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Abstract

Background—Proprotein convertase subtilisin kexin type 9 (PCSK9) promotes the degradation

of the low-density lipoprotein receptor (LDLR), and its deficiency in humans results in low

plasma LDL-cholesterol and protection against coronary heart disease (CHD). Recent evidence

indicates that PCSK9 also modulates the metabolism of triglyceride-rich apolipoprotein B (apoB)

lipoproteins (TRL), another important CHD risk factor. Here we studied effects of physiological

levels of PCSK9 on intestinal TRL production and elucidated for the first time the cellular and

molecular mechanisms involved.

Methods and Results—Treatment of human enterocytes (CaCo-2 cells) with recombinant

human PCSK9 (10 μg/mL, 24 hours) increased cellular and secreted apoB48 and apoB100 by 40–

55% each (p<0.01 vs. untreated cells), whereas acute deletion of PCSK9 expression reversed this

effect. PCSK9 stimulation of apoB was due to: (1) a 1.5-fold increase in apoB mRNA (p<0.01);

and (2) enhanced apoB protein stability through both LDLR-dependent and LDLR-independent

mechanisms. PCSK9 decreased LDLR protein (p<0.01) and increased cellular apoB stability via

activation of microsomal triglyceride transfer protein (MTP). PCSK9 also increased levels of the

lipid-generating enzymes FAS, SCD and DGAT2 (p<0.05). In mice, human PCSK9 at physiologic

levels increased intestinal MTP levels and activity regardless of LDLR expression.

Conclusions—PCSK9 markedly increases intestinal TRL apoB production through mechanisms

mediated in part by transcriptional effects on apoB, MTP and lipogenic genes, and in part by post-
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transcriptional effects on the LDLR and MTP. These findings indicate that targeted PCSK9-based

therapies may also be effective in the management of postprandial hypertriglyceridemia.
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biology

Introduction

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a secreted serine protease that

plays an important role in atherosclerotic coronary heart disease (CHD) development in

humans. Gain-of-function mutations in PCSK9 are associated with autosomal dominant

hypercholesterolemia and sharply increased risk of coronary artery disease (CAD)1, while

loss-of-function mutations are accompanied by remarkably large reductions in CHD risk2.

These findings have generated intense investigations in PCSK9 biology, which have

attributed potential pro-atherosclerotic properties to PCSK9, linked to its effect on serum

low-density lipoprotein cholesterol (LDL-C) levels3, raised by PCSK9-mediated

degradation of hepatic LDL receptors (LDLR)4, which then causes a secondary increase in

plasma PCSK9 levels5.

It has recently emerged, however, that PCSK9 also affects the metabolism of triglyceride-

rich, apolipoprotein (apo) B-containing lipoproteins (TRL)5,6. Triglyceride and apoB levels

significantly and independently associate with CHD risk7. Furthermore, TRL remnant

particles drive cholesterol accumulation in arterial macrophages and cause progression of

coronary artery disease8.

Relatively few investigations have targeted the regulatory role of PCSK9 on TRL. Most of

them have focused on the effect of PCSK9 on TRL metabolism at the hepatic level and have

identified PCSK9 as a trigger of TRL production5,6,9. The intestine is another major source

of TRL, accounting for a significant portion of plasma lipids in the form of postprandial

chylomicrons, with apoB48 as their characteristic apolipoprotein10,11. It must be noted that

PCSK9 expression in the intestine is quantitatively second only to hepatic expression12.

Here we investigated for the first time the comprehensive cellular, molecular and

physiologic mechanisms through which PCSK9 causes intestinal TRL overproduction. Our

results reveal that PCSK9 regulation of intestinal TRL metabolism is imparted at both

transcriptional (lipid and apoprotein biosynthesis) and post-transcriptional levels (TRL

assembly). Furthermore, we show that the effects of human PCSK9 on intestinal TRL apoB

production are mediated through both LDLR dependent and independent means, and involve

MTP. Finally, we showed that acute PCSK9 knockdown substantially reduces enterocyte

TRL production via down-regulation of key protein mediators of the cellular TRL

production pathway.
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Methods

Cell Culture

Cultured CaCo-2 cells were obtained from American Type Culture Collection (ATCC, VA).

CaCo-2 cells were first grown for 3 days in EMEM specialty medium (ATCC, VA) in 20%

FBS supplemented with 1% penicillin-streptomycin, at 37°C, 5% CO2, until they reached

80–90% confluence. Induction of cell polarization is necessary for CaCo-2 cells to resemble

human intestinal enterocytes in vivo. To induce polarization, CaCo-2 cells were maintained

in culture in 10% FBS-DMEM for 14 days in specialized, collagen-treated transwell plates

with 0.4 μM pore size polycarbonate filters (CoStar, DC).

Unless otherwise indicated, all studies were performed at least three times. Optimally

polarized confluent CaCo-2 cells in 1% FBS-DMEM were treated for 24 hours with

recombinant human PCSK9 (R&D Systems, MN) reconstituted in Millipore H20. PCSK9

was mostly used at the concentration of 10 μg/mL for 24 hours13, although many

experiments included different doses (0, 5, 7.5, 10 and 12 μg/mL) and different times (0, 2,

4, 8, 12, and 24 hours).

Mice

C57BL/6 (Wild-type, WT) and LDLR−/− mice were purchased from the Jackson

Laboratories (The Jackson Laboratory, ME) and housed at Vanderbilt University Medical

Center. hPCSK9 transgenic mice were generated in our laboratory as previously

described14. All animal experiments were carried out in compliance with National Institutes

of Health guidelines and were approved by the Institutional Animal Care and Use

Committee of Vanderbilt University.

PCSK9 siRNA Studies

Four small interfering ribonucleic acid vectors (siRNAs) targeting human PCSK9, (Qiagen,

MD), were transfected into CaCo-2 cells at a final concentration of 15 nmol/L, using

HiPerFect transfection reagent (Qiagen, MD) at 0.5% final volume15. The siRNA that

produced the maximum decrease in PCSK9 mRNA and protein expression (70% mRNA

knockdown 48 hours post-transfection) was chosen for further experiments. As a negative

control, CaCo-2 cells were transfected with a scrambled siRNA control vector containing a

nonsense mRNA sequence (Qiagen, MD). As a positive control, CaCo-2 cells were

transfected with siRNA targeting and silencing the constitutively expressed GAPDH gene.

Immunoprecipitation and Western Blots

Cell lysates, collected with RIPA buffer (50 mM Tris, 150 mM sodium chloride, 1% NP-40,

12 mM sodium deoxycholate, 3.5 mM SDS, pH 7.4) and protease inhibitor cocktail (Roche

Diagnostics, QC), and media, were immunoprecipitated for apoB48, apoB100, LDLR, MTP,

NPC1L1, PCSK9, GAPDH, beta-actin and albumin, using Catch-and-Release

immunoprecipitation columns and kits (Millipore, MA)16. Immunoprecipitates were

subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE),

transferred onto nitrocellulose membranes (BioRad, CA) and immunoblotted using

antibodies against apoB48 and apoB100 (human) (Santa Cruz, CA), PCSK9 (Cayman
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Chemicals, MI), LDLR (Fitzgerald International, CA), MTP (Santa Cruz, CA), Niemann-

Pick C1 like 1 (NPC1L1) (Santa Cruz, CA), GAPDH (Sigma, MO), beta-actin (Sigma-

Aldrich, MO) and albumin (Santa Cruz, CA). Horseradish peroxidase–conjugated antibodies

(BioRad, CA) were used as secondary antibodies. Immunoreactive bands were visualized

with a chemiluminescence kit (PerkinElmer Life Sciences, MA). The blots were exposed to

KODAK Biomax films, and the signal was quantified by densitometry using Quantity One

version 4.6.7. software (Bio Rad, CA).

Samples of proximal small intestine and large intestine were lysed with modified RIPA

Buffer (Sigma, MO). Samples (50μg) were loaded onto NuPage 4% to 12% Bis-Tris gels

(Life Technologies, CA) for electrophoresis and the size-separated proteins were transferred

to nitrocellulose membranes. Primary antibodies toward MTP (a kind gift of Prof. Larry

Swift from the Vanderbilt University), β-actin (Abcam, MA) and GAPDH (Novus

biological, CO) and horseradish peroxidase–conjugated secondary antibodies (Sigma, MO)

were used to detect target proteins. Signal was detected by use of a mixture of luminol, p-

coumaric acid, and hydrogen peroxide in 100 mmol/L Tris (pH 8.5). Intensity quantification

of the bands was obtained with ImageJ software and normalized to β-actin or GAPDH.

Semi-Quantitative PCR

Total RNA was isolated from the proximal part of the small intestine and distal part of the

large intestine using TRIzol reagent (Invitrogen Life Technologies, CA) and processed for

reverse transcription with the iSCRIPT cDNA synthesis (Biorad). cDNA was amplified

using Platinum PCR MasterMixtm (Invitrogen Life Technologies, CA) and primers for MTP

(forward primer: TGGTCAGGAAGCTGTGTCAG and reverse primer:

GAAGCAAGGCATTCTTCAGG) and β-actin (forward primer:

AGGGAAATCGTGCGTGACAT and reverse primer: CGTTGCCAATAGTGATGACC)

and loaded onto a 4% agarose gel.

Real-Time Quantitative Reverse-Transcriptase (RT)-PCR Analysis

Total RNA was isolated from cell lysates (RNeasy Mini Kit, Qiagen, MD) and used as

templates for cDNA synthesis (QuantiTech Reverse Transcription Kit, Qiagen, MD).

Quantitative real-time RT-PCR was performed using an Applied Biosystems 7300 Real

Time PCR system (Carlsbad, CA), according to the manufacturer’s instructions, and with

the SYBR green master kit (Qiagen, MD)16. Primers for RT-PCR succinate dehydrogenase

(SDH), APOB, MTP, SREBP1, SREBP2, HMG-CoA reductase, HMG-CoA synthase,

squalene synthase (SS), LDLR, PCSK9, fatty acid synthase (FAS), stearoyl-CoA desaturase

(SCD), diglyceride acyltransferase 1 (DGAT1) and DGAT2 were purchased (the proprietary

sequences are not available) (Qiagen, MD). The values reported for each mRNA were

corrected to SDH mRNA values. Relative quantifications of MTP mRNA from small and

large intestine samples was performed with the ABI Prism 7700 Sequence Detection System

(Applied Biosystems Life Technologies, CA) using TaqMan gene expression assays

(Applied Biosystems Life Technologies, CA). Expression levels were calculated using the

ΔΔCT method and normalized to 18S rRNA levels.
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Oil-Red-O and Hematoxylin Staining

Cells were stained with Oil-Red-O to examine the total amount of neutral lipid accumulation

in the cells, as previously described16.

Cell Viability

Cell viability was determined using 0.4% trypan blue (Sigma-Aldrich, ON) staining and

calculated using the following formula:
16.

Microsomal Triglyceride Transfer Protein (MTP) Activity Assay

Cell monolayers were washed twice with cold PBS and once with 5 mL of buffer (1 mM

Tris-HCl, pH 7.6, 1 mM EGTA and 1 mM MgCl2) at 4 °C. Cells were then incubated for 2

minutes at room temperature in 5 mL of cold buffer. The buffer was aspirated and 0.5 mL of

the same buffer was added to cells. Small pieces (50–70 mg) of proximal small intestine

were collected and homogenized in 0.5 ml of the same buffer. Cells and tissues were

scraped, collected, vortexed and centrifuged (SW55 Ti rotor, 50,000 rpm, 10 °C, 1 hour or

TLA 120.2 rotor, 90,000 rpm, 4 °C, 1 h – depending on sample size) and supernatants were

tested for MTP activity using a kit (Chylos Inc., NY) as previously described17. The

triglyceride transfer activity of MTP was measured as % lipid transfer/h/mg protein.

Statistical Analyses

Data (Figures 1–4) were analyzed using Wilcoxon rank sum tests and a Bonferroni

correction was applied for multiple pairwise comparisons. The in vivo data (Figure 5 and

Figure 6 and Supplemental Figures 1 and 2) were analyzed using t-tests or ANOVA, as

appropriate, with the Bonferroni test for post-hoc comparisons. All results are presented as

means ± SEM. Asterisks indicate statistically significant differences (*P<0.05 and

**P<0.01) compared with respective controls.

Results

PCSK9 Directly Stimulates ApoB Cellular Protein Expression and Secretion in Human
Enterocytes

Confluent, polarized CaCo-2 cells in 1% FBS-DMEM were treated for 24 hours with

recombinant human PCSK9. Of note, CaCo-2 cells secreted negligible amounts of human

PCSK9 relative to the 10 μg/mL concentration of recombinant PCSK9 added to the media

during the experiments. The identity of recombinant human PCSK9 was confirmed by

immunoblot (Figure 1A).

The addition of physiologic levels of human PCSK9 (10 μg/mL)18 to optimally polarized

human enterocytes (CaCo-2 cells) resulted in an approximately 50% increase in apoB

cellular protein expression and a similar increase in secreted apoB compared with untreated

CaCo-2 cells (Figures 1B and 1C). This stimulatory effect of PCSK9 was rapid, occurring at

24 hours post-treatment, and prolonged, lasting at least 48 hours.
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PCSK9 treatment (10 μg/mL, 24 hours) markedly stimulated enterocyte production and

secretion of both apoB48 (Figure 1B) and apoB100 (Figure 1C) proteins. Whereas intestinal

human TRL only contain the apoB48 isoform, CaCo-2 cells secrete TRL containing both

apoB48 and apoB10019, allowing us to characterize the effect of PCSK9 on both apoB

proteins. We found quantitatively similar stimulatory effects on both forms of apoB.

We next performed dose–response and time-course experiments, to assess enterocyte apoB

secretion (Figure 1D.). The maximum stimulatory effect of PCSK9 on both apoB48 and

apoB100 secretion was seen with 10 μg/mL of PCSK9, and no further stimulation was

obtained with 12.5 μg/mL. Moreover, a significant increase in secreted apoB was observed

in PCSK9 treated enterocytes as early as 4 hours after PCSK9 treatment (10 μg/mL), an

effect that persisted for 24 hours, the time point at which the maximal cumulative effect of

PCSK9 on apoB secretion was observed (Figure 1E.).

Quantification of the Contribution of PCSK9 to Enterocyte ApoB Production

PCSK9 siRNA treatment reduced PCSK9 mRNA levels by 70% (p<0.01) compared with

CaCo-2 cells transfected with a scrambled negative control vector. Treatment with the

PCSK9 siRNA also caused a 40% reduction in the secretion of both apoB48 and apoB100

(Figure 2).

Stimulation of Enterocyte ApoB Production by PCSK9 Occurs at the Transcriptional Level
on Cellular Apolipoprotein and Lipid Biosynthesis

Whether enterocyte apoB production by PCSK9 is regulated at the transcriptional level was

assessed via real-time RT-PCR analyses. Our results show a significant 1.5-fold increase in

apoB mRNA levels in PCSK9 treated cells (10 μg/mL, 24 hours) (Figure 3A) and a converse

50% decrease in apoB mRNA in cells transfected with PCSK9 siRNA (48 hours) (Figure

3A) compared with control untreated cells, demonstrating the specificity of the apoB mRNA

effect by PCSK9.

As intracellular neutral lipids inhibit cellular apoB protein degradation and enhance apoB

protein stability20, we determine if an increase in cellular neutral lipids contributes to the

enhanced cellular apoB protein expression and secretion with PCSK9. We therefore

performed Oil-RedO/hematoxylin staining of CaCo-2 cells. The results showed a clear

increase in enterocyte neutral lipid content in PCSK9-treated (10 μg/mL, 24 hours) cells

versus control untreated cells (Figure 3B) and also a slight increase in cellular neutral

content in enterocytes treated with PCSK9 siRNA (48 hours) (Figure 3C).

To study whether the PCSK9-mediated increase in enterocyte lipid content is attributable to

increased cellular de novo lipogenesis, we measured expression levels of SREBP1 (fatty acid

and triglyceride synthesis) and SREBP2 (cholesterol synthesis and uptake) target genes. The

results showed that PCSK9 treatment (10 μg/mL, 24 hours) caused a 1.5 to 2-fold increase in

mRNA levels of SREBP1 target genes, such as FAS, SCD, and DGAT2 (Figure 3D). There

was no change, however, in SREBP1 or DGAT1 expression. As well, no differences were

observed in the mRNA levels of SREBP2 or SREBP2 target genes, HMGCR, HMGCS, SS,

LDLR or PCSK9 (Supplementary Table 1).
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Treatment with PCSK9 siRNA (48 hours) showed no change in mRNA levels of SREBP1 or

SREBP1 target genes, with the exception of a slight increase in the expression of DGAT2

(Figure 3D). Despite no effects on SREBP2 mRNA levels, PCSK9 siRNA produced

significant reductions in SREBP2 target genes involved in cholesterol biosynthesis,

HMGCR, HMGCS and SS (Figure 3E). However, there was no change in SREBP2 targets

involved in cholesterol uptake, LDLR and PCSK9 (Supplementary Table 2).

MTP is crucial for the transfer of neutral lipids to apoB and a key regulator of intracellular

apoB degradation and stability20. Enterocytes treated with PCSK9 (10 μg/mL, 24 hours)

showed a nearly 2-fold increase in MTP mRNA levels (Figure 3A), whereas PCSK9 siRNA

treated enterocytes (48 hours) demonstrated a 20% reduction in MTP mRNA (Figure 3A).

Key Protein Mediators through which PCSK9 Stimulates Enterocyte ApoB Production

Treatment of enterocytes with PCSK9 (10 μg/mL, 24 hours) markedly (2.5-fold) increased

cellular levels of the active, 62-kDa form of PCSK9. This suggests that following entry into

the cell, a substantial amount of exogenous PCSK9 does not undergo lysosomal degradation

(Figure 4A).

PCSK9 reduced enterocyte LDLR protein expression by 50%, whereas PCSK9 gene

knockdown (via PCSK9 siRNA, 48 hours) raised LDLR protein levels in enterocytes by

50% (Figure 4B). We next investigated whether mechanisms independent of the LDLR were

involved in the PCSK9-mediated increase in enterocyte apoB TRL production. We assessed

MTP protein levels (Figure 4C) and MTP lipid transfer activity (Figure 4D) and found that

both were significantly enhanced, by 30–40%, in enterocytes by PCSK9 treatment compared

with control untreated cells. Conversely, PCSK9 siRNA inhibition in enterocytes (48 hours)

significantly lowered MTP protein levels and activity.

Furthermore, we determined enterocyte levels of Niemann-Pick C1 like 1 (NPC1L1), a

critical transporter of cholesterol across the intestinal lumen that affects the overall cellular

lipid content21. Enterocyte NPC1L1 protein levels were increased by PCSK9 treatment

whereas PCSK9 siRNA significantly downregulated NPC1L1 levels (Figure 4E).

PCSK9 Affects the TRL Secretion Machinery In Vivo in an LDLR Dependent and
Independent Fashion

Human PCSK9 expression in mice increases serum cholesterol via both hepatic LDLR

reduction and increased TRL secretion5. To test the effect of PCSK9 on the intestine in vivo,

we used transgenic mice expressing PCSK9 in multiple tissues, including the small and

large intestine5. Intestinal samples from human PCSK9 transgenic (hPCSK9 tg), WT, and

murine PCSK9 knockout (mPCSK9−/−) mice were tested for LDLR levels22.

PCSK9 expression significantly reduced LDLR levels in the small intestine (54%), whereas

the absence of mPCSK9 increased LDLR levels by nearly 70% (Supplementary Figures 1).

In contrast, PCSK9 overexpression or deletion did not affect LDLR levels in the large

intestine (Supplementary Figures 2). We also tested the in vivo effect of PCSK9 expression

on MTP, the rate-limiting enzyme for TRL particle secretion20,23 in the presence or absence

of LDLR. Expression of human PCSK9 significantly increased MTP mRNA (3.8-fold),
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(Figures 5A and 5B) and protein (2-fold), (Figure 5C, lanes 1–3) levels compared with WT

mice. In agreement with canonical knowledge that fat absorption and assembly of

chylomicrons occurs in the small intestine24, MTP protein was not detected in the large

intestine (Figure 5C, lanes 4–6). Human PCSK9 expression resulted in a significant (32%)

increase in MTP activity (Figure 5D), but the absence of mPCSK9 did not alter MTP at any

level, mRNA, protein or activity.

The LDLR independent effect of PCSK9 on TRL secretion was further tested in mice

expressing hPCSK9 but not LDLR. Figures 6A and 6B show that MTP mRNA levels were

increased 3.9-fold in LDLR−/−expressing human PCSK9 compared with control LDLR−/−

mice, with protein expression also showing a similar trend (Figure 6C). As expected, MTP

was not expressed in the large intestine of LDLR−/− mice (Figure 6B). Finally, MTP activity

was increased by 37% (p<0.05) in the small intestine of LDLR−/− mice expressing hPCSK9

(Figure 6D).

Discussion

The controversy about whether variations in PCSK9 concentrations affect TRL levels in

humans was settled with recent studies showing significant associations between serum

PCSK9 levels and the levels of circulating TRL markers in a broad spectrum of the

population25,26. In the present study, we have further shown for the first time that

physiologic levels of human PCSK9 directly stimulate intestinal TRL apoB48 and apoB100

production by 50%. Given the role that intestinal TRL production in humans play in

determining serum lipid levels after a meal10,11, this magnitude of increase in intestinal TRL

apoB production by PCSK9 should be a significant contributor to post-prandial lipids. In

addition, this level of TRL apoB stimulation can influence fasting triglycerides in conditions

of dysregulated hepatic TRL production, characteristic of individuals with insulin resistance

and metabolic syndrome10,11. Furthermore, since one apoB molecule is present per TRL

particle, this level of increase in TRL apoB by PCSK9 suggests a potential doubling in the

levels of pro-atherogenic TRL intestinal remnant particles in the circulation after a meal.

We further characterized the dynamics of PCSK9-induced stimulation of intestinal TRL and

found that it was rapid and prolonged, affecting both cellular and secreted apoB levels. More

specifically, the enhancement in enterocyte apoB by extracellular PCSK9 was observed as

early as 4 hours post-treatment and persisted 24 hours. Furthermore, PCSK9 increased both

cellular and secreted apoB protein levels by similar extents, which indicates that the apoB

synthesized in the enterocyte in response to PCSK9 induction is stable and preserved

throughout the secretory pathway, without significant degradation.

Importantly, we identified for the first time the cellular and molecular mechanisms through

which PCSK9 drives intestinal TRL overproduction. First, we showed that PCSK9

stimulates enterocyte synthesis of both the major protein and lipid components of TRL

particles – apoB and triglycerides – by altering cellular processes at both the transcriptional

and post-transcriptional levels. Moreover, the PCSK9-mediated increase in intestinal TRL

production in vitro and in vivo was attributed to both LDLR-dependent and independent
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mechanisms, involving both transcriptional effects on apoB, MTP and lipogenic genes and

post-transcriptional effects on MTP.

We show here that a portion of the PCSK9 that enters the cell from the extracellular

compartment remains intact, does not undergo lysosomal degradation and is able to alter

intracellular processes. This may explain how extracellular PCSK9 selectively activates

transcriptional and post-transcriptional processes. The observation that a portion of

internalized PCSK9 is not degraded has been recently reported by us after finding human

PCSK9 in liver of mice 4 hours after injection of exogenous human PCSK95. Similarly, a

recent study with human fibroblasts has documented that a portion of internalized PCSK9 is

diverted from the lysosomal degradation pathway to endocytic recycling compartments27. It

is unclear whether this mechanism involves dissociation of PCSK9 from LDLR or if it is a

route for the coupled recycling for both protein partners.

At the transcriptional level, PCSK9 caused a significant increase in enterocyte apoB mRNA

levels, an effect not observed with apoB regulators such as insulin and fatty acids28. Indeed,

prior studies had suggested that apoB is solely regulated post-transcriptionally20. In contrast,

here, we demonstrate a strong transcriptional effect of PCSK9 on apoB.

Processes involved in post-transcriptional apoB stability and degradation were also

enhanced by PCSK9. Since intracellular neutral lipids inhibit apoB protein degradation and

enhance apoB protein stability16,20, the increase in enterocyte neutral lipid content that we

observed with PCSK9 treatment explains in part the PCSK9-mediated increase in cellular

apoB. An increase in de novo cellular triglyceride biosynthesis by PCSK9 can account for

this increase in enterocyte neutral lipids, as PCSK9 stimulated the expression of target genes

in the SREBP1 fatty acid/triglyceride biosynthesis pathway (FAS, SCD and DGAT2).

PCSK9, however, did not alter the expression of genes in the SREBP2 cholesterol

biosynthesis/uptake pathway.

While de novo cellular cholesterol biosynthesis mediated by SREBP2 was not enhanced by

PCSK9, PCSK9, nonetheless, increased cellular levels of NPC1L1 (by 30–40%), critical in

mediating intestinal cholesterol transport, absorption, and incorporation into enterocytes29.

With respect to potential mechanisms through which PCSK9 might have increased NPC1L1

protein levels, NPC1L1 levels are regulated by both transcription factors, SREBP2 and

PPAR alpha30 PPAR alpha in turn is activated FAS31. Since PCSK9 treatment significantly

increased FAS mRNA expression, PPAR alpha mediated upregulation of NPC1L1 is the

likely mechanism by which PCSK9 increased enterocyte NPC1L1 protein and will

specifically need to be tested in future studies.

MTP, an ER apoB chaperone critical for the transfer of lipids to apoB23, also contributed to

the enhanced apoB stability induced by PCSK9. PCSK9 treatment significantly increased

MTP mRNA, protein and lipid transfer activity. The PCSK9-mediated 30–40% increase in

MTP activity occurred rapidly, within 24 hours, for a protein whose half-life is four days32.

Such a rapid effect can be explained by a stimulatory effect on the de novo MTP protein

synthesis.
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In addition to the above LDLR-independent regulators of apoB production, the LDLR is

well known to affect hepatic apoB stability22. PCSK9 also influences intestinal apoB

production by reducing enterocyte LDLR levels in vitro by 50%.

In vivo human PCSK9 overexpression reduced LDLR levels and increased MTP expression

and activity in the small intestine, both known to affect TRL secretion rates17,22. The

increased MTP levels and activity persisted in the absence of LDLR in mice expressing

human PCSK9. Surprisingly, deletion of PCSK9 in mice did not significantly affect either

MTP expression or activity, suggesting a specific effect of human PCSK9, and

demonstrating the human relevance of our findings. In fact, neither deletion nor transgenic

expression of murine PCSK9 affect cholesterol levels in mice lacking the LDLR3, whereas

transgenic expression of human PCSK9 increases serum TRL and TRL secretion in

LDLR−/− mice5. An important implication of these prior studies, combined with our in vivo

results above, is that human and murine PCSK9 appear to behave differently in the absence

of the LDLR.

Of note, acute siRNA-induced inhibition of PCSK9 gene expression markedly reduced (by

50%) intestinal TRL apoB cellular protein and mRNA levels and down-regulated production

of several enzymes involved in the enterocyte TRL synthesis and assembly process – MTP,

NPC1L1 and cholesterol biosynthetic enzymes. The decline in the expression of multiple

cholesterol biosynthetic enzymes in the cellular SREBP2 pathway that we observed was an

unanticipated benefit of PCSK9 inhibition. PCSK9 knockdown also raised enterocyte LDLR

levels by 50%, a significant albeit lesser effect than what we observed in hepatocytes15.

These results further highlight the key role of PCSK9 as an essential regulator of intestinal

TRL production.

As a side effect, PCSK9 siRNA treatment of enterocytes also resulted in a very mild

increase in cellular neutral lipid content. This is probably attributable to the counter-

regulator effect of PCSK9 siRNA in inducing a small increase in DGAT2 mRNA levels, as

a result of SREBP1 activation.

In the context of the rapid development and success to date of PCSK9 as a drug target33, it is

critical to unravel the pleiotropic effects of PCSK9 on lipoprotein metabolism. Our results

suggest that in addition to its established role as a mediator of hepatic LDL metabolism,

PCSK9 is an essential regulator of intestinal TRL metabolism. Thus, our findings prove that

the targeted effects of PCSK9 in mediating cellular lipid and lipoprotein metabolism are

broad and not limited to the LDLR apoB degrading action of PCSK9, as was initially

thought. Moreover, the results demonstrate the potential of PCSK9 as a highly attractive

therapeutic drug target also for mitigating TRL production.

While the current studies were focused on the intestine, the potential for PCSK9 TRL-based

therapies that we showed here likely also extends beyond the intestine to hepatic TRL

metabolism, since parallel TRL pathways are present in hepatocytes. Consistent with this

notion, we recently showed that human PCSK9 expression also increases hepatic secretion

of TRL in an LDLR-independent fashion in mice5. A further potentially important

advantage of PCSK9-based TRL therapies, in comparison to the currently available MTP
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inhibitor therapies, which also specifically target the TRL apoB production pathway, is that

they appear in our studies to lead to less cellular lipid accumulation and may, thus, avoid the

unavoidable risk of steatosis seen with MTP inhibitors23. Indeed, while

abetalipoproteinemia patients with loss-of-function mutations in MTP demonstrate steatotic

effects34, individuals with loss-of-function mutations in PCSK9 show an absence in hepatic

lipid accumulation and steatosis35. Overall, the future of PCSK9-based therapies hold great

promise in overcoming long held challenge in developing clinically effective and safe

atherosclerotic cardiovascular disease reducing therapies for mitigating hypertriglyceridemia

in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Direct Stimulatory Effect of PCSK9 on ApoB Expression and Secretion in Human

Enterocytes. (A) The human recombinant human PCSK9 used in all experiments was

characterized via immunoblotting. A 2 μg quantity of recombinant human PCSK9 was

immunoblotted using 10% SDS gels and a polyclonal antibody against human PCSK9. The

results confirmed the expected 62 kDa size of recombinant human PCSK9. (B) PCSK9

treatment (10 μg/mL, 24 hours) significantly stimulated the cellular expression and secretion

of apoB48 protein (by 40–50%) in optimally polarized CaCo-2 cells, compared with control

untreated cells, maintained in 1% FBS. (C) PCSK9 (10 μg/mL, 24 hours) markedly

stimulated the cellular expression and secretion of apoB100 protein (by 40–50%) in CaCo-2

cells, compared with control untreated cells, maintained in 1% FBS. (D) The stimulatory

effect of PCSK9 (24 hours) on apoB48 and apoB100 secretion in CaCo-2 cells (compared

with control untreated cells maintained in 1% FBS) occurred in a dose-responsive manner in

the 0 to 12.5 μg/mL concentration range of PCSK9. The maximum stimulatory effect was

reached at 10 μg/mL PCSK9. (E) Time course effects of PCSK9 treated CaCo-2 cells (10

μg/mL) showed an enhancement in both apoB48 and apoB100 secretion as early as 4 hours

post-treatment (versus control untreated cells) and continued on to the 24-hour time-frame

of the study.
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Figure 2.
Inhibition of Enterocyte ApoB Secretion by Acute Deletion of PCSK9 Gene Expression.

CaCo-2 cells treated with PCSK9 siRNA (15 nmol/L, 48 hours) showed a 70% reduction in

PCSK9 mRNA expression versus CaCo-2 cells transfected with a negative control vector,

and demonstrated no significant decline in cellular viability versus untreated cells (results

not shown). PCSK9 siRNA knockdown resulted in a nearly 40% decrease in both apoB48

and apoB100 secretion from CaCo-2 cells.
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Figure 3.
PCSK9-Induced Changes in Expression Levels of Genes Involved in the Control of

Enterocyte Lipid and Lipoprotein Biosynthesis. (A) The mRNA levels of APOB and MTP

genes were assessed by real-time RT-PCR in CaCo-2 cells treated with 10 μg/mL PCSK9

for 24 hours and in cells transfected with PCSK9 siRNA for 48 hours and compared to

control cells. PCSK9 treatment resulted in a significant 1.5 fold increase in cellular apoB

mRNA content versus untreated control cells. PCSK9 also caused a similar 1.5 increase in

cellular MTP mRNA content. PCSK9 siRNA treatment resulted in a significant 50% decline

in cellular apoB mRNA content versus control cells treated with a scrambled siRNA control

vector. PCSK9 also caused a 20% decrease in cellular MTP mRNA content. (B) The lipid

content of CaCo-2 cells treated with PCSK9 (10 μg/mL, 24 hours) was assessed using Oil-

Red-O/hematoxylin staining. PCSK9 treated CaCo-2 showed a markedly greater cellular

neutral lipid content (triglycerides and cholesteryl esters) than untreated control cells. (C)

The lipid content of CaCo-2 cells treated with PCSK9 siRNA (48 hours) was assessed using

Oil-Red-O/hematoxylin staining. CaCo-2 cells treated with PCSK9 siRNA showed a slightly

elevated neutral lipid content (triglycerides and cholesteryl esters) compared to control cells

treated with a scrambled siRNA control vector. (D) The mRNA levels of target genes in the

SREBP1 intracellular lipid biosynthesis pathway were assessed in CaCo-2 cells treated with

PCSK9 (10 μg/mL, 24 hours) and in cells transfected with PCSK9 siRNA (48 hours), via

real-time RT-PCR. The mRNA levels of target genes in the SREBP1 pathway involved in

cellular fatty acid biosynthesis (FAS and SCD) and triglyceride biosynthesis (DGAT2) were

significantly greater in enterocytes treated with PCSK9 than in control untreated cells.

DGAT2 mRNA levels but not other SREBP1 target genes, were slightly higher in PCSK9

siRNA transfected enterocytes compared with control cells treated with a scrambled siRNA

control vector. (E) The mRNA levels of target genes in the SREBP2 cholesterol biosynthesis

pathway were assessed in CaCo-2 cells treated with PCSK9 siRNA (48 hours) via real-time

RT-PCR. The mRNA levels of HGMCR, HMGCS and SS, but not other SREBP2 target

genes, were significantly reduced in PCSK9 siRNA transfected enterocytes compared with

control cells treated with a scrambled siRNA control vector.
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Figure 4.
Protein Mediators of the Cellular TRL Production Process Accounting for Alterations in

Enterocyte ApoB Induced by PCSK9. (A) CaCo-2 cells treated with PCSK9 (10 μg/mL, 24

hours) showed a significant 250% (2.5-fold) increase in cellular PCSK9 protein levels

versus control untreated cells. (B) CaCo-2 cells treated with PCSK9 (10 μg/mL, 24 hours)

showed a significant 50% reduction in LDLR protein levels versus control untreated cells.

Conversely, siRNA PCSK9 gene knockdown (15 nmol/L, 48 hours) resulted in a nearly 50%

increase in LDLR protein. (C) PCSK9 (10 μg/mL, 24 hours) treatment caused a significant

30% increase in CaCo-2 MTP protein levels, whereas siRNA PCSK9 knockdown (48 hours)

caused a 30% reduction in cellular MTP protein. (D) PCSK9 (10 μg/mL, 24 hours) caused a

nearly 40% significant increase in MTP activity in CaCo-2 cells. In contrast, siRNA PCSK9

knockdown (48 hours) resulted a 10% reduction in cellular MTP activity. (E) PCSK9 (10

μg/mL, 24 hours) caused a close to 40% significant increase in CaCo-2 NPC1L1 protein

levels, whereas siRNA PCSK9 knockdown (48 hours) caused a 25% reduction in cellular

NPC1L1 protein.

Rashid et al. Page 23

Circulation. Author manuscript; available in PMC 2015 July 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Rashid et al. Page 24

Circulation. Author manuscript; available in PMC 2015 July 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Rashid et al. Page 25

Circulation. Author manuscript; available in PMC 2015 July 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
MTP Levels and Activity in the Small Intestine in mPCSK9 −/−, WT and hPCSK9 tg Mice.

(A) Semi-quantitative PCR results showing mRNA levels of MTP and β-actin in the small

intestine. (B) Relative mRNA expression of MTP evaluated by real time RT-PCR.

Expression levels were calculated using the ΔΔCT method. Each sample was measured in

duplicate using 6 mice in each group (n=6) and normalized to 18S rRNA Levels. (C)

Quantitative analysis of MTP protein levels normalized to β-actin in the small intestine, with

the indicated number of mice. Insert: representative immunoblot of MTP and β-actin in the

small and large intestine. Lane 1: mPCSK9 −/− small intestine; lane 2: WT small intestine;

lane 3: hPCSK9 tg small intestine; lane 4: mPCSK9−/− large intestine; lane 5: WT large

intestine; lane 6: hPCSK9 tg large intestine. (D) MTP activity in the small intestine. MTP

activity was measured in duplicate using 3 mice in each group (n=3) and normalized to total

protein content. (One-Way ANOVA: *p<0.05, ** p<0.01).
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Figure 6.
MTP Levels and Activity in the Small Intestine of WT and hPCSK9 tg Mice on an LDLR −/

− background. (A) Semi-quantitative PCR showing mRNA levels of MTP and β-actin in the

small intestine. (B) Relative mRNA expression of MTP in the large (LI) and small intestine

(SI) evaluated by real time RT-PCR. Expression levels were calculated using the ΔΔCT

method. Each sample was measured in duplicate using the indicated number of mice, and

mRNA levels were normalized to 18S rRNA Levels. (C) Quantitative analysis of MTP

protein levels normalized to GAPDH in the small intestine (n=3). Insert: representative

immunoblot of MTP and GAPDH in the small intestine. Lanes 1, 2: LDLR −/−; lanes 3, 4:

hPCSK9 tg/LDLR −/−. (D) MTP activity in the small intestine. MTP activity was measured

in duplicate using the indicated number of mice in each group and normalized to total

protein content. (T-test: *p<0.05, ** p<0.01).
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