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Abstract

Background—High fructose diet (HFD) induces dyslipidemia and insulin resistance in
experimental animals and humans with incomplete mechanistic understanding. By utilizing mice
and hamsters as in vivo models, we investigated whether high fructose consumption affects serum
PCSK9 and liver LDL receptor (LDLR) protein levels.

Results—Feeding mice with a HFD increased serum cholesterol and reduced serum PCSK9
levels as compared with the mice fed a normal chow diet (NCD). In contrast to the inverse
relationship in mice, serum PCSK9 and cholesterol levels were co-elevated in HFD-fed hamsters.
Liver tissue analysis revealed that PCSK9 mRNA and protein levels were both reduced in mice
and hamsters by HFD feeding, however, liver LDLR protein levels were markedly reduced by
HFD in hamsters but not in mice. We further showed that circulating PCSK9 clearance rates were
significantly lower in hamsters fed a HFD as compared with the hamsters fed NCD, providing
additional evidence for the reduced hepatic LDLR function by HFD consumption. The majority of
PCSK9 in hamster serum was detected as a 53 kDa N-terminus cleaved protein. By conducting in
vitro studies, we demonstrate that this 53 kDa truncated hamster PCSK9 is functionally active in
promoting hepatic LDLR degradation.

Conclusion—Our studies for the first time demonstrate that high fructose consumption increases
serum PCSK9 concentrations and reduces liver LDLR protein levels in hyperlipidemic hamsters.
The positive correlation between circulating cholesterol and PCSK9 and the reduction of liver
LDLR protein in HFD-fed hamsters suggest that hamster is a better animal model than mouse to
study the modulation of PCSK9/LDLR pathway by atherogenic diets.
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1. Background

Proprotein convertase subtilisin/kexin type 9 (PCSKO9) is a liver-derived plasma protein that
exerts a profound effect on the circulating LDL-cholesterol (LDL-C) levels through its
ability to promote degradation of hepatic LDL receptor (LDLR) [1]. PCSK9 is synthesized
as a ~75 kDa precursor in the endoplasmic reticulum that undergoes autocatalytic cleavage
to release the N terminal propeptide of 14 kDa. The ~62 kDa mature form of PCSK9 and the
14 kDa propeptide are bound together noncovalently and are secreted into plasma as a
heterodimer. In addition, the circulating 62 kDa form of human PCSK9 can be further
cleaved at arginine 218 by other members of the PCSK family furin and/or PC5/6A to
generate a ~53 kDa truncated form, which is designated as PCSK9-AN218 [2-4]. In plasma,
PCSKQ binds to the EGF-A extracellular domain of LDLR and subsequently, the PCSK9-
LDLR protein complex is endocytosed by the hepatocytes followed by its degradation in the
lysosome compartment [5]. Thus, PCSK9 plasma levels by impacting LDLR protein directly
influence the level of plasma LDL-C [6]. It has been shown that in the general population,
plasma levels of PCSK9, despite large variations, positively correlated with plasma levels of
LDL-C. A 100 ng/ml increase in plasma PCSK9 level was associated with a 4.5-mg/dlI
increase in plasma LDL-C concentration in women and a 3.2-mg/dl increase in LDL-C in
men [7].

Given the critical function played by PCSK9 in the regulation of LDLR protein levels,
PCSKO9 has emerged as a key regulator of LDL-C homeostasis and a promising new
therapeutic target in the clinical management of hypercholesterolemia [8]. Since the initial
discovery of PCSK9 in 2003, many experimental and therapeutic approaches using anti-
PCSKQ antibodies have been employed to interfere with the PCSK9-LDLR interactions [9].
In addition, strategies of antisense oligonucleotides [10] or small interference RNAs
(SiIRNAS) [11] have been employed to reduce PCSK9 expression. In particular, large clinical
trials involving anti-PCSK9 monoclonal antibodies have successfully established the
efficacy and safety of PCSKS inhibition in patients with hyperlipidemia [12].

Despite the wealth of knowledge currently available in understanding the impact of
pharmacological interventions on plasma PCSKO, relatively limited studies have been
carried out aimed at examining the influence of nutritional factors on the plasma PCSK9
levels and their relevance to hepatic LDLR protein abundance. Interestingly, a recent study
to examine the effect of short term high-fat diet, high-fat/high-protein diet or high-fructose
diet on plasma PCSK®9 levels has revealed that while high-fat and high-fat/high-protein
short-term diets did not significantly change PCSK9 concentrations, high-fructose diet
increased plasma PCSK9 concentrations by 28% in healthy volunteers and by 34% in
offspring of type 2 diabetic that are more prone to develop insulin resistance [13].

It is well recognized that feeding a fructose-enriched diet for more than one week can induce
dyslipidemia, particularly hypertriglyceridemia and insulin resistance in both experimental
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animals and in human subjects [14]. The mechanisms underlying fructose-induced
dyslipidemia have only been partially delineated, and some evidence suggests that induction
of de novo lipogenesis through activation of SREBP1c in liver contributes to the elevated
serum VLDL-cholesterol and triglycerides [15]. At present, however, it remains to be
determined whether PCSKO9 plays any role in the development of dyslipidemia in response
to high dietary fructose consumption.

Various mouse models have been used to study dyslipidemia and obesity induced by
fructose-enriched diet as well as high cholesterol and high fat diets [16-21]. In addition to
mice, the HFD-fed golden Syrian hamster model has been used as a metabolic model of
insulin resistance and dyslipidemia [22-25]. Given the importance of plasma PCSK9 and its
recent association with the dietary fructose consumption in humans, we initiated the current
studies to use mice and hamsters as two in vivo models to examine the impact of chronic
feeding of HFD on plasma PCSKO levels and hepatic LDLR expression. Here we provide
evidence that HFD differentially impacts circulating PCSK9 concentrations and hepatic
LDLR levels in mice and hamsters. HFD-induced hyperlipidemia is inversely correlated
with circulating PCSK9 in mice; however, in hamsters HFD feeding led to elevated
circulating LDL-C concentrations and increased plasma PCSK9 levels, which were
accompanied by a significant reduction of liver LDLR amount. Thus, similar to human
situations, hamsters exhibit a positive correlation between circulating PCSK9 level and
LDL-C concentration. Our study results suggest that while mice have been extensively used
in the genetic study of PCSK9 function in inducing LDLR degradation, hamster is a better
model than mouse to study the modulation of PCSK9/LDLR pathway by dyslipidemic and
atherogenic diets.

2. Materials and methods

2.1. Animals and diets

Ten-week old male golden Syrian hamsters were purchased from Harlan. Eight-week old
male C57BL/6J mice were purchased from Jackson Labs (Bar Harbor, Maine). All animals
were housed (mice, 4 animals/cage; hamsters, 2 animals/cage) under controlled temperature
(72°F) and lighting (12 h light/dark cycle). Animals had free access to autoclaved water and
food. Mice were fed either a rodent normal chow diet (NCD, n=8) or a HFD (n=8)
containing 60% fructose (Dyets Inc., Bethlehem, PA) for three weeks. For hamsters, in the
first study, sixteen hamsters were fed a NCD (n=8) or a HFD (n=8) for three weeks. In the
second study, twelve hamsters were fed NCD (n=6) or HFD (n=6) for four weeks. At the
experimental termination, all animals were sacrificed. Mouse serum and liver samples were
collected after a 4 h fasting (9 AM to 1 PM) and hamster serum and liver samples were
collected after an overnight fasting (5 PM to 9 AM). All serum and liver samples were
stored at —80°C until being analyzed. Animal use and all experimental procedures were
approved by Institutional Animal Care and Use Committee of the VA Palo Alto Health Care
System.
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2.2 Serum isolation and cholesterol determination

Fasting blood samples (0.2 ml) were collected from the retro-orbital plexus using
heparinized capillary tubes under anesthesia (2-3% isoflurane and 1-2 L/min oxygen) and
serum was isolated at room temperature and stored at -80°C. Standard enzymatic methods
were used to determine TC, TG, and HDL-C with commercially available kits purchased
from Stanbio Laboratory (Texas, USA). Each sample was assayed in duplicate.

2.3 HPLC analysis of lipoprotein-cholesterol profiles

Fifty ul of hamster serum sample from two serum samples of the same diet group were
pooled together and a total of 4 pooled samples from NCD group and 4 pooled samples from
HFD group were analyzed for cholesterol and triglyceride levels of each of the major
lipoprotein classes including chylomicron (CM, >80 mm), VLDL (30-80 nm), LDL (16-30
nm), and HDL (8-16 nm) with a dual detection HPLC system consisting of two tandem
connected TSKgel Lipopropak XL columns (300 x 7.8-mm; Tosoh, Japan) at Skylight
Biotech, Inc. (Tokyo, Japan) [26]. Likewise, pooled mouse serum samples of NCD and HFD
groups were analyzed for cholesterol and triglyceride levels in different lipoprotein fractions
after HPLC separation.

2.4 RNA isolation and quantitative real-time PCR

Total RNA isolation, generation of cDNA, and real-time PCR were conducted as previously
reported [26]. Each cDNA sample was run in duplicate. The correct size of the PCR product
and the specificity of each primer pair were validated by examination of PCR products on an
agarose gel. Primer sequences of mouse and hamster genes used in real-time PCR are listed
in Table 1. Target mMRNA expression in each sample was normalized to the housekeeping
gene GAPDH. The 2"2ACt method was used to calculate relative mRNA expression levels.

2.5 Western blot analysis

Approximately 50 mg of frozen liver tissue was homogenized in RIPA buffer containing 1
mM PMSF and protease inhibitor cocktail (Roche). After protein quantitation using BCA
protein assay reagent (Pierce), 50 pug of homogenate proteins from individual liver samples
were resolved by SDS-PAGE and transferred to nitrocellulose membranes. Anti-LDLR
antibody was purchase from BioVision (Mountain View, CA). Anti-hamster PCSK9
antibody that recognizes the C-terminal end of hamster PCSK9 (CRNRPSAKASWVHQ)
was developed in our laboratory and previously reported [27]. Anti-mouse PCSK9 antibody
was obtained from R&D System. Anti-actin and anti-V/5 antibodies were purchased from
Sigma-Aldrich. Anti-ApoB antibody was a gift from Dr. Khosrow Adeli (Hospital for Sick
Children, University of Toronto, Canada). Anti-ApoA1l antibody was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Immunoreactive bands of predicted molecular mass
were visualized using SuperSignal West Substrate (Thermo Scientific) and quantified with
the Alpha View Software with normalization by signals of p-actin.

2.6 Detection of mouse PCSK9 in serum

Secreted PCSK9 in sera of C57BL/6J mice were measured using mouse PCSK9 ELISA kit
obtained from R&D System according to the instruction.
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2.7 Detection of hamster PCSK9 in serum

Detection of PCSK9 in hamster serum samples was conducted by immuoprecipitation (IP),
followed by Western blotting using anti-hamster PCSK9 antibody as we previously
described [27].

2.8 Human PCSK®9 cloning, purification, and injection into hamsters

Human PCSKS9 coding sequence was cloned into the pcDNA3.1/V5-His TOPO vector
(Invitrogen) and transfected into HEK293 cells. His-tagged PCSK9 was purified from the
medium of transfected HEK293 cells using the ProBond protein purification system (Life
technology). Protein purity was examined by gel electrophoresis with Coomassie blue
staining. The purified PCSK9 concentration was determined using a human PCSK9 ELISA
kit purchased from R&D System. Hamsters were fed a NCD or a HFD for three weeks prior
to the injection of purified human PCSK9 (5ug per hamster) through the retro-orbital plexus
under anesthesia. Blood was collected before injection and at the indicated time points after
injection. Hamsters were euthanized at the end of the experiment and liver samples were
collected. The level of human PCSK9 in hamster serum was determined using human
PCSK9 ELISA kit (R & D system).

2.9 Plasmids and transient transfections

pIR-hFurin and pIR-mPC5A were previously described [2]. Hamster PCSK9 was cloned
into pcDNA™3.1/V5-His TOPO [27]. HEK293 cells transfected with His-hamPCSK9
without or with pIR-hFurin or with pIR-mPC5A. The HEK293 medium was collected 48 h
after transfection. The conditioned HEK293 medium was then added to Huh7 cells. After 4
h, The Huh7 cells were collected for protein analysis.

2.10 Detection of PCSKO9 in different lipoprotein fractions after serum lipoprotein
separation by ultracentrifugation

Lipoproteins (VLDL, IDL, LDL, and HDL) were isolated from pooled hamster serum
samples of HFD or NCD group by sequential flotation ultracentrifugation [28,29]. Briefly,
the initial density of serum was 1.006 g/mL. To isolate VLDL + IDL, solid KBr was added
to serum to increase the density to 1.025 g/mL and the serum samples were then centrifuged
at 150,000g for 16 h. The upper mobile layer was collected as VLDL + IDL. The remaining
part was resuspended and solid KBr was added to adjust the density to 1.063 g/mL. Serum
samples were then centrifuged at 150,000g for 24 h and the top faction was collected as
LDL. Finally, solid KBr was added to the remaining part to increase the density to 1.210
g/mL and samples were centrifuged at 150,000g for 40 h. The upper layer was collected as
HDL. Equal volume of VLDL + IDL, LDL or HDL fractions of NCD and HFD were
examined for the presence of PCSK9 by Western blotting with anti-hamster PCSK9
antibody.

2.11 Statistical analysis

Values are presented as mean + SEM. Significant differences between diet groups were
assessed by two-tailed Student t-test (honparametric Mann Whitney test). Statistical
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significance is displayed as p < 0.05 (one asterisk), p < 0.01 (two asterisks) or p < 0.001
(three asterisks).

3. Results

3.1 HFD feeding elevated serum LDL-C and reduced circulating PCSK9 levels without
impacting on hepatic LDLR protein abundance in mice

Various genetically engineered mouse models with PCSK9 knockdown and overexpression
have been widely used to study PCSK9-mediated hepatic LDLR degradation [30-34]. To
examine the effect of fructose diet on serum PCSK9 and hepatic LDLR levels in normal
mice, male C57BL/6J mice were fed a HFD or a NCD for three weeks. Measurement of
individual serum samples shows that HFD feeding elevated serum total cholesterol (TC) by
31% (p<0.01), non-HDL-C by 42% (p<0.01) and HDL-C by 27% (p<0.01) as compared
with those in the mice fed a NCD (Fig. 1A). Next, we performed HPLC analysis of profiles
of lipoprotein-cholesterol (Fig. 1B) and triglyceride (TG) (Fig. 1C) in pooled serum samples
of NCD and HFD groups. The results showed a 29% increase in total cholesterol and a
prominent increase of 68% in LDL-associated cholesterol by HFD feeding. Total serum TG
as well as TG associated with VLDL, LDL and HDL fractions were actually decreased in
HFD fed mice. Further analysis of cholesterol and TG contents in liver tissues revealed that
the decrease in serum TG was accompanied by a significant increase of 53% (p<0.001) in
hepatic TG level in HFD fed mice as compared to NCD fed mice, while the hepatic TC level
did not change (Fig. 1D). Importantly, in opposite to the increased serum cholesterol levels,
serum PCSK9 levels were significantly reduced in HFD-fed mice than that of control mice
(Fig. 1F) while serum insulin levels were unchanged (Fig. 1E).

To seek a clear understanding of the reducing effect of HFD on serum PCSKS9 in mice,
hepatic mMRNA and protein levels of PCSK9 were analyzed by gPCR and Western blot. Fig.
1G shows that HFD feeding reduced PCSK9 mRNA levels by 44% (p<0.05). We also
measured mRNA levels of three additional SREBP2-target genes and showed that HMGCR
was downregulated significantly while a tendency in lowering LDLR and SREBP2 was
detected but that was not statistically significant. HFD feeding did not affect the mRNA
levels of SREBP1 and FASN. Furthermore, HFD feeding did not change the mRNA level of
HNF1aq, a critical transactivator for PCSK9 gene expression in addition to SREBP2 [35,36].
The gene product of IDOL is implicated for degrading LDLR protein in extra hepatic tissues
[37] and the SORT1 gene product [38] is recently shown to affect PCSK9 secretion. We did
not observe any changes in their hepatic mRNA expressions by HFD feeding.

Protein levels of PCSK9 and LDLR in mouse liver homogenates were individually assessed
by Western blotting and the signals were quantified (Fig. 1H). Similar to the reduction of
circulating PCSKO9, hepatic PCSK9 levels in whole liver homogenates were 20% lower
(p<0.001) in HFD-fed mice as compared with the mice fed NCD. Surprisingly, despite an
approximate 50% reduction in serum PCSK9, hepatic LDLR protein levels were not
increased, instead, we observed a slight reduction in LDLR protein levels in HFD group
without reaching a statistical significance. Altogether, these results demonstrated that HFD
feeding for three weeks induced a modest dyslipidemia, and the TC and LDL-C are
inversely correlated with endogenous serum PCSK9 levels in mice.
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3.2 HFD feeding induced dyslipidemia in hamsters by elevating serum PCSK?9 levels and
reducing hepatic LDLR protein content

Hamsters were fed a HFD for three weeks, which increased plasma TC by 41% (p < 0.01),
non-HDL-C by 34% (p<0.01) and HDL-C by 47% (p<0.001) as compared with those in the
hamsters fed a NCD (Fig. 2A). Additional HPLC analysis of individual lipoprotein
cholesterol profiles in serum samples of NCD and HFD groups largely confirmed the
elevation of serum cholesterol levels by HFD feeding. Different from mice, feeding
hamsters HFD for three weeks greatly elevated serum triglyceride levels, particularly in
chylomicron and VLDL fractions without a statistically significant accumulation in hepatic
TG (Fig. 2D).

We performed IP of individual serum samples obtained from both diet groups and the
amount of PCSK9 in immunoprecipitates was quantified by Western blotting. Serum
PCSKO9 levels in HFD group were significantly increased by 1.9-fold (p<0.001) as compared
with the NCD group (Fig. 2E).

Next, we performed Western blotting using individual liver homogenates to analyze hepatic
LDLR and PCSK9 protein levels. We observed a significant reduction in LDLR protein
content (-52%, p<0.001) in HFD-fed hamsters as compared with the NCD group (Fig. 2F).
In opposite to the increase in serum PCSK®9, hepatic PCSK9 levels were 36% lower
(p<0.001) in HFD group than the NCD group.

Hepatic gene expression analysis by real-time qPCR further confirmed the reduced mRNA
expression of PCSK9 (-36%, p<0.05) along with other SREBP2-target genes (HMGCR and
SREBP2) in HFD-fed hamsters as compared with those in NCD (Fig. 2G). In contrast to the
reduction in SREBP2 target genes, we detected a significant increase in SREBP1c mRNA
levels in liver samples of HFD group, which is in agreement with a previous report
demonstrating the upregulation of hamster SREBP1c gene transcription in response to high
fructose feeding [25]. Similar to the mouse study, we did not observe any changes in the
hepatic MRNA expression of IDOL or SORTL1. To confirm these new findings, the diet
experiment was repeated by using another cohort of hamsters (Fig. 3 A-D). Again, we
observed increased serum PCSKO9, reduced liver LDLR protein, and decreased PCSK9
mRNA levels without significant lowering of LDLR mRNA levels or serum insulin levels in
response to HFD feeding.

These results from two independent diet studies clearly demonstrate that HFD feeding
increased serum PCSK9 and LDL-C levels with reduced hepatic LDLR protein abundance
in hamsters. This positive correlation between serum PCSK9 levels and LDL-C
concentration in hamsters is similar to previously reported human situations [6,7].

3.3 HFD decreases the clearance rate of circulating PCSK9 in hamsters

We wanted to know whether HFD feeding affected the interactive relationship between
circulating PCSK9 and hepatic LDLR. Purified human PCSK9 tagged with V5 at different
concentrations was added into Huh7 medium and its levels in culture medium and in cell
lysates were quantified by Western blotting using anti-V5 antibody. Fig. 4A shows that the
dose-dependent increases in recombinant PCSK9 in the culture medium led to a gradual
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decrease in LDLR protein abundance in Huh7 cells, and thereby confirming its function in
causing LDLR degradation.

We then injected human PCSK9 into hamsters, previously maintained on a NCD or a HFD
for three weeks. Fig. 4B shows that immediately after injection, human PCSK9 reached to
comparable serum levels in NCD and HFD fed hamsters (940 + 94 ng/mL in NCD, 781 + 90
ng/mL in HFD). However, the clearance rate of injected human PCSK9 was significantly
lower in HFD fed hamsters than hamsters fed NCD (Fig. 4C). The calculated half-life of
injected human PCSK9 was increased from 40 min in NCD-fed hamsters to 59 min (p<0.05)
in HFD-fed animals (Fig 4D). At the end of experimentation, hamsters were euthanized and
livers were collected to measure LDLR protein levels (Fig. 4E). The liver LDLR protein
levels were substantially lower in HFD group as compared to NCD group, consistent with
the data presented above. Administration of human PCSK9 reduced liver LDLR protein
abundance in both NCD and HFD hamster groups. Quantification of cholesterol levels in
serum samples collected before and after 4-h of injection of human PCSK9 (Fig. 4F)
demonstrated that downregulation of hepatic LDLR by PCSK9 treatment was accompanied
by a transient elevation of serum TC and non-HDL-C levels in both diet groups. The
increases in TC and non-HDL-C levels achieved statistical significance only in HFD fed and
PCSKO9 treated hamsters. Altogether, these data provide additional evidence for a reduced
hepatic LDLR function under HFD feeding, which might explain the elevation of serum
PCSKQ in the absence of increased PCSK9 liver synthesis.

3.4 Characterization of serum hamster PCSK9 molecular species

It has been shown that in hepatocytes, furin and PC5/6A cleave human PCSK9 at Arg218-
GIn?19 to generate PCSK9-AN218 (~53 kDa) that circulates in blood along with the intact
PCSK9 form as a minor component [3]. The data presented in Fig. 2&3 show that unlike
humans, hamsters have low levels of the mature form of PCSK9 (~62 kDa) and that the
majority of serum PCSK9 detected by IP-Western blotting had an approximate molecular
weight of 53 kDa, corresponding to the truncated human PCSK9-AN218. Protein sequence
comparison between hamster PCSK9 (698 amino acid) and human PCSK?9 (692 amino acid)
shows that the prosegment cleavage site and the further N-segment furin cleavage site are
identical (Supplemental Figure 1), suggesting that the abundant 53 kDa is likely the
truncated hamster PCSK9-AN224, equivalent to human PCSK9-AN218. We evaluated the
relative levels of various serum and hepatic forms of PCSK9 in hamsters (Fig. 5A). The
major precursor form of PCSK9 (PCSK9-P, 75 kDa) and a minor mature PCSK9 (PCSK9-
M, 62 kDa) were the only two PCSK9 forms (bands) being detected in hamster liver,
whereas the abundant molecular species of PCSK9 in hamster serum detected by IP was the
53 kDa, possibly the PCSK9-AN224 form.

In mouse and human plasmas, PCSK9 was found to partially associate with apoB containing
lipoprotein particles, mostly LDL [31,40]. To determine whether the N-segment truncation
affects hamster PCSK9 association with lipoproteins, we fractioned pooled sera samples
from NCD and HFD fed hamsters. Fig. 5B shows that the amount of the lipoprotein-
associated PCSK9 (53 kDa and 60 kDa) were found both in VLDL+IDL fraction and LDL
fraction. Feeding hamster HFD increased PCSKO9 levels without affecting the relative
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distribution of PCSK9 forms between VLDL+IDL and LDL fractions. In agreement with the
existing literature, no PCSK9 was detected in the HDL fraction.

3.5 Hamster PCSK9-AN224 is functional in mediating hepatic LDLR degradation

There have been conflicting reports with regard to the functions of human PCSK9-AN218.
Some studies reported that the N-segment truncated PCSK9 form is functionally inactive
[2,3], whereas another study reported the PCSK9-AN218 and the mature form of PCSK9
exhibit comparable functional activities [4]. Given that hamster ~53 kDa species is the
relatively abundant circulatory form of PCSK9, we assessed its function in causing the
degradation of hepatic LDLR. We performed in vitro experiments using Huh7 cells
transiently overexpressing hamster PCSK9 alone or in combination with furin/PC5A (Fig.
6A). Western blotting of the culture medium from transfected Huh7 cells demonstrated that
coexpression of hamster PCSK9 with either furin or PC5A increased the 53 kDa form to
82% and 70% of total PCSK9 species respectively, compared to 18% of the total PCSK9
species in the absence of furin or PC5A coexpression, suggesting that the hamster serum 53
kDa form is indeed the furin/PC5A enzymatic cleavage product. Importantly, the
corresponding LDLR protein levels were reduced to similar extents in Huh7 cells expressing
hamster PCSK9 without or with furin/PC5A coexpression. These results suggest that the
truncated hamster PCSK9 is capable of inducing hepatic LDLR degradation.

To provide additional support to this conclusion, medium from HEK293 cells transfected
with hamster PCSK9 without or with furin or PC5A were collected and added to naive Huh7
cells. Without co-transfection with furin or PC5A, only 16% of total hamster PCSK9 species
in the HEK293 medium was in the AN form; with co-transfection of furin or PC5A, 75% or
61% of total hamster PCSK9 species secreted in HEK293 medium was in the AN form (Fig.
6B upper panel). When equal amounts of HEK293 conditioned medium were added to
naive Huh7 cells, the PCSK9-containing media displayed similar levels of efficacy in
suppressing LDLR protein levels in Huh7 cells (Fig. 6B, lower panel). This was correlated
with similar levels of intracellular hamster PCSK9 no matter in mature form (lane 2) or the
N-segment truncated form (lanes 3 and 4). These results further showed that both the
mature and the AN form of hamster PCSK9 are endocytosed to the same extent by Huh7
cells. In addition, to demonstrate a dose-dependent effect of the cleaved hamster PCSK9 on
LDLR protein, HEK293 cells were cotransfected with His-HamPCSK?9 and pIR-huFurin.
HEK293 medium was collected 48h after transfection and different amounts of the medium
were added to naive Huh7 cells for 4 h. Fig. 6C shows that HEK293 medium contained
predominantly cleaved hamster PCSK9, and the increasing concentration of hamster
PCSK9-AN in the culture medium led to a corresponding decrease in LDLR protein levels in
Huh7 cells. We also observed increased accumulation of the cleaved hamster PCSK9 in
Huh7 cell lysates. Taken together, these data provide additional support to our conclusion
that both the mature form and the furin-cleaved form of hamster PCSK9 interact with
hepatic LDLR and that both forms are functionally active in promoting LDLR degradation.
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4. Discussion

In this current study, we examined the effects of dietary administration of fructose enriched
diet on serum cholesterol and PCSK9 levels and hepatic expression of LDLR protein in two
different animal models mice and hamsters. As summarized in Table 2, our results provide
the first evidence that while HFD induced mild dyslipidemia in both mice and hamsters, it
differentially modulated serum PCSK9 and hepatic LDLR expression. In mice, increased
serum cholesterol concentrations were inversely associated with serum PCSKO levels,
whereas HFD feeding caused a co-elevation of TC and PCSK9 serum concentrations in
hamsters.

Since the discovery of PCSK9 in 2003, various genetic engineered mouse models have been
extensively utilized to demonstrate the function of circulating PCSK9 in mediating the
degradation of hepatic LDLR protein and the consequential impact on plasma cholesterol
levels. In PCSK9 knockout mice, liver LDLR protein was elevated nearly 3-fold and the
plasma cholesterol levels fell by half [30]. Conversely, overexpression of PCSK9 in
transgenic mice [34,40), as well as in mice infected with adenovirus expressing human
PCSK9 [32,41,42], led to severe reductions of liver LDLR protein and hyperlipidemia.
However, relative to the large number of PCSK9 studies of genetic manipulations, limited
studies have been reported to examine the interactive relationship between endogenous
PCSK9 and hepatic LDLR protein in normal mice under different nutritional conditions. In
the present study, we observed that serum PCSK9 levels in mice fed a HFD were
significantly reduced. Since the mRNA and protein levels of hepatic PCSK9 were both
lower in HFD-fed mice than the NCD-fed control mice, the transcriptional suppression of
PCSK9 by HFD is likely responsible for the reduced serum PCSK9 concentrations.
Interestingly, despite approximate 50% reduction in serum PCSKO9, liver LDLR protein
levels were not increased; instead it showed a trend of slight reduction. Thus, our results
suggest that in mice, LDLR protein levels are not sensitive to changes in endogenous serum
PCSK®9 levels. The inverse relationship between serum PCSK9 and LDL-C levels were also
observed in our recent study of C57BL/6J mice fed a high-cholesterol diet [26].

In opposite to mice, in hamsters, we consistently observed a positive relationship between
LDL-C and PCSK?9 serum levels from two independent diet studies. Moreover, the increase
in serum PCSKO levels was accompanied with marked reductions of hepatic LDLR protein
in both hamster cohorts in response to HFD feeding. Interestingly, the rise in circulating
PCSKO9 levels did not correspond to increased hepatic synthesis of PCSK9. Our hepatic gene
expression analysis showed that HFD lowered the mRNA levels of PCSK9 and other
SREBP2-target genes (HMGCR, SREBP2), while increasing SREBP1c gene expression in
hamster liver. The inducing effect of HFD on transcription of lipogenic genes through
activation of SREBP1c has been reported in other animal studies [14,18], our current study
further linked fructose diet to deregulated SREBP2 pathway in hamsters. In mice, we did not
observe elevated hepatic SPREBP1c mRNA levels in HFD group. It is unclear that the lack
of induction of SREBP1c is related to the reduced serum PCSK®9 level in HFD fed mice.
Further studies are required to elucidate whether SREBP1c plays a role in HFD-induced
reduction of serum PCSK9 in mice.
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The opposed changes in serum and hepatic PCSK9 levels in HFD-fed hamsters led us to
examine the serum clearance of PCSK9 in hamsters fed the two different diets. The
approach of injecting human PCSK9 into mice has been successfully utilized to study the
dynamics of interactive relationship of serum PCSK9 and hepatic LDLR in mice
overexpressing PCSK9 [33]. By employing a similar strategy, we demonstrate that the
serum clearance rate of injected human PCSK9 was significantly decreased in HFD fed
hamsters. This piece of data provides additional support to a reduced LDLR function by
HFD feeding, and may explain the excessive accumulation of serum PCSK9 in response to
HFD feeding. Our results suggest that the elevated serum PCSKJ levels resulted in
enhanced liver LDLR protein degradation, which, in turn resulted in the reduced removal of
serum cholesterol via LDLR/endocytic pathway. Recent studies have identified sortilin,
encoded by the hypercholesterolemia-risk gene SORTL, as a high-affinity sorting receptor
for the PCSK9 [38]. Increased expression of sortilin in liver was correlated with higher
plasma PCSK9 levels and reduced hepatic PCSK9 content. We measured liver SORT1
mRNA levels in HFD and NCD groups and did not detect a difference, suggesting that
sortilin is unlikely to play a role in HFD-mediated elevation of serum PCSKO levels.

Our studies demonstrate that the 53 kDa, possibly representing the N-segment furin cleaved
mature PCSK®9, is the abundant form of PCSK9 in hamster species, which is different from
the dominant mature form of 62 kDa reported for human plasma and in mouse plasma. This
raises an important question of whether this truncated PCSK9 is functionally active in
causing the hamster hepatic LDLR degradation. Thorough co-expression of hamster PCSK9
with furin or PC5A, we demonstrate that the 53 kDa truncated PCSK9 species is capable of
down-regulating LDLR protein levels in cultured hepatic cells, which were evident by the
similar levels of endocytosed hamster PCSK9-M and hamster PCSK9-AN in Huh7 cell
lysates and the similar extent of reduction of LDLR protein levels in Huh7 cells by the two
forms of hamster PCSK9. During the preparation of this manuscript, a new study reported
that furin-cleaved recombinant human PCSK9 (PCSK9-AN218) did not inhibit LDL uptake
in HepG2 cells [43]. The discrepancy between our study and that new report could be
caused by different experimental conditions or the difference in species, i.e. human versus
hamster.

Because we did not separate the 53 kDa truncated PCSK9 species from the 62 kDa of
hamster PCSK9 in the cell culture studies, we could not absolutely rule out the possibility
that the small portion of the 62 kDa mature form of hamster PCSK9 added to the Huh7 cell
culture medium was more functional than the truncated hamster PCSK9 and had higher
contribution to the reduced LDLR protein in Huh7 cells. Future investigations using purified
hamster truncated PCSK9 will be required to definitely address this question.

A recent human study by Cariou et al. showed that a short exposure of healthy volunteers to
a high-fructose diet elevated serum PCSK9 levels while LDL-C levels remained unchanged
during the 4-days fructose diet. In our hamster study we observed significant elevations of
both LDL-C and PCSK®9 serum levels. The difference in the duration of the fructose diet
between our hamster study (three weeks) and in that human study (4 days) could explain the
different effects of fructose diet on serum cholesterol levels. It is well known that dietary
consumption of excessive amounts of fructose leads to abnormalities in lipid and glucose
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homeostasis in humans [14,44]. Based upon our study results, we speculate that longer
exposure to fructose diet could induce dyslipidemia in humans with elevated serum PCSK9
and reduced hepatic LDLR-mediated LDLC removal.

5. Conclusion

We have demonstrated that HFD feeding inversely modulates LDL-C and PCSK9 serum
levels in mice without a significant impact on liver LDLR protein levels. However, HFD
significantly elevates LDL-C and PCSK9 serum levels and reduces liver LDLR protein
abundance in hamsters. This work underscores the influence of nutritional factors affecting
PCSK9 metabolism in a species-specific manner.
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Figure 1. Serum LDL-C and PCSKO levels were inversely correlated in mice fed a HFD
Male C57BL/6J mice fed a HFD (n=8) or a NCD (n=38) for three weeks were euthanized

after a 4-h fast. Serum and liver samples were collected. (A) Serum TC and HDL-C of
individual mouse were measured after three weeks on NCD or HFD. The concentrations of
non-HDL-C were derived after subtraction of HDL-C from total cholesterol. (B, C) The
profiles of lipoproteincholesterol and triglyceride of pooled mouse serum samples from
HFD and NCD groups were analyzed using HPLC. (D) Hepatic TC and TG levels were
measured in individual mouse liver samples. (E) Individual mouse serum insulin levels were
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quantified by a mouse/rat insulin ELISA kit. (F) Individual mouse serum PCSKO9 levels
were quantified by a mouse PCSK9 ELISA kit. (G) Real-time PCR analysis of mouse liver
MRNA levels of indicated genes in HFD and NCD groups. (H) 50 g of homogenate
proteins of individual mouse liver samples were resolved by SDS-PAGE. LDLR and PCSK9
were detected by Western blot. The protein abundance of LDLR or PCSK9 was quantified
with the Alpha View Software with normalization by signals of -actin. Values are the mean
+ SEM of 8 samples per group. *p < 0.05, **p < 0.01 and ***p < 0.001 as compared to
NCD group.
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M—som

Figure 2. Elevation of hamster serum PCSK9 and LDL-C and reduction of hepatic LDLR in

response to HFD feeding

Hamsters fed a HFD (n=8) or a NCD (n=8) for three weeks were euthanized after overnight
fast and serum and liver samples were collected. (A) Serum TC and HDL-C of individual
hamster were measured after three weeks on NCD or HFD. The concentrations of non-HDL-
C were derived after subtraction of HDL-C from TC. (B, C) Profiles of lipoprotein-
cholesterol and triglyceride of pooled hamster serum samples from HFD and NCD groups
were analyzed using HPLC. (D) Hepatic TC and TG levels were measured in individual
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hamster liver samples. (E) 15 pL of individual hamster serum samples were used for PCSK9
IP and Western blotting. The intensity of PCSK9 bands was quantified with the Alpha View
Software. (F) 50 ug of homogenate proteins of individual hamster liver samples were
assessed for PCSK9 and LDLR protein levels by Western blot and the signals were
quantified as described in Fig. 1. (G) Real-time PCR analysis of hamster liver mRNA levels
of indicated genes in HFD and NCD groups. Values are the mean + SEM of 8 samples per
group. *p < 0.05, **p < 0.01 and ***p < 0.001 as compared to NCD group.
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Figure 3. Reduction of hepatic LDLR protein and elevation of serum PCSK9 in HFD-fed

hamsters

Hamsters fed a HFD (n=6) or a NCD (n=6) for four weeks were euthanized after overnight
fast and serum and liver samples were collected. (A) 15 pL of individual hamster serum
samples were used for PCSK9 IP and Western blotting. The intensity of PCSK9 bands was
quantified with the Alpha View Software. (B) 50 ug of homogenate proteins of individual
hamster liver samples were assessed for PCSK9 and LDLR protein levels by Western blot
and the signals were quantified. (C) Real-time PCR analysis of hamster liver mRNA levels
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of indicated genes in HFD and NCD groups. (D) Individual hamster serum insulin levels
were quantified by a mouse/rat insulin ELISA kit. Values are the mean + SEM of 6 hamsters
per group. *p < 0.05 and ***p < 0.001 as compared to the NCD group.

Atherosclerosis. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Dong et al. page 22
A
huPCSK9-V5 (ng/mL) 0 250 500 1000 2000
B | e——
Huh7 cell :: huPCSK9-V5
culture medium |
| [ —— | <— fibronectin
— | — — ——— |
LDLR
- .
Huh7cell J | = = <«
lysate o L “ < NuPCSK9-V5
[ ———— < [-actin
C D
1500
801
= 10038* o
=02 ¥ 1 W. < NcD * (+48%)
I p=026 = = HFD
S : | 2 - .
210001 T g T
> S E
% o e
O 8 107 w401 ———
o n ©
c > . =
g 500- = 2
5 ?f, a
T o S 204
a
=
i
1 1 T T 1
0 : 0 60 120 180 240 0 ,
NCD HFD
Time after injection NCD HFD
(min)

Atherosclerosis. Author manuscript; available in PMC 2016 April 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Dong et al.

E

Page 23

PBS huPCSK9-V5 PBS huPCSK9-V5
A A A A
f \ T 4 ) ) Y f )
NCD HFD
— —— -
1.0 £ 0.07 0.53 £0.04 ;. 0.38 £ 0.03 *** 0.19 £ 0.013*
200 p=0.041 [ Before injection
3 — © I
T 175 Bl After injection
)] T
£ 150+
© i
£ 1257 p=0.055 p=0.03
§ 1004 F——— —d
o) 5= T
757
S p=0.09
£ 50- —]
=
(7))
0 1 | | I
NCD HFD NCD HFD
TC non-HDL-C

Figure 4. Determination of serum PCSKO clearance rates in hamsters fed a HFD versus a NCD
V5-tagged human PCSK9 was expressed in HEK293 cells and purified as described in

methods. (A) Indicated doses of purified human PCSK9 were added to Huh7 medium for 4
h. Culture medium and total cell lysates were analyzed for VV5-tagged human PCSK9 and
LDLR protein levels by Western blotting using anti-V5 antibody and anti-LDLR antibody,
respectively. (B-D) Purified human PCSK9 was injected into hamsters fed a NCD (n=4) or a
HFD (n=4) for 3 weeks. Serum samples were collected before and at different time points
after human PCSK9 injection (10 min, 30 min, 1 h, 2 h, and 4 h). Human PCSK9 levels in
hamster serum samples were measured using a human PCSK9 ELISA kit. Human PCSK9
concentrations in hamster serum after 10 min injection are presented in B. In C, the amount
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of human PCSK9 at 10 min was set to 100, the concentrations at different time point was
plotted against time after injection, and fitted to an exponential decay curve. The half-life
(T1/2) of human PCSK9 in hamsters after injection was calculated and presented in D. (E) 4
h after injection of human PCSK9, hamsters were euthanized and LDLR protein levels in
liver tissues were analyzed by Western blotting and the signals were quantified. (F) TC and
HDL-C in serum samples of before and after 4 h of PCSK9 injection were measured. The
concentrations of non-HDL-C were derived after subtraction of HDL-C from total
cholesterol. Values are the mean = SEM of 4 samples per group. *p < 0.05, **p < 0.01 and
***p < 0,001 as compared to NCD group. #p < 0.05 and ##p < 0.001 as compared to groups
injected with PBS.
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Figure 5. Analysis of hepatic and circulating forms of hamster PCSK9 and PCSKJ9 association
with lipoprotein particle types of hamster serum

(A) Hamster liver protein homogenates and serum PCSK9 IP sample were subjected to
SDS-PAGE and different forms of hamster PCSK9 were detected by Western blotting using
anti-hamster PCSK9 antibody. (B) Different lipoprotein fractions were isolated from pooled
hamster serum samples of NCD and HFD groups by sequential flotation of
ultracentrifugation. 5 pL of VLDL + IDL, LDL or HDL fractions were analyzed for amounts
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of PCSK9, ApoB or ApoAl by Western blotting. The data shown are representative of two
separate experiments with similar results.
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Figure 6. Assessment of intrinsic activity of hamster mature and N-segment truncated forms of
PCSKO9 in hepatic cells

(A) Huh7 cells were co-transfected with His-HamPCSK9 and pIR-huFurin/pIR-mPC5A
plasmids. His-LacZ and pIR-V5 were used as control plasmids. Media and cell lysates were
collected 48 h after transfection. Anti-hamster PCSK9 antibody, which does not recognize
endogenous human PCSK®9, was used to detect transfected hamster PCSK9. Data shown are
representative of 3-4 separate transfection experiments with similar results. (B) HEK293
cells were co-transfected with His-HamPCSK?9 and pIR-huFurin/pIR-mPC5A plasmids.
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HEK?293 medium were collected 48 h after transfection and was added to naive Huh7 cells.
After 4 h incubation, medium was removed and Huh7 cells were washed with cold PBS and
lysed for Western blot analysis. Hamster PCSKO9 levels in culture medium and cell lysate
were detected by Western blotting using anti-hamster PCSK9 antibody. Data shown are
representative of 3-4 separate transfection experiments with similar results. (C) HEK293
cells were co-transfected with His-HamPCSK?9 and pIR-huFurin. HEK293 medium was
collected 48 h after transfection and different amounts of the conditioned medium were
added to naive Huh7 cells (lanes 2-5; untransfected HEK293 cell medium was added to lane
1 as control). After 4 h incubation, medium was removed and Huh7 cells were washed with
cold PBS and lysed for Western blot analysis. Hamster PCSKO levels in culture medium and
cell lysate were detected by Western blotting using anti-hamster PCSK9 antibody. N.S.,
nonspecific band.
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Table 1
real-time PCR primer sequences.
Forward Reverse
Mouse
GAPDH AACTTTGGCATTGTGGAAGG GGATGCAGGGATGATGTTCT
FASN GGCATCATTGGGCACTCCTT GCTGCAAGCACAGCCTCTCT
HMGCR | CTTTCAGAAACGAACTGTAGCTCAC | CTAGTGGAAGATGAATGGACATGAT
HNFla GCACCAGAGACCCACGTGCC GGCTTCCCCTCAGCTCCCGA
IDOL AGGAGATCAACTCCACCTTCTG ATCTGCAGACCGGACAGG
LDLR ACCTGCCGACCTGATGAATTC GCAGTCATGTTCACGGTCACA
PCSK9 TTGCAGCAGCTGGGAACTT CCGACTGTGATGACCTCTGGA
SORT1 CCCGGACTTCATCGCCAAG AGGACGAGAATAACCCCAGTG
SREBP1 | CAAGGCCATCGACTACATCCG CACCACTTCGGGTTTCATGC
SREBP2 | CCAAAGAAGGAGAGAGGCGG CGCCAGACTTGTGCATCTTG
Hamster
GAPDH AACTTTGGCATTGTGGAAGG GGATGCAGGGATGATGTTCT
HMGCR | GACGGTGACACTTACCATCTGT GATGCACCGTGTTATGGTGA
HNFla GAGGTGGCTCAGCAATTCAC CACTCCTCCACCAAGGTCTC
IDOL CACCCACACCAGTCTTCTCA ACCTGGCATGTCCAGTAAGC
LDLR TTGGGTTGATTCCAAACTCC GATTGGCACTGAAAATGGCT
PCSK9 TGCTCCAGAGGTCATCACAG GTCCCACTCTGTGACATGAAG
SORT1 CCCGGACTTCATCGCCAAG AGGACGAGAATAACCCCAGTG
SREBP1 | GCACTTTTTGACACGTTTCTTC CTGTACAGGCTCTCCTGTGG
SREBP2 | GAGAGCTGTGAATTTTCCAGTG CTACAGATGATATCCGGACCAA
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Comparisons of fructose-diet induced changes of lipid levels and PCSK9/LDLR expression levels in mice and

hamsters

Mouse

Hamster

Serum TC

4

Liver TC

Serum TG

Liver TG

Serum PCSK9

Liver PCSKO protein

Liver PCSK9 mRNA

Liver LDLR protein

R R R

|| |—

Liver LDLR mRNA
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