
degradation has been known for clathrin - mediated endocytosis,
which targets proteins to the early endosome and goes to the
ubiquitin - dependent  sorting  processes. However, the
mechanism by which PCSK9 binding at the cell surface targets

the LDLR for degradation is not understood. LDLR degradatio n
mediated by PCSK9 is not protected in the hypertonic media
implying the existence of clathrin - independent pathway. Lipid
rafts are cholesterol - and sphingolipid - rich domains in the
membrane, and able to form membrane invaginations called
caveolae that ar e rich in caveolin 1 protein (21) . Caveolae
dependent endocytosis functions in controlling receptor down

regulation as well as internalization of toxins, SV40 virus and



glycosyl phosphatidylinositol (GPI) - anchored proteins. Here
we show that LDL Rs are inte rnalized by both clathrin - and
caveolae lipid raft dependent pathways (21 - 24) . We
demonstrate that although receptor internalization into the
EEA1 positive compartment both through clathrin - mediated
and through caveolae lipid raft mediated pathway, LDLR
degradation is dependent on  caveolae lipid raft pathways. Thus,
binding PCSK9 and CAP1 during LDLR endocytosis determined

LDLR destiny to the degradation from recycling.



MATERIALS AND METHOD S

1. Animals and CAP1 ™ KO mice generation

CAP1 " KO mice were created using a pair of transcription
activator - like effector nucleases (TALENs) from Life
Technologies targeting exon 3 of mouse CAP1. TALEN binding
sites are underlined below with a 15 base pair spacer between

the 2 sites.

CAPl exon3 TALEN R

56 TCCCGTGGCAGAGTACTTGAA - 36

36 TCTGCACATCTCCCCCGATC i 506

CAP1 exon3 TALEN L

581 TGAAGATGAGTAAGGAGAT - 30

306- TGTCCTTACGTGTTTCTGC T 506

Design, cloning and validation of the TALENs were performed

by ToolGen - Genomics Toolmaker. Messenger RNA (provided
from Life Technologies ) for each of the TALENs were diluted

in RN ase free microinjection buffer to a final concentration of
4.0ng/  for each TALEN (8.0 ng/ total concentration). The
TALENs were microinjected into the pronucleus of fertilized
one- cell embryos (0.5 days post coitus) obtained from the

mating of C57BL/6 males to super - ovulated C57BL/6 female
5



mice. Microinjected eggs were transferred to pseudopre gnant
Swiss Webster recipients. Founder pups were screened for
TALEN induced mutations in CAP1 by sequencing across exon

3. Two founders, one with a 5 bp deletion and the other with a

29 bp deletion were expanded for further analysis.

Age- matched (8 - to 12- week- old) male CAP1 '* knockout
mice and CAP1*" littermates were used as controls (WT).
Starting at 8 weeks of age, mice were randomized into different
groups, which were fed with the two types of diets. For the
control mice and CAP1 ’* knockout mice, the animals were fed
with either HFD (D12451; 60% fat by kcal; Research Diet Inc.
New Brunswick, NJ, USA ) or standard rodent chow diet (AIN -
93M; Research Diet) Animal sample size for each individual
study was chosen based on literature documentation of similar
well - characterized assays. Afterwards were sacrificed under
isoflurane anesthesia. Tissues were rapidly taken, freshly
frozen in liquid nitrogen, and stored at - 80°C until needed for
immunoblot analysis. Other parts of tissues were fixed for
histological and immunohistochemical analysis. The animal
studies were not blinded to investigators. All animal

experiments were performed after receiving approval from the



Institutional Animal Care and Use Committee (IACUC) of Seoul
National Un iversity Hospital Biomedical Research Institute ,
Korea.

2. Genomic DNA preparation and PCR genotyping

Genomic DNA was prepared f rom liver, BAT and spleen using
DNeasy blood and tissue kit ( Qiagen, Valencia, CA, USA )
following manufacturer & instruction. PCR were carried out

using the primers

Fwd; 56 _ CTCTCTAAGTGATTGGGACAA .3
Rev; 37 - AAGACTGCCAGGACCTTCTCCA _ 54

3. Cell culture and Treatment

Human HepG2 hepatocytes, human embryonic kidney 293 cells
(HEK293T) and TALEN mediated hCAP1 knock - out 293T
were cultured in DMEM (Invitrogen Life Technologies, Carlsbad,
CA, USA ) supplemented with 10% (v/v) FBS ( GIBCO, Grand
Island, NY, USA), 100 unit ml _ 1 of penicillin (Invitrogen Life
Technologies, Carlsbhad, C A, USA), 100 g ml 1 of
streptomycin (Invitrogen Life Technologies, Carlsbad, CA, USA )
at 37 and 5% CO,. For LDL receptor degradation assay, cells
were switched into DMEM without FBS for at least 4 h prior to

assay. 2 g/ml rhPCSK9 - His ( PeproTech Inc.Rocky  Hill, NJ,

7



USA) was then added directly to the culturing medium. In
some experiments, cells were co - treated with 10 M
Lactacystin ( Cayman Chemical, Ann Arbor ), 100nM E - 64d
(Cayman Chemical, Ann Arbor, USA ), 200nM Bafilomycin
(Cayman Chemical, Ann Arbor, USA), vehicle(Dimethyl
sulfoxide)( Cayman Chemical, Ann Arbor, USA ) along with
2 g/ml rhPCSKO for 4hr at 37

4. RNA interference and Transfection

For knockdown of CAP1 siRNA and Caveolinl siRNA molecules

was synthesized by QIAGEN. The CAP1 target sequence was
586 AAACCGAGTCCTCAAAGAGTA - 306 The Caveolinl target
sequence was 5 0 AAAAGAGCTTCCTGATTGAGATT _36 For
knockdown of molecule was synthesized by as a control,
negative control siRNA (non - silencing siRNA) was purchase
from QIGEN. The Clathrin heavy chain siR NA were obtained
ON- TARGETplus SMARTpool by Dharmacon,Inc. For target
knockdown, siRNA oligos were transfected using RNAiMax
Lipofectamine (Invitrogen Life Technologies, Carlsbad, CA,
USA) according to the manufacturer s instructions.

5. Real- time quantitative PCR analysis



Determination of tissue mRNA by RT - gPCR, all the tissues

were frozen in liquid nitrogen and stored at 80 until analysis.
Total RNA was prepared from WT, CAP1 +/ - knockout mouse
liver (0.4 g). Briefly, tissues were homogenized wit h a TRIzol

Reagent (Invitrogen Life Technologies, Carlsbad, CA, USA ) by
centrifugal force (30,000 rpm for 1 min). Tissue homogenates

were supplemented with 0.2 volumes of chloroform, mixed
thoroughly and centrifuged at 12,000 rpm for 15 min.
Supernatant we re supplemented with 1 volume of 70% ethanol
mixed thoroughly and transferred to column for RNA
purification. Up to 1 g of RNA was converted into cDNA
according to the PrimeScript 1st strand cDNA Synthesis Kit
(Takara Bio, Otsu, Japan ). Real - time PCR was performed using
the SYBR Green PCR Master Mix ( Roche Applied Science,
Indianapolis, IN, USA ) with specific primers. Real - time
samples were run on an ABI PRISM - 7500 sequence detection
system (Applied Biosystems). Relative quantification of gene
expression w as calculated using the 2 _ Ct method using
18srRNA as reference. The following primers were used:

CAP1- Fwd; 5 6 ATTCTCTCTCCGGT - 306
Rev; 56 TAAGAGTTCCGCCTCACCTC - 36



LDL receptor - Fwd; 56 TGGCCCCAAGTTCAAGT - 36
Rev; 56 ACAGGCACTCAGAGCCAATC - 306

ApoB - Fwd; 56 CAGCCAATAATGTGAGCCCCT - 36
Rev; 56 TCATCTTGAGTTCAGGCTGCTT - 30

PCSK9- Fwd; 56 GTGACCCTGCCCTCAATCTC - 30
Rev; 5™ TTTGTCTTCGCCCAGAGCAT - 37

6. Protein extraction and Immunoblotting

Cells or tissues were collected and homogenized within lysis
buffer containing 10 mM Tris - HCI (pH 7.9), 10% glycerol, 0.1
mM EDTA, 100 mM KCI, 0.2% NP - 40, 0.5 mM PMSF, 1 mM
dithiothreitol (DTT), Haltprotease & Phosphatase inhibitor
cocktail mini - complete p rotease inhibitor cocktail (  Thermo
Fisher Scientific, San Jose, CA, USA ) if required. Nuclei and
insoluble debris were pelleted in an eppendorf microcentrifuge

at 10,000 rpm for 5 min at 4 . Cell extracts were then stored

at _ 20 or immediately subjected to SDS - PAGE. For SDS -
PAGE, cell extracts were mixed with 5 loading buffer and
heated at 95 for 5 min before electrophoresis. For
immunoblotting, proteins were transferred to polyvinylidene

difluoride  (PVDF) membranes ( Millipore ,  IPVH00010,

10



Billerica, MA, USA). Prior to incubating with primary antibody,
membranes were blocked with 5% skim - mik in PBS
supplemented with 0.1% (v/v) Tween - 20 for 1 h at room
temperature. Chemiluminescent detection was completed with
enhanced chemilum inescent (ECL) western blotting reagents
(Amersham Biosciences, Rosendaal, The Netherlands , UK).

7. Antibodies for Western analysis

Primary antibodies used in this study were as follows: anti -
CAP1 antibody ( Santa Cruz Biotechnology, CA, USA, sc-
100917, sc - 137637), anti - PCSK9 ( Cell Signaling Technology,
Beverly, MA, USA #85813 ), anti - LDL receptor ( Abcam,
Cambridge, MA, USA , ab52818 ), anti - Caveolinl ( Santa Cruz
Biotechnology, CA, USA, sc- 894), anti - Clathrin HC ( Santa
Cruz Biotechnology, CA, USA, sc- 58714), anti - EEAL1( Santa
Cruz Biotechnology, @CA, USA, sc- 6415), anti - Flag ( Cell
Signaling Technology, Beverly, MA, USA #14793 ), anti - His
tag ( Cell Signaling Technology, Beverly, MA, USA , # 2 365),
anti- mFc- HRP ( Sigma Aldrich, St. Louis, MO, USA, A0168),
anti- GAPDH ( Sigma  Aldrich, St. Louis, MO, USA,
SAB2100894 ). As secondary antibody, anti - mouse IgG HRP
(Promega, Madison, WI, USA ), anti - goat IgG HRP ( Promega,

11



Madison, WI, USA ) or anti - rabbit | gG HRP ( Promega, Madison,
WI, USA) were used. ECL or ECL - PLUS ( Amersham
Biosciences, Rosendaal, The Netherlands , UK) was used for
detection.

8. Immunoprecipitation

To identify CAP1 and PCSK9 interaction on Liver tissue, total
lysates from CAP1*"'* and CAP1 '* knockout m ouse livers were
incubated for 1hr at 4 with anti - CAP1 antibody ( Santa Cruz
Biotechnology, @ CA, USA, sc- 100917), anti - PCSK9 ( Cell
Signaling Technology, Beverly, MA, USA #85813 ), or normal
mouse IgG ( Santa Cruz Biotechnology, @ CA, USA, sc- 2025),
normal rabbit IgG ( Santa Cruz Biotechnology, CA, USA, sc-
2027). After incubation with the antibody, the lysates were
incubated with protein A/G agrose beads ( Santa Cruz
Biotechnology, @CA, USA, sc- 2003) for 2hr at 4 . After
washing the beads were resuspended in 2X reducing sample
buffer and heated for 5min at 95 to dissociate captured
antigen from beads. Beads were removed by centrifugation at
2,500rpm and immunoprecipitates from supernatants were
separated on a 10% SDS - PAGE Tris - Glycine gel and

transferred to a PVDF membrane. The PVDF membrane was

12



washed and blocked with 5% fat - free milk. Following washing,
the membrane was incubated with primary antibodies.

9. /n Vitro Binding Assay by IP/Western

TALEN mediated CAP1 knockout HEK 293 cells were
transfected with his tagged constructs to wtPCSK9 - Flag by
Park (24) and C - terminal of wild type CAP1 - mFc and only
SH3 domain of CAP1l - His. The whole cell lysates were
harvested with a lysis buffer and immunoprecipitated using
anti- mFC tag antibody (Cell Signaling, #2365) with bead
(Santa Cruz Biotechnology, C A, USA, ImmunoCruz IP/WB
Optima C System, sc - 45040). After washing with PBS, the
immunoprecipitated sample was incubated with rhPCSK9 in
binding buffer (20mM Tris - HCI, pH7.4, 200mM NaCl and 1mM
MgCI2), resuspended with 2X reducing electrophoresis buffer

and boiled at 95 - 100 for 5 minutes to denature the protein
and separate it from the protein - IP matrix. The proteins were
separated by SDS - PAGE and transferred to PVDF membrane.
The interaction between human CAP1 and PCSK9 was detected

with anti - Flag, mFC tag antibodies.

13



10. Direct Binding Assay: Surface Plasmon Resonance

The protocol of surface plasmon resonance spectroscopy (SPR)

in this study of real - time direct binding of h  PCSK9 and hCAP1
was performed by using a Biacore X100 ( Reichert Technologies,
Depew, New York, USA ). The Sensor Chip CM5 with pre -
immobilized hPCSK9 (2mg/ml) in one flow cell was first
saturated with hPCSK9 protein. To analyze the binding kinetics,
various concentrations of hCAP1 diluted in HBS - EP buffer
(consisting of 0.01 M HEPES [pH7.4], 0.15 M NaCl, 3 mM
EDTA, 0.005% Surfactant P 20) were injected onto the sensor
chip for 120 s at 30 ml/min, and the response unit (RU) was

then recorded. After injection of the analyte s was stopped,
HBS- EP buffer was poured over the chip for 130 s at 30
mi/min to allow the bound analytes to dissociat e from the
immobilized hPCSK9, and dissociation curves were obtained.
The RU elicited by injecting HBS - EP buffer was used as the
vehicle control. Biacore X100 control software was used to
measure the changes in RU and to plot the binding curve. The
curves obtained from the SPR experiments were analyzed, and

the dissociation equilibrium constant (KD) of hCAP1 to

immobilized hPCSK9 was calculated using kinetic evaluation

14



software. The dissociation equilibrium constant KD (M) was
derived from the equation, KD = kd/ka, where kd and ka are
dissociation - and association - rate constants, respectively.

11. Isolation of membrane raft and cytosolic fraction

Membrane raft and cytosol were isolated as described
previously with slight modifications (Biotechniques.2010; 4 o:
837 - 8). Briefly, 5.0x10 ° HepG2 cells per 100mm dish were
seeded and treated with 2 g/ml of rhPCSK9 ( PeproTech Inc.
Rocky Hill, NJ, USA ) for Omin, 30min, 60min in the presence of
DMEM media (Invitrogen Life Technologies, Carlsbad, CA,
USA). After, cells  were harvested, washed two times with ice -
cold PBS and treated with 2 mM of DTSSP ( Thermo Fisher
Scientific, San Jose, CA, USA ) for 2 hour at 4 with gentle
rotation. Then, cells were collected, and pellet was incubated at

- 80 for overnight. Pellets were then lysed in 200 | of 0.1%
Triton X - 100 membrane raft isolation lysis buffer (50 mM

Tris - HCI [pH7.4], 150 mM NacCl, 5 mM EDTA, 0.1% Triton X -
100, 1X protease inhibitor cocktail) using automatic pipet and
vortexer for 10 seconds . Total cell lysates were forced through

a 23- gauge needle using 5 - ml syringe for 20 times on ice and

then centrifuged for 20 min at 100x g at 4 . After, 500 ul of

15



post nuclear supernatants was adjusted to 40% OptiPrep
(Sigma Aldrich, St. Louis, MO, USA ) by adding 1 ml of 60%
OptiPrep and then placed at the bottom of a 5 - ml polyallomer
ultracentrifuge tube ( Beckman Instruments, Fullerton, CA,USA ).
Subsequently, samples were overlaid in a step - wise carefully
with 1.5 ml of 30% and 5% of ice - cold OptiPrep med ium diluted
in 0.1% Triton X - 100 membrane raft isolation buffer and
subjected to ultracentrifugation at 132,000x g at 4 for 5
hours. After ultracentrifugation, 15 equal fractions ( 200
[fraction) were collected from top of the tube and membrane

lipid - raft fraction and non - raft and cytosolic fraction were
combined for immunoblotting. All procedures were strictly
carried out on ice.

12. Plasma lipoprotein analysis

To analyze the plasma lipoprotein profiles, the pooled together
mouse plasma samples were subjected to fast - performance
liquid chromatography (FPLC) analysis using a Superose 6
HR10/300 column ( GE Healthcare, Piscataway, NJ , USA),
150 of pooled plasma was separated using a buffer containing
0.15 mol/L NaCl, 0.01 mol/L Na2HPO4, and 0.1 mmol/ L EDTA,

pH 7.5, at a flow rate of 0.5 mL/min. Forty 0.5mL fractions

16



were collected, and all fractions w ere analyzed for cholesterol
levels as previously described (Babaev et al., 2008; Fazio et al.,
2002). The high- density lipoprotein (HDL) and very low -
density lipoprotein (VLDL )/ low - density lipoprotein (LDL)
cholesterol levels were also quantified the HDL and VLDL/LDL
Cholesterol Assay Kit ( Abcam, Cambridge, MA, USA |, ab65390).

13. Histological and Immunohistochemical Analysis

When animals were sacrificed, livers were rapidly fixed in 10%
phosphate - buffered formalin acetate at 4 overnight and
embedded in paraffin wax. Paraffin sections (5 ) were cut

and mounted on glass slides. Immunohistochemistry of liver
sections was performed as described previously (Zang et al.,
2006). Briefly, antigen retrieval was performed; deparaffinized
tissue retrieval was performed; deparaffinized tissue sections
were treated with 10mmol/L citrate buffer (pH 6.0) in a
microwave (2 min at 700W, repeated 3 times). Tissue section S
were using a red alkaline blocked with 10% normal goat serum
(Vector Laboratories Inc., Burlingame, CA, USA ) in phosphate -
buffered saline (PBS) for 30 min. Liver sections were incubated

with polyclonal antibodies against CAP1 (1:25 dilution), PCSK9

(7.5 g/ml), or LDL receptor (6 g/ml) in PBS with 1% BSA

17



overnight at 4 and then incubated for 1 h at room
temperature with a biotinylated anti - rabbit or anti - mouse IgG
secondary antibody (dilution of 1:200) using the Vectastain

ABC kit. Positive immunoreactivity was visualized phosphatase
substrate. To ensure the specificity of the staining, liver
sections from each mouse were also stained in parallel with a

non- immune rabbit or mouse isotype IgG as a negative control.

The devel opment of the staining with the immune IgG was
stopped before any nonspecific staining could occur with the

non- immune IgG. Staining images were captured and digitalized
using an Olympus microscope attached to an Olympus digital
camera (DP73).

14. Immunofl uorescence staining

For /n vitro experiments, anti - CAP1l antibody ( Santa Cruz
Biotechnology, CA, USA, sc- 100917, sc - 137637), anti -
PCSK9 ( Cell Signaling Technology,Beverly, MA, USA # 85813 ),
anti- LDL receptor ( Abcam, Cambridge, MA, USA , ab52818 ),
anti- Caveolinl ( Santa Cruz Biotechnology, CA, USA, sc- 894),
anti- EEA1 ( Santa Cruz Biotechnology, CA, USA, sc- 6415),
anti- LAMP2 ( Abcam, Cambridge, MA, USA , ab25631) staining

were performed on HepG2 cells. Anti - goat 1gG Alexa Fluor

18



633 (Invitrogen Life Techn ologies, Carlsbad, CA, USA ) and
anti- mouse IgG Alexa Fluor 488, 555, 633 (Invitrogen Life
Technologies, Carlsbad, CA, USA ), anti - rabbit IgG Alexa Fluor
488, 555, 633 (Invitrogen Life Technologies, Carlsbad, CA,
USA) were used as a secondary antibody, respe ctively. DAPI
staining was performed to identify nuclei. Specimens were
observed using a confocal microscope (LSM710, Carl Zeiss AG,
Oberkochen, Germany ).

15. Statistical analysis

The results are expressed as means standard deviations
(SD). The differences between the groups were compared by

the unpairedt - test or one - way analysis of variance (ANOVA).

P values 0.05 were considered statistically significant. All
statistical analyses were performed using SPSS 17.0 (SPSS

Inc., Chicago, US).
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RESULTS

CAP1 directly binds with PCSK9 through interaction
between SH3 domain and CRD

To investigate whether CAP1 binds with PCSK9 as our
hypothesis, co - immunoprecipitation was done and the result
suggested a physical interaction between CAP1 and PCSK9 in
HEK293T cells (Fig . 1A). Endogenous LDLR was also co -

immunoprecipitated. To address whether their endogenous

forms bind together, liver homogenates from C57BL/6 wild
type (WT) mice were immunoprecipitated with anti - CAP1
antibody, immunoblotted with anti - PCSK9 antibody, and vice
versa, which confirmed their interaction (Fig 1B). To test
whether their interaction is direct, we performed a far western

blot (16) . Purified mFc - CAP1 or His - PCSK9 was transferred
to a nitrocellulose membrane as a prey in non - red ucing
condition, respectively. The membrane then was blocked and
probed with His - PCSK9 or mFc - CAPL, respectively. This
approach identified PCSK9 or CAP1 on the spot in the

membrane where the prey is located (Fig 1C), demonstrating

20



that the PCSK9 and CAP1 i nteract directly. Finally, we
performed a direct binding assay using surface plasmon
resonance (SPR) based system. The binding curves showed

increased response unit (RU) between PCSK9 and CAP1 in a

dose dependent manner. The calculated dissociation equilib rium
constant (KD) from the dissociation curves was 1.37 M (Fig
1D). Herein, we predicted the structure of the PCSK9 - binding

domain using homology modeling (  26) with the region of CAP1.
Using Discovery Studio 2.5 (  Accelrys discovery studio ), we
were able to visualize the predicted structure of the PCSK9 -
binding domain and the predicting structures of the CAP1.
Then, to predict the structure of the PCSK9 - CAP1 complex,
we virtually analyzed the surface geometry of the complex
using a protein - protein docking simulation and the score
function analysis.  The molecular structure of CAP1 was
previously described the structure of the SH3 - binding domain
using homology modeling ( 20). We were able to visualize the
predicted structure of the resistin - binding domain and the
known structures of the PCSK9 (  39). Then, to predict the
structure of the PCSK9 - CAP1 complex, we virtually analyzed
the surface geometry of the complex using a protein - protein
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docking simulation and the score function analysis. Using the
Pairwise Shape Complementarity function - based docking
algorithm, ZDOCK ( 40, 41), we inferred several 3D binding
structures between the PCSK9 and the PCSK9 - binding domain
of CAP1. Then, we evaluated the binding free energy of each
complex using the Pois son- Boltzmann surface area method
(42). Figure 1E depicts the structure of the PCSK9 - CAP1
binding complex with the lowest binding free energy, which

could be the conformation observed in nature. As shown in
Figure 1E, Key binding interactions were identifi ed as charge -
charge interactions between the negative charged side chain of
Asp34B in CAP1 - SH3 BD and the positive charged side chain

of Arg659, Ly494 in the PCSK9. Also, the additional three
hydrogen bonds between the backbone of Pro22B in CAP1 -
SH3 BD and the side chain of Ser662 in the PCSK9, the
backbone of Pro23B in CAP1 - SH3 BD and the side chain of
Ser642 in the PCSK9, , the backbone of Pro20B in CAP1 - SH3
BD and the backbone of Asp660 in the PCSK9 trimer increase

the binding affinity. It suggests inter action between PCSK9 and

CAP1- SH3 BD.
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CAP1 regulates for PCSK9 mediated LDLR degradation
PCSK9 promote d LDL R degradation in human hepatic cells
(HepG2) (Fig 2A). Degradation of LDL R in HepG2 cells in
response to high PCSK9 concentrations . To further assess the
extent of LDL R degradation in HepG2 cells, we incubated cells
with rhPCSK9 at high nonphysiological concentrations ( 0 T 5
g/ml). Next, we wanted to determine whether CAP1 is
required PCSK9 mediated for LDL R degradation by treating
HepG2 cells with CAP1 siRNA (20). Although CAP1 siRNA
decreased CAP1 expression levels, PCSK9 treatment did not
perturb intracellular LDL R degradation contrast to Control
siRNA treated cells (Fig 2 B). We suggested that C AP1 function
is involved in  PCSK9 mediated LDL R degradation . To further
substantiate these observations, we performed in vitro binding
assays between CAPl1l - SH3 domain and PCSK9 (Flag -
wtPCSK9). Figure 2C showed that CAP1 SH3 domain is
sufficient to interact with PCSK9. Using Flag - wtPCSK9 and
mFc- CAP1 SH3 BD overexpressing HEK 293 T cells lysate, we
performed Fc pull - down assay. These observations confirm
that PCSK9 - CHRD binds to CAP1 via the SH3 BD and that

likely plays a key role in LDL R degradation. When CAP1 was
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depleted with CAP1 siRNA, LDL R degradation by exogenous
PCSK9 treatment was totally blocked (Fig 2 B). To evaluate
whether our observation is specific for CAP1 depletion, we
recued CAP1 knockout cell line with wtCAP1 or each CAP1
mutants and tested PCSK9 mediated LDLR degradation. Figure
2D describes that WtCAP1 overexpression and actin BD
deletion could rescue PCSK9 mediated LDLR degradation

T herefore this result suggested that CAP1 is required for
PCSK9 mediated LDLR degradation in vitro and SH3 domain of

CAP1 specifically binds  with PCSK9 for LDLR degradation

Low cholesterol levelin  CAP1 " knock - out mice.

In the present study, to analyze in vivo gene functions we
produced TALEN mediated CAP1 knock - out mouse. To target
these genes in the mouse genome, we designed and synthesized
highly active TALENs specific to exon 3 of CAP1 (CAP1 -
TALEN; Fig 3A). First, we measured the expression levels of
endogenous CAP1 TALEN mediated CAP1 heterogeneous
knock - out mouse (CAP1 ~'* mouse) compared with WT
controls (CAP1 ** mouse), since CAP1 homogenous knock - out

mouse was lethal. Endogenous PCSK9 was expressed mainly in

24



brain, lung, liver and spleen. Up to 16 weeks of age, the
CAP1™"* mice and those of age - and sex - matched control m ice
did not differ to phenotype . Histolog ical examination revealed
that no noticeable different CAP 1" mice compared with
controls of organs (brain, heart, lung, liver, spleen, kidney,
ovary, stomach and intestine  (Fig 3B).

To analyze whether CAP1 regulates LDLR degradation and
thereby plasma LDL - C levels in vivo, we determined LDLR and
PCSK9 expression in liver of CAP1  ~'* mice and CAP1 ** mice
fed chow diet ( CD) or high fat diet (HFD). LDLR expression

was significantly increased in CAP1 " mice compared to
CAP1** mice. However, there was no significant difference in
LDLR gene expression (Fig 3D), which suggests that LDLR
amount in CAPl1 " mice regulated at protein level. We
measured the lipid profiles in ~ CAP1 ’* mice and CAP1 ** mice
fed either CD or HFD . CAP1 " mice had lower total cholesterol
levels both at CD and HFD and lower LDL  cholesterol level at
HFD (Fig 3F). There was no significant difference in plasma
triglyceride (TG) and HDL cholesterol le vels. Then we
fractionized plasma lipoproteins by FPLC in CAP1""* mice and
CAP1*"* mice fed HFD, which confirmed marked decrease of
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LDL levelsin CAP1”’* mice compared to CAP1 ** mice (Fig 3G).
Our results altogether suggest that CAP1 depletion prevent
degradation of LDLR and CAP1 lacking resulted in a decrease

low density lipoprotein which affect cholesterol homeostasis.

PCSK9- mediated lysosomal LDLR degradation requires
caveolin 1- mediated endocytosis not clathrin - mediated

endocytosis

The notion that PCSK9 targets LDL Rs for degradation in
lysosomes is based on colocalization of PCSK9 and LDL
receptors with lysosome markers by fluorescence microscopy

(16). However, Maxwell et al (17) reported that inhibition of
lysosomal proteases failed to inh ibit the degradation of the
LDLR in HepG2 cells expressing PCSKO9. We insist that LDL R
is required for PCSK9 - mediated LDL R degradation through
Lysosomal pathway. To confirm this suggestion, After 2 g/ml
rhPCSK stimulation, we also examined the effect of
pharmacological inhibition on PCSK9- stimulated LDL R
degradation; proteasome inhibitor (10 M Lactacystin),
lysosomal inhibitor (100nM E - 64d), auto- phagosome inhibitor

(200nM  Bafilomycin)(Fig 4A). PCSK9- mediated LDL R
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degradation was almost completely blocked by the lysosomal
protease inh ibitor E- 64d (Fig 4A) . Taken together, these data
show that PCSK9 - mediated degradation of LDL Rs in
hepatocytes does not require proteasome , phagosome function
but lysosomal degradation.  To pursue this hypothesis, PCSK9
conjugated with Cy3 dye (PCSK9 - Cy3) was treated to HepG2
and LDLR degradation through Ilysosomal pathway was
determined with PCSK9 - Cy3 internalization and lysosomal
marker, LAMP2 (Lysosomal associated membrane protein2) at
various time points using fluorescence confocal microscopy.
After PCSK9 - Cy3 treatment LAMP2 had appeared and LDLR
decreased (Fig 4B) and PCSK9, LDLR and LAMP2 co - localized
(Fig 4D) Whereas EEA1l is not related LDLR lysosomal
traffi cking and degradation (Fig 4C). Since lysosomal
degradation is mediated by early endosome we tested whether

early endosome formation in early time point in same method.
Figure 4C describes that after PCSK9 - Cy3 treatment early
endosome marker EEA1 appears only at early time points an d
localized with LDLR and LAMP2. Since lysosome formation,
endosomal trafficking were both blocked by CAP1 depletion, we

thought that CAP1 might participate earlier period of LDLR
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degradation pathway. Since previous report suggested LDLR is
degraded by cla thrin mediated pathway not by caveolin 1
mediated pathway, to confirm the previous hypothesis, we
treated HepG2 cells with caveolin 1 or clathrin siRNA tested
PCSK9 mediated LDLR degradation (Fig 4E). Unexpectedly,
caveolin 1 not clathrin  was required for LDLR degradation. This
result was confirmed by LDLR degradation and LAMP2
formation after PCSK9 - cy3 treatment in HepG3 ¢ ells (Fig 4F).
Together, our results suggest that LDLR degradation occurs
through caveolin 1 mediated lysosomal degrada tion and CAP1

might regulate caveolae formation.

The lipid raft - caveolar internalization pathway contains the
LDLR - PCSK9- CAP1 complex and is required for LDLR
degradation

Previous experiment s, we conclude that LDL R interact with
PCSK9, CAP1, caveolin 1 for endocytosis and LDL R degradation.
Next, we assessed the distribution of 4 different molecules and
focused on whether they were localized at caveolae or not. That
is because one of the critical characteristics is their specific

localization. It was rep orted that caveolin1 were lipid raft -
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localizing. Localization to lipid rafts has a crucial meaning in
terms of regulatory  mechanism of caveolae, which has pivotal
roles to regulate signaling components including CAP1 through
scaffolding domain of caveolin 1 protein. Thus, we examined
more precise localization of CAP1 and caveolin 1, LDL R, PCSK9
in HepG2 cells. Opti - prep density gradient centrifugation was

an efficient method to fractionate lipid raft and non- lipid raft as
well as cytosol. By using this method , we readily identified
LDLR, CAP1 and caveolin 1 localized at lipid raft in rhPCSK9
treated normal HepG2 (Fig 5A). Moreover, we observed that
CAP1, caveolin1l, LDLR was co - localized after rhPCSK9
treatment for 30min. However, CAP1, caveolin 1 depletion in
HepG2 cells with rhPCSK9 was not observed 4 - molecules
recruitment (Fig 5B, C). To evaluate whether CAP1 deficiency
affects LDLR degradation through caveolae formation, we also
performed as Figure 4D with CAP1 siRNA. We observed
decrease in LD LR internalization in HepG2 cell with rhPCSK9
compared with siCAP1 treated cells (Fig 5D). We also
remarked that LAMP2 protein level was decreased in CAP1
depleted cells. But, no differences EEA1 expression in CAP1
depleted cells (Fig 5E). Altogether, thes e data indicate that
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caveolin 1 is essential for degrading levels of LDLR within the
plasma membrane . Since the CAPl interacting with PCSK9
(Fig 5F), LDLR complex is recruited to the lysosome by
caveolin 1, we assessed the contribution of the PCSK9- CAP1-
caveolinl complex on LDLR degradation by determining the

subcellular co - localization .
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Structural Similarity between
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Binding complex of PCSK9 and CAP1-SH3 binding domain

PCSK9 CAP1-SH3 domain

Modeller with Discovery Studio 2.5 (Accelrys Inc.)
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Figurel. /nvivo and Invitro PCSK9 Binds Directly to CAP1

(a) CAP1 knock - out HEK293T cells were transfected with
constructs expressing Flag - PCSK9 with either His - hCAPL1.
Interaction with PCSK9 and hCAP1 was detected via co -
immunoprecipitation and interaction with endogenous LDL R was
detected. ( b) Liver lysates of Wild mouse immunopr ecipitated
for study the endogenous interaction PCSK9 with CAPL. (©)
Representative far western blot of mFc - hCAP1 and
recombinant rhPCSK9 - His. (d) Direct binding assay between
rhPCSK9 and CAPL. ( e) Predicted secondary structures of the
PCSK9- CAP1 SH3 binding domain  complex. The PCSK9 is
shown as cyan schematic ribbons. The CAP1 - SH3 binding
domain is shown as a dark brown ribbon. The detailed

interactions are illustrated in the magnified black circle.
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Figure 2. CAP 1 mediates the degradation of LDLR in partly by
PCSKOo.

(a, b) LDL receptor degradation caused by exogenous rhPCSK9
dose- dependently (Vehicle - DMSO, 0.05, 0.2,0.6, 2,5 g/ml)
and PCSK9 uptake in HepG2 human hepatic cells. CAP1 levels
were reduced using specific small interfering RNAs (SiRNAS) in

HepG2 cells. siRNA targeting CAP1 abolished PCSK9 induced -
degradation LDL receptor.  (c) Pull - down assay was performed
to study the interaction between Flag- WT PCSK9 and CAP1 -
SH3 domain wusing Flag - WT PCSK9 and mFC - SH3
overexpressed in HEK293T cells. (d) CAP1 knockout cell lin e
were transfected with wtCAP1 or each CAP1 mutants and

tested 2 /ml PCSK9 mediated LDLR degradation.
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» Schematic timeline representing experimental design
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Figure3. CAP1 deficient mouse phenotype and Lipid profile.

(a) Cartoon illustrating creation of CAP1 hetero knock - out
mouse of TALEN - mediated gene targeting. ( b) CAPL1 hetero
knock - out mouse phenotype . (c) Experimental outline. 8 -
week - old mice fed with the two types of diets; chow, high - fat
diet. ( d) gRT - PCR for LDLR , PCSK9 and ApoB in the livers of
mice (n = 5 per group , *p < 0.05) treated as in C. The error
bars represent S D. (e) CAP1, LDL R, PCSK9 protein level in the
livers of mice (n = 5 per group) treated as in C. (f) Levels of
total cholesterol (TC), LDL - C, HDL - C and triglycerides (TGSs)

in the plasma of mice (n = 10 mice per group) treated as in E

(n = 15 per group). ( g) Pooled plasma samples of each
experimental group of mice fed the HF diet were separated
using FPL C gel filtration. Fifty fractions were collected from

each separation. TC content was determined and lipoprotein
profile was plotted. (n = 5 per group , p<0.05) The error bars

represent S D.
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