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 Epidemiological studies from the past fi ve decades 
have consistently shown that levels of HDL-cholesterol 
(HDL-C) are inversely correlated with clinical events re-
sulting from atherosclerosis ( 1, 2 ), whereas LDL-choles-
terol (LDL-C) levels are directly related to the incidence 
of these events. HDL protects against cardiovascular 
disease by regulating cholesterol effl ux from peripheral 
tissues and modulating infl ammation ( 3 ). Other anti-
atherogenic properties of HDL include its antioxidant 
and vasoprotective properties ( 4 ). The importance of 
HDL in disease together with the accuracy with which it 
can be measured in plasma specimens makes it amenable 
for genetic studies. Twin studies have indicated that 50% 
of the variation in HDL-C levels is genetically determined 
( 5 ) and that at least 50 different genes are reported to be 
associated with HDL-C. Large population studies ( 6–8 ) 
have identifi ed single-nucleotide polymorphisms at mul-
tiple loci associated with various HDL-cholesterol levels. 
Recently, studies have started to address the extent to which 
genetics impacts HDL. However, the genetic component 

       Abstract   Given the increased prevalence of cardiovascular 
disease in the world, the search for genetic variations that 
impact risk factors associated with the development of this 
disease continues. Multiple genetic association studies dem-
onstrate that procollagen C-proteinase enhancer 2 (PCPE2) 
modulates HDL levels. Recent studies revealed an unex-
pected role for this protein in the proteolytic processing 
of pro-apolipoprotein (apo) A-I by enhancing the cleavage 
of the hexapeptide extension present at the N-terminus of 
apoA-I. To investigate the role of the PCPE2 protein in an in 
vivo model, PCPE2-defi cient (PCPE2 KO) mice were exam-
ined, and a detailed characterization of plasma lipid pro-
fi les, apoA-I, HDL speciation, and function was done. 
Results of isoelectric focusing (IEF) electrophoresis to-
gether with the identifi cation of the amino terminal pep-
tides DEPQSQWDK and WHVWQQDEPQSQWDVK, 
representing mature apoA-I and pro-apoA-I, respectively, in 
serum from PCPE2 KO mice confi rmed that PCPE2 has a 
role in apoA-I maturation. Lipid profi les showed a marked 
increase in plasma apoA-I and HDL-cholesterol (HDL-C) 
levels in PCPE2 KO mice compared with wild-type litter-
mates, regardless of gender or diet.   Changes in HDL par-
ticle size and electrophoretic mobility observed in PCPE2 
KO   mice suggest that the presence of pro-apoA-I impairs 
the maturation of HDL. ABCA1-dependent cholesterol ef-
fl ux is defective in PCPE2 KO mice, suggesting that the 
functionality of HDL is altered.   — Francone, O. L., B. Y. 
Ishida, M. de la Llera-Moya, L. Royer, C. Happe, J. Zhu, R. J. 
Chalkey, P. Schaefer, C. Cox, A. Burlingame, J. P. Kane, and 
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 METHODS 

 Mice 
 The PCPE2 gene-targeted mice were created ( 15 ) and main-

tained at the Max Planck Institute of Immunology and Epigenet-
ics (Freiburg, Germany) according to protocols approved by the 
Institutional Animal Care and Use Committee of the Max Planck 
Institute of Immunobiology and Epigenetics. Mice were main-
tained on a 12 h light/dark cycle and fed either a rodent chow or 
high-fat diet (Harlan Teklab). Tissue and plasma samples from 
PCPE2 KO and age-matched wild-type control littermates were 
shipped and processed at Pfi zer Central Research (Groton, CT). 

 Plasma lipids and lipoprotein analysis 
 Plasma samples were isolated from blood collected either 

retro-orbitally or by terminal bleeds. Cholesterol, triglyceride 
(TG), and phospholipid levels were determined by using enzy-
matic colorimetric assays (Wako Biochemicals). ApoA-I and apoB 
were determined by using ELISA as previously described ( 17 ). 
Lipoproteins were isolated from pooled plasma from PCPE2 KO 
and wild-type littermates fed either a chow or high-fat, high-cho-
lesterol diet by fast-protein liquid chromatography (FPLC) as 
previously described ( 17 ). To determine lipid composition and 
apoA-I concentrations in HDL, tubes containing the HDL lipo-
protein fractions were pooled and concentrated in Macrosep 
centrifugal concentrators (Filtron Technology, Northborough, 
MA). 

 Identifi cation of mature and pro-apoA-I forms 
 Mass spectrometric analysis of apoA-I bands resolved by iso-

electric focusing (IEF) and SDS-PAGE were carried out after in-
gel tryptic digestion. Initial sample analysis was by LC-MS using a 
NanoAcquity (Waters) HPLC system and a QSTAR Elite (AB-
Sciex) mass spectrometer, cycling between acquiring a survey 
scan of peptide masses followed by automated CID fragmenta-
tion analysis of the three most abundant eluting multiply-charged 
peptides. Peptide and protein identifi cation was performed 
using Protein Prospector (version 5.7), searching against SwissProt 
(version downloaded on August 10, 2010) mammalian entries 
(67,107 entries). As the entry for apoA-I in this database contains the 
signal peptide, the data was searched considering peptides with 
semitryptic specifi city (i.e., only one of the peptide termini was 
required to meet trypsin specifi city) to allow identifi cation of the 
protein N-terminus of preprotein and mature protein. ApoA-I 
was the major component of each band, with over 90% of the 
protein sequence observed in each sample. In these analyses, the 
N-terminus corresponding to both the preprotein and mature 
protein was detected. There was evidence of a different ratio of 
pre-to-mature protein between the two bands, but for more ac-
curate quantifi cation, multiple reaction monitoring (MRM) tran-
sitions were chosen based on the more intense ions observed 
in the fragmentation spectra acquired of the relevant protein 
N-terminal peptides in the QSTAR analysis. Five or six transitions 
were monitored for each precursor, and analysis was performed 
using a NanoAcquity interfaced to a QTRAP5500 (AB-Sciex) 
mass spectrometer. The sum of the signal for all transitions for a 
given peptide was used for quantitative comparisons of peptide 
abundance. 

 Characterization of HDL and apoA-I in wild-type and 
PCPE2 KO mice 

 ApoA-I was characterized for charge isoforms by IEF. The 
plasma lipoprotein fraction containing HDL (d < 1.21 g/ml) was 
isolated by ultracentrifugation in a potassium bromide solution 
(d < 1.21 g/ml) at 35,000 rpm, 10°C for 18 h (Beckman 42.2 rotor) 

of variation of HDL-C is not fully explained by known 
genes, indicating that many more genes exist that have 
weak effects or that are only important in certain popula-
tions. With some of these genes, the genetic effects may 
never be strong enough to be absolutely convincing, due 
either to their small direct impact on HDL-C or to the 
lack of common high-effect variants. Moreover, genes 
with unknown functions pose an additional complication 
as their signifi cance and relevance are unclear. Thus, fur-
ther proof that such genes are important in the modula-
tion of HDL-C and cardiovascular disease requires direct 
functional studies driven by suggestive genetic data. 

 One gene previously examined is procollagen C-protei-
nase enhancer-2 (originally named PCOLCE2 and now 
known as PCPE2) ( 9 ). PCPE2 was found to be associated 
with HDL in three independent population cohorts ( 10, 
11 ). PCPE2 was initially identifi ed by expressed sequence 
tag (EST) sequencing ( 9 ) in the glaucoma candidate gene 
region on 3q21-q24 in an effort to identify the gene re-
sponsible for primary open-angle glaucoma. No coding 
sequence mutations were detected, and PCPE2 is no lon-
ger considered as the primary open-angle glaucoma can-
didate gene, leaving its biological function unknown. 
PCPE2, a 52 KDa protein composed of 415 amino acids, 
shares 43% identity to the type I procollagen C-proteinase 
enhancer protein (PCPE1) ( 12 ). PCPE1 and PCPE2 are 
extracellular glycoproteins that can stimulate the C-termi-
nal processing of fi brillar procollagens by tolloid protein-
ases such as bone morphogenetic protein-1 (BMP-1). 
PCPE2, like PCPE1, consists of two cubulin (CUB) do-
mains (CUB1 and CUB2) involved in protein-protein in-
teraction. While several studies have been published 
addressing the physiological role of PCPE1 ( 13, 14 ), the 
function of PCPE2 remains unclear. PCPE2-defi cient 
(PCPE2 KO) mice are viable and fertile, and they do not 
show gross developmental abnormalities ( 15 ). Very re-
cently, a series of biochemical experiments ( 10 ) sparked 
interest in PCPE2 when an important role for this protein 
in apoA-I synthesis and HDL metabolism was described. 
Consistent with the proposed relationship to HDL levels 
observed in genetic studies, PCPE2 is present and resides 
on HDL in plasma from fasted normolipidemic humans. 
A series of biochemical and mechanistic experiments fur-
ther confi rmed this genetic-functional relationship by 
demonstrating that PCPE2 participates in the regulation 
of apoA-I synthesis by accelerating the proteolytic process-
ing of pro-apolipoprotein A-I (pro-apoA-I) by BMP-1 ( 16 ). 
Biophysical and biochemical studies indicate that PCPE2 
interacts with BMP-1 and pro-apoA-I to form a ternary pro-
apoAI/BMP-1/PCPE2 complex and causes the cleavage of 
the hexapeptide extension present at the N-terminus of 
apoA-I. 

 In an attempt to further defi ne the role of PCPE2 on 
HDL metabolism and gain insight into the genetic-func-
tional relationship suggested by in vitro studies, we exam-
ined PCPE2 KO mice and characterized the effect of 
PCPE2 deletion on plasma lipids, apoA-I, and HDL prop-
erties and function. 
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SR-BI-specifi c effl ux as the BLT-1-sensitive effl ux. To inhibit SR-
BI, the cells were preincubated 2 h with BLT-1 at a fi nal concen-
tration of 20  � M as previously described ( 20 ). The BLT-1-resistant 
effl ux in Fu5AH cells is the effl ux occurring via aqueous diffu-
sion. To assay cellular cholesterol effl ux, radioactive cholesterol 
released was measured by liquid-solid chromatography after 4 h 
incubation with apoB-depleted mouse serum. Fractional effl ux 
(i.e., the fraction of the total radioactivity released per well) was 
calculated as usual ( 19 ). ApoA-I (20  � g /ml) was used to monitor 
effl ux via ABCA1, and HDL (20  � g /ml) was used to monitor ef-
fl ux via SR-BI. In every experiment, cells were incubated with 
MEM-HEPES alone to establish the background effl ux and with a 
standard mouse serum pool. All effl ux measurements were done 
in triplicate. 

 RESULTS 

 Identifi cation of mature and pro-apoA-I forms in wild-
type and PCPE2-KO mice 

 We studied PCPE2 KO mice to assess whether the con-
clusions drawn from in vitro experiments on the proposed 
role of PCPE2 in the proteolytic conversion of pro-apoA-I 
to apoA-I occurs in vivo. A series of experiments were con-
ducted to determine whether in the absence of PCPE2 
(PCPE2 KO mice) there was an increase in the amount of 
pro-apoA-I in plasma compared with wild-type control lit-
termates. For this purpose, lipoproteins were isolated from 
wild-type and PCPE2 KO plasma by ultracentrifugation. 
Desalted, delipidated lipoproteins (d < 1.21 g/ml) were 
analyzed by IEF and stained with Coomassie blue as indi-
cated in Methods. For comparison, a mixture of HDL iso-
lated from various mouse models was included. As shown 
in   Fig. 1A  ,  within the isoelectric point (pI) range for apoA-I, 
there was an approximately 0.1 pH unit increase for the 
apoA-I present in PCPE2 KO mouse plasma compared 
with controls. Apparent calculated pI were 6.09 and 6.18 
for wild-type and PCPE2 KO mice, respectively. The pH 
unit differences and apparent pI obtained experimentally 
were consistent with the predicted pI of 5.42 and 5.52 for 
mature and pro-apoA-I using computer software. These 
fi ndings were expected from an increase in basic residues 
resulting from the presence of the hexapeptide WHVWQQ 
corresponding to pro-apoA-I. No detectable band with the 
migration characteristics of apoA-I isolated from wild-type 
HDL was observed in PCPE2 KO mice. To confi rm whether 
the changes in pI were due to the presence of pro-apoA-I, 
HDL from wild-type and PCPE2 KO mice was isolated by 
ultracentrifugation, subjected to trypsin digestion, and re-
solved by reverse-phase HPLC as described in Methods. 
N-terminal peptides DEPQSQWDK and WHVWQQDE PQ-
SQWDVK, representing the mature and propeptide of 
apoA-I, were identifi ed by mass spectrometry in HDL iso-
lated from wild-type and PCPE2KO mice ( Fig. 1A ), respec-
tively, confi rming the presence of pro-apoA-I in HDL 
isolated from PCPE2 KO. An additional study was per-
formed in which apoA-I was isolated from HDL by SDS-
PAGE and subjected to tryptic digestion. Peptides were 
resolved by reverse-phase HPLC, and the amino terminal 
peptides representing the pro and mature forms of apoA-I 
were quantifi ed by MRM mass spectrometry. As shown in 

and buffer was exchanged (PD-10, GE Healthcare) to 0.15 M 
NaCl, 1 mM EDTA (pH 7.4), and 0.025% NaN 3 . Lipoproteins 
were treated with equal volumes of sample buffer (8 M urea, 4% 
ampholines mixture, w/v (pH 3/10 + pH 5/7, 1:2) and applied 
to 1% agarose gels (Isogel, Lonza-Rockland, Rockland, ME) pre-
viously equilibrated in 6 M urea + 2% ampholine mixture. Gels 
were electrophoresed using 0.5 N acetic acid (anode) and 1 N 
NaOH (cathode) solutions at 500 V for 45 min at 10°C. pH mea-
surements were made by equilibrating gel slices in deionized wa-
ter overnight at room temperature. Gels were Coomassie stained 
for protein visualization. 

 HDL was examined by anti-apoA-I immunoblotting of plasma 
separated by charge and particle size by nondenaturing agarose 
and polyacrylamide gradient gel (PAG) electrophoresis, respec-
tively. Flatbed agarose electrophoresis was carried out in 0.8% 
agarose (Bio-Rad, low mr) for 40 min at 250V, 10°C in a continu-
ous buffer system consisting of 0.062 M tris, 0.025 M tricine, and 
0.01 M Ca-lactate, pH 8.0. Resolved proteins were transferred to 
nitrocellulose membranes by capillary blotting. Membranes were 
reacted with monospecifi c rabbit anti-mouse apoA-I antibody 
(BioDesign), biotinylated donkey anti-rabbit (IgG), and avidin-
biotin-HRP for chemilumenescent detection (West Femto kit, 
Pierce; Chemidoc, Bio-Rad). HDL particle size characterization 
was determined on 0.5-30% PAGE employing biotinylated cali-
brators (Pharmacia HMW kit, FPLC-purifi ed ovalbumin and 
human LDL [1.030 < d < 1.050]). Gels were run to equilibrium 
(3,000 V h, 10°C) and transferred to nitrocellulose membranes 
(0.2 µm, Bio-Rad) at 55 V, 10°C for 18 h. ApoA-I was detected as 
above. 

 Bidirectional cholesterol fl ux 
 The confi guration for the assay was an adaptation of a pub-

lished assay using Fu5AH cells ( 18 ), where fl ux is largely via scav-
enger receptor class B type I (SR-BI) to J774 macrophages 
expressing several effl ux pathways. J774 cells, maintained in 
RPMI plus 10% fetal bovine serum and antibiotics, were plated in 
24 multiwell plates (70,000 cells/well). Cells were incubated for 
24 h with RPMI medium containing 2  � Ci  3 H-cholesterol (Perki-
nElmer) in the presence of an ACAT inhibitor (2  � g/ml CP113 
818) to have a single pool of radioactive, free cholesterol (FC) 
and 50  � g/ml AcLDL to enrich the cells in FC. Cells were then 
incubated for 16 h with MEM-HEPES containing 0.2% BSA and 
0.3 mM Cpt-cAMP (Sigma) to upregulate ABCA1 expression. To 
measure fl ux, cells were incubated for 8 h with MEM-HEPES con-
taining 2.8% (equivalent to 2% serum) apoB-depleted mouse 
serum prepared using polyethylene glycol (MW 8000, Sigma) as 
previously described ( 19 ). After 8 h, radioactive cholesterol re-
leased to the medium was measured using liquid-solid chroma-
tography, and the fractional release of radioactive cholesterol 
(i.e., the fraction of the total radioactivity released per well) was 
calculated as previously published ( 18 ). Cellular cholesterol mass 
was measured by gas liquid chromatography to establish the spe-
cifi c activity of cellular cholesterol, which was then used to obtain 
estimates of cholesterol mass fl ux (i.e., effl ux, infl ux, and net 
effl ux [effl ux minus infl ux]). In every experiment, cells were in-
cubated with MEM-HEPES alone to establish the background 
effl ux and with a standard mouse serum pool to monitor poten-
tial variability. All effl ux measurements were done in triplicate. 

 Pathway-specifi c effl ux 
 For these experiments, the various cell models were radiola-

beled with  3 H-cholesterol in the presence of an ACAT inhibitor 
and incubated with 2.8% apoB-depleted mouse serum to mea-
sure effl ux as described above. ABCA1-specifi c effl ux was calcu-
lated as the difference in effl ux between c-AMP upregulated J774 
cells and untreated controls. Fu5AH cells were used to measure 
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 Plasma lipoproteins in wild-type and PCPE2 KO mice 
 To assess the consequences of the deletion of PCPE2 

and increased pro-apoA-I on plasma lipids, PCPE2 KO and 
wild-type control littermates fed a chow or high-fat diet 
were studied. As shown in   Table 1  ,  male and female PCPE2 
KO mice had a 2-fold increase in apoA-I levels compared 
with wild-type mice. ApoA-I mRNA levels were determined 
in intestines and livers of wild-type and PCPE2 KO mice as 
a biomarker for apoA-I synthesis. No changes were ob-
served in PCPE2 KO mice compared with wild-type litter-
mates, suggesting that the increase in plasma levels of 
apoA-I observed in PCPE2 KO mice was not the conse-
quence of increased synthesis (data not shown). HDL-C 
was also increased in male and female PCPE2 KO mice, 
albeit not to the same extent as apoA-I. The absence of 
PCPE2 did not alter apoB-containing lipoproteins, as at-
tested to by the plasma levels of very low density lipopro-
teins + low density lipoproteins (V+LDL) cholesterol and 
apoB. To confi rm that the impact of PCPE2 on plasma 
apoA-I and HDL occurs irrespective of dietary conditions, 
wild-type and PCPE2 KO mice were metabolically stressed 
by being fed a high-fat, high-cholesterol diet for four 
weeks. As shown in   Table 2  ,  plasma levels of apoA-I were 
increased by  � 50% in male and female PCPE2 KO mice. 
HDL-cholesterol was marginally increased in males and 
signifi cantly increased in female PCPE2 KO mice. While 
V+LDL cholesterol and apoB levels were not impacted by 
diet, there was a signifi cant increase in plasma triglycerides 
in PCPE2 KO mice compared with wild-type littermates. 

 Size fractionation and characterization of HDL in wild-
type and PCPE2 KO mice 

 To further explore the impact of the absence of PCPE2 
and increased pro-apoA-I on HDL speciation, pooled plas-
mas from PCPE2 KO and wild-type control mice were fed 
a chow diet and fractionated by FPLC as described ( 17 ). As 
shown in   Fig. 2  ,  the increased apoA-I observed in PCPE2 
KO mice was present in the HDL fraction. No redistribu-
tion of apoA-I onto the VLDL or LDL fractions was ob-
served. Consistent with the lipid profi les ( Table 1 ), a small 
increase in cholesterol was observed in HDL. The dispro-
portionate increase in apoA-I and HDL-C observed in 
PCPE2 KO mice suggests that the composition of HDL in 
PCPE2 KO mice was altered. To assess the lipid composi-
tion of wild-type and PCPE2 KO HDL, FPLC fractions cor-
responding to HDL were pooled and concentrated, and 
then phospholipids, triglycerides, and cholesterol were 

 Fig. 1B , the N-terminal peptide WHVWQQDEPQSQWDVK 
was clearly present in PCPE2 KO mice, confi rming the 
presence of pro-apoA-I. The magnitude of the peaks was 
not indicative of the proportion of pro and mature apoA-I 
present in plasma of PCPE2 KO mice due to different ion-
ization effi ciencies in the mass spectrometer, but the 
change in ratio of signal for pro and mature peptides in 
the two samples quantifi ed the difference in the amount 
of pro-apoA-I present. 

  Fig.   1.  Identifi cation of mature and pro-apoAI forms in wild-type 
and PCPE2 KO mice. A: Wild-type and PCPE2 KO mouse HDL was 
analyzed by IEF electrophoresis and stained with Coomassie blue as 
indicated in Methods. For comparison, a mixture of HDL isolated 
from various mouse models was included. B: Wild-type and 
PCPE2  � / �   HDL was isolated by ultracentrifugation, subjected to 
tryptic digestion, and resolved by reverse phase HPLC as described 
in Methods. Amino terminal peptides DEPQQWDK and DEPQQWD-
KVK, representing mature apoA-I, and WHVWQQDEPQSQWDVK, 
representing the propeptide of apoA-I, were quantifi ed by MRM 
mass spectrometry.   

 TABLE 1. Plasma lipids, lipoproteins, apoA-I and apoB levels in wild-type and PCPE2 KO 

Mice TC TG V+LDL HDL ApoA-I ApoB

WT males (n = 4) 97 ± 3 68 ± 14 20 ± 4 70 ± 15 0.6 ± 0.1 0.07 ± 0.03
KO males (n = 6) 109 ± 1 76 ± 2 15 ± 2 94 ± 11  a  1.2 ± 0.4  b  0.05 ± 0.01
WT females (n = 4) 70 ± 6 55 ± 3 13 ± 1 56 ± 6 0.4 ± 0.1 0.08 ± 0.01
KO females (n = 5) 82 ± 5 73 ± 19 13 ± 3 70 ± 5  b  0.7 ± 0.2  b  0.07 ± 0.01

Animals were age-matched and fed a chow diet. Total cholesterol (TC), triglycerides (TG), V+LDL, and HDL 
are expressed as milligrams per deciliter. ApoA-I and apoB concentrations are expressed as milligrams per 
milliliter.

  a P  < 0.05.
  b P  < 0.005.
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which separates HDL by charge into preß-HDL and  � -HDL 
species. ApoA-I-containing HDL was visualized using an 
anti-apoA-I antibody. While  � -migrating HDL was not dif-
ferent between wild-type and PCPE2 KO mice (  Fig. 3A  ), 
 the migration of preß-HDL was signifi cantly slower than wild-
type HDL. Because preß-HDL contains only apoA-I, which 
dictates its migration by agarose gel electrophoresis, these 
fi ndings suggest that the increased presence of pro-apoA-I in 
PCPE2 KO mice markedly altered the physicochemical 
properties of these particles. Consistent with this hypoth-
esis, resolution of HDL species by one-dimensional gradi-
ent gel electrophoresis identifi ed a slightly larger HDL 
species within the preß-HDL size range compared with 
wild-type littermates ( Fig. 3B ). Changes in  � -migrating 
HDL were also apparent when plasma samples from wild-
type and PCPE2 KO mice were fractionated by two-dimen-
sional gradient gel electrophoresis. As shown in  Fig. 3C , 
there was an increased proportion of  � -HDL present in a 
larger HDL population. This larger population of HDL 
observed in PCPE2 KO mice may have accommodated ad-
ditional apoA-I molecules and may have accounted, at 
least in part, for the increased apoA-I levels observed in 
plasma from those mice. 

 Cholesterol effl ux 
 A series of experiments were undertaken to evaluate 

whether the changes in HDL size and physicochemical 
properties observed in PCPE2 KO mice have an impact on 
the ability of HDL to move cholesterol in and out of mac-
rophages. ApoB-containing lipoproteins were removed 
from plasma by precipitation, and the remaining superna-
tants containing HDL were incubated with FC-enriched 
J774 macrophages according to the protocol described in 
Methods. While the movement of cholesterol into (infl ux) 
and out of (effl ux) macrophages was signifi cantly in-
creased by HDL from PCPE2 KO mice (  Fig. 4   A , B),  the 
overall net loss of cellular cholesterol ( Fig. 4 C) did not 
change despite increases in apoA-I and HDL-C observed 
in PCPE2 KO mice, suggesting that HDL from PCPE2 KO 
mice is not as effi cient as wild-type HDL in releasing cho-
lesterol from macrophages. To further address these fi nd-
ings, cholesterol infl ux, effl ux, and net loss were normalized 
to the apoA-I and HDL-C levels in the mouse serum, which 
are well-known indicators of HDL function and effl ux po-
tential. As shown in   Fig. 5C  ,  normalizing fl ux to the serum 
concentration of apoA-I resulted in a signifi cant and 
prominent reduction in the net amount of cholesterol 

determined by commercially available kits. While the 
percentage composition of the major lipid classes was not 
altered, there was a 2-fold increase in apoA-I in HDL 
isolated from PCPE2 KO mice (  Table 3  ).  The increased 
apoA-I in PCPE2 KO mice relative to any of the lipids as-
sayed on HDL suggests that there was a defect in the degree 
of lipidation and maturation of HDL in PCPE2 KO mice. 
As an example ( Table 3 ), the apoA-I to cholesterol ratio is 
increased in PCPE2 KO compared with wild-type litter-
mates (1 and 0.7 for PCPE2 KO and wild-type mice, re-
spectively). Cholesterol to cholesteryl ester ratio was not 
altered, suggesting that the LCAT-mediated esterifi cation 
of plasma cholesterol was not impaired in PCPE2 KO mice 
(data not shown). 

 Further characterization of HDL in PCPE2 KO mice was 
accomplished by running agarose gel electrophoresis, 

  Fig.   2.  Plasma lipoprotein cholesterol and apoA-I distribution in 
mice of different phenotypes. Two-hundred microliters of pooled 
plasma from fasted wild-type and PCPE2 KO mice were fraction-
ated by FPLC as described in Methods. Cholesterol and apoA-I 
were determined and plotted as a function of FPLC fractions. The 
position at which known lipoproteins eluted from the column is 
indicated.   

 TABLE 2. Plasma lipids, lipoproteins, apoA-I, and apoB levels in wild-type and PCPE2 KO mice 

Mice TC TG V+LDL HDL ApoA-I ApoB

WT males (n = 4) 199 ± 34 17 ± 1 69 ± 33 129 ± 12 1.1 ± 0.2 0.08 ± 0.03
KO males (n = 6) 228 ± 47 46 ± 25  a   80 ± 29 147 ± 27 1.5 ± 0.2  b  0.09 ± 0.02
WT females (n = 4) 122 ± 25 7 ± 2 38 ± 10 84 ± 18 0.9 ± 0.2 0.06 ± 0.01
KO females (n = 5) 180 ± 39 28 ± 21  b  59 ± 23 121 ± 25  a  1.4 ± 0.3  b  0.08 ± 0.01

Age-matched wild-type and PCPE2 KO mice were fed a high-fat, high-cholesterol diet for four weeks as 
described in Methods. Total cholesterol (TC), triglycerides (TG), V+LDL, and HDL are expressed as milligrams per 
deciliter. Plasma concentrations of apoA-I and apoB are expressed as milligrams per milliliter.

  a P  < 0.05.
  b P  < 0.005.
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BMP-1, there is another player in the process of apoA-I 
maturation, procollagen C-proteinase enhancer-2 (PCPE2) 
( 10 ). Immunoprecipitation and surface plasmon reso-
nance studies have established the molecular mechanisms 
of the interaction of apoA-I, BMP-1, and PCPE2. BMP-1 
binds to pro-apoA-I fi rst, followed by PCPE2 forming the 
ternary complex pro-apoA-I/BMP-1/PCPE2, which dou-
bles the rate of pro-peptide cleavage and the formation of 
mature apoA-I ( 10 ). Sequence similarities between BMP-1 
and PCPE2 in humans and mice are over 80%. The asso-
ciation between genetic polymorphisms within the PCPE2 
gene and HDL levels ( 9, 10 ) together with current bio-
chemical studies ( 10 ) provide compelling evidence for a 
role of PCPE2 in plasma HDL biogenesis. Its physiological 
impact, however, remains unclear as no rare mutations are 
known to occur in humans or rodents. Mice, like humans, 

released from macrophages incubated with PCPE2 KO 
HDL. The decrease in net loss of cholesterol to HDL from 
PCPE2 KO compared with wild-type HDL was mainly 
driven by the decrease in the effl ux of cholesterol ( Fig. 5 ). 
On the contrary, no signifi cant changes were observed 
when the movement of cholesterol in and out of macro-
phages was normalized to levels of cholesterol present in 
the HDL fraction (data not shown). The serum concentra-
tion of apoA-I could be taken as an estimate of the number 
of HDL particles present. Thus the results shown in  Fig. 
5C  indicated that, although more numerous, HDL parti-
cles in serum from KO mice had a reduced capacity to 
promote cellular cholesterol effl ux. 

 In an effort to understand the mechanism implicated in 
the decreased ability of PCPE2 KO mice HDL to effl ux 
cholesterol from macrophages, an experiment was de-
signed to measure ABCA1 and SR-BI-dependent effl ux as 
well as the remaining cholesterol effl ux via aqueous diffu-
sion (  Fig. 6  ).  As shown in Fig. 6B, C, E, and F, no changes 
in effl ux of cholesterol driven by either SR-BI or aqueous 
diffusion were observed when PCPE2 KO mouse HDL was 
used. On the contrary, when normalized to apoA-I con-
tent, HDL from PCPE2 KO mice showed a signifi cant de-
crease in the ability to effl ux cholesterol through the 
ABCA1 pathway ( Fig. 6A, D ). Taken together, these results 
suggest that, in the absence of PCPE2, the population of 
HDL particles in serum are less effi cient in promoting ef-
fl ux via ABCA1, resulting in a decreased net loss of mac-
rophage cholesterol mass. 

 DISCUSSION 

 ApoA-I is the major protein component of HDL. The 
liver and small intestine are the main organs of synthesis 
in both mammals and birds ( 21, 22 ). ApoA-I appears intra-
cellularly as an intermediate precursor (pro-apoA-I) with a 
hexapeptide extension (RHFWQQ) at its amino (N-) ter-
minus ( 23 ). Proteolytic processing of pro-apoA-I to apoA-I 
occurs in extracellular fl uids and plasma via BMP-1 ( 16 ). 
Cleavage of the N-terminal hexapeptide adjacent to two 
acidic amino acids (RHFWQQ ↓ DEPP) generates the ma-
ture 243 amino acids protein responsible for the assembly 
and biogenesis of HDL ( 24 ). ApoA-II, the second major 
apolipoprotein of HDL, is also synthesized and secreted as 
pro-apolipoprotein ( 25 ). Recently in a series of biochemi-
cal experiments, we demonstrated that, in addition to 

  Fig.   3.  Characterization of HDL in wild-type and PCPE2 KO 
mice. Plasma from wild-type and PCPE2 KO mice was used to assess 
their migration properties in agarose gel and nondenaturing poly-
acrylamide electrophoresis as described in Methods.   

 TABLE 3. HDL lipid composition in wild-type and PCPE2 KO mice 

Mice PL TG TC ApoA-I ApoA-I/TC

Wild-type 30.1 (56%) 1.2 (2%) 22.8 (42%) 16.4 0.7
PCPE2 KO 39.3 (55%) 1.5 (2%) 30.7 (43%) 30.6 1.0

Two hundred microliters of pooled plasma from control and 
PCPE2 KO mice were used to isolate HDL by FPLC as described in 
Methods. Tubes containing the HDL lipoprotein fractions were pooled 
and concentrated. Phospholipids (PL), triglycerides (TG), total 
cholesterol (TC), and apoA-I were determined as described in Methods. 
Lipids and apoA-I are expressed in milligrams per deciliter. Shown in 
parentheses is the percentage composition relative to the sum of TG, 
PL, and TC.
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 The fi ndings from our experiments using PCPE2 KO 
mice confi rm the role of PCPE2 in the processing of pro-
apoA-I. While almost undetectable levels of pro-apoA-I 
were observed in the plasma of wild-type mice, the pres-
ence of the N-terminal WHVWQQ ↓ DEPPSQWDK peptide 
containing the propeptide WHVWQQ in apoA-I isolated 
from PCPE2 KO mice demonstrated that in mice, like hu-
mans, PCPE2 participated in the processing and matura-
tion of apoA-I. Unfortunately, we could not determine the 
exact proportion of unprocessed pro-apoA-I circulating in 
the plasma of PCPE2 KO mice because there are no com-
mercially available antibodies. In addition, the peak inten-
sities of the N-terminal peptides from mature and 
pro-apoA-I analyzed by MRM mass spectrometry are mis-
leading, as they are affected not only by amount but also 
by their ionization properties. Nevertheless, several lines 

secrete apoA-I in the form of pro-apoA-I containing a 
hexapeptide extension at the N-terminal that is processed 
extracellularly, suggesting that a process described for hu-
mans occurs in rodents. In addition, the murine hexa-
peptide extension and cleavage site WHVWQQ ↓  DEPP  is 
identical to that in humans, with the exception of the tryp-
tophan residue at position -6 in place of an arginine in the 
human sequence and a valine replacing a phenylalanine at 
the -4 position ( 26 ). 

  Fig.   4.  Cholesterol fl ux between FC-enriched, upregulated J774 
macrophages and apoB-depleted serum from wild-type and PCPE2 
KO mice. J774 cells were enriched in free cholesterol (FC) and ra-
diolabeled by 24 h incubation in medium containing 50  � g/ml Ac 
LDL and 2  � Ci/ml  3 H-cholesterol in the presence of an ACAT in-
hibitor and then treated with c-AMP for an additional 16 h to up-
regulate cholesterol transporters. Estimates of cholesterol mass fl ux 
were obtained after 8 h incubation with 2.8% apoB-depleted mouse 
serum from the change in specifi c activity of cellular cholesterol 
measured as described in Methods. The cellular FC content of cells 
before incubation with the various apoB-depleted serum was 48.7  � g 
FC/mg cellular protein. Each data point represents average fl ux 
to apoB-depleted serum from a single mouse. Signifi cant differ-
ences ( P  < 0.05) were obtained by unpaired, two-tailed  t  test, and 
cholesterol mass is expressed as micrograms of FC per milligrams of 
cellular protein. A: Effl ux of cellular cholesterol to 2.8% (equiva-
lent to 2% serum) apoB-depleted serum from wild-type and PCPE2 
KO mice. B: Infl ux of HDL-cholesterol into J774 macrophages. C: 
Net loss of cellular cholesterol calculated as effl ux minus infl ux.   

  Fig.   5.  FC fl ux normalized to serum apoA-I and HDL-C values. 
Estimates of cellular FC fl ux to 2.8% apoB-depleted serum shown 
in  Fig. 4  were normalized to (i.e., divided by) either the serum con-
centration of apoA-I (panels A–C). The average concentrations in 
serum from wild-type mice were apoA-I = 60 mg/dl and HDL-C = 
37 mg/dl. The average concentrations in serum from PCPE2 KO 
mice were apoA-I = 130 mg/dl and HDL-C = 51 mg/dl. Statistical 
signifi cance was established by unpaired, two-tailed  t -test.   
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lations ( 8, 9 ), only a weak and suggestive association be-
tween polymorphisms located 5 ′  and within introns 5 and 
6 of the PCPE2 gene and HDL levels was shown. It is im-
portant to acknowledge that a strong association of poly-
morphisms and HDL levels is only phenotypically 
manifested for a few genes with either high penetrance or 
studied in large populations ( 28 ). A remarkable example 
is the gene coding for HMG-CoA reductase (HMGCR). 
HMGCR; the target enzyme of the most widely used class 
of drugs for the treatment of cardiovascular disease; shows 
weak and sporadic association with LDL-C and statin re-
sponse ( 29–32 ). Nonetheless, biochemical and other data 
convincingly show the major infl uence that HMGCR plays 
on the regulation of LDL-C levels. Thus, in what is likely to 
become a more common paradigm, biochemical and 
functional studies on a gene will have to be undertaken to 
complement the genetic fi ndings to determine whether 
weak genetic effects have any functional relevance. To 
date, the extent to which it would be possible to explain a 
low or high HDL phenotype in a person by studying the 
genetic makeup is not known. On the basis of the present 
literature, Holleboom et al. ( 28 ) denoted 10 genes with 
proven association to HDL-C levels (ApoA-I, LCAT, LIPC, 
CETP, SCARB1, ABCG1, ATP5B, PLTP, LIPG, and 
APOM). Recently, several genome-wide association studies 
of circulating lipid levels have identifi ed numerous loci 

of evidence suggest that a signifi cant amount of the apoA-I 
in plasma of mice defi cient in PCPE2 was present as a pro-
form compared with wild-type littermates. IEF electropho-
resis of apoA-I from wild-type and PCPE2 KO mice showed 
a shift in the isoelectric point, supporting the presence of 
a more basic isoform of apoA-I in the PCPE2 KO mice. 
Trypsin digestion, HPLC, and identifi cation of amino ter-
minal peptides by mass spectrometry demonstrated the 
presence of pro-apoA-I in PCPE2 KO plasma. In addition, 
the electrophoretic migration of PCPE2 KO preß-HDL in 
agarose gels was signifi cantly slower than those present in 
wild-type mouse plasma. As preß-HDL contained only 
apoA-I ( 27 ), these fi ndings were consistent with the pre-
dicted increase in negative charges in pro-apoA-I at basic 
pH. Interestingly, neither IEF of apoA-I nor agarose gel 
electrophoresis of plasma HDL showed the presence of 
apoA-I and preß-HDL with the physical chemical proper-
ties of native, wild-type species, suggesting that the major-
ity of apoA-I present in PCPE2 KO mice was in the pro 
form. Although unlikely, it is also possible that the pres-
ence of one pro-apoA-I molecule in preß-HDL was suffi -
cient to abrogate the physical chemical properties of 
wild-type preß-HDL. 

 Our fi ndings in PCPE2 KO mice confi rm the relation-
ship between polymorphisms in the human PCPE2 gene 
and HDL levels. Upon investigation of three distinct popu-

  Fig.   6.  Effl ux of cellular FC via different pathways. Pathway-specifi c effl ux of radiolabeled cholesterol to 2.8% apoB-depleted serum from 
WT and KO mice was measured as described in Methods. Each point represents average effl ux to apoB-depleted serum from a single 
mouse. Specifi cally, ABCA1 effl ux (A, D) was the difference in effl ux between upregulated J774 cells and control cells, and SR-BI (B, E) was 
the BLT-1-sensitive effl ux from Fu5AH cells. Uninhibited effl ux (C, F) was the BLT-I-resistant effl ux from Fu5AH cells and is equivalent to 
aqueous diffusion. Panels D–F show the pathway-specifi c effl ux normalized to (i.e., divided by) apoA-I (D) or HDL-C (E, F) serum concen-
trations. The average concentrations in apoB-depleted serum from wild-type mice were apoA-I = 48 mg/dl and HDL-C = 38 mg/dl. The 
average concentrations in PCPCE2 KO mice were apoA-I = 95 mg/dl and HDL-C = 48 mg/dl. Statistical signifi cance was estimated by un-
paired, two-tailed  t -tests.   
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livers and intestines from PCPE2 KO mice. The changes in 
particle sizes shown in PCPE2 KO mice, although mini-
mal; together with the presence of a larger  � -migrating 
HDL species shown by two-dimensional gradient gel elec-
trophoresis suggest that the intravascular remodeling of 
HDL might be altered. Interestingly, the discordant in-
crease in lipids (approximately 30%) and apoA-I (2-fold) 
suggests, at least in part, an increase in the number of 
apoA-I molecules in PCPE2 KO mouse HDL compared 
with wild-type mice. Changes in the number of apoA-I 
molecules per HDL particle have been previously observed 
in human apoA-I transgenic mice and have been associ-
ated with an increased particle size and decreased cata-
bolic rate, resulting in the buildup of HDL in the plasma 
compartment. Kinetic studies will have to be performed in 
subsequent experiments to address whether a decreased 
clearance is responsible for the accumulation of apoAI-
enriched HDL in PCPE2 KO mice. In addition, changes in 
the metabolism of triglyceride-rich lipoproteins could also 
contribute to the increased levels of apoA-I and HDL-C 
observed in PCPE2 KO mice. 

 Taken together, the fi ndings from these studies impli-
cate a new player in the regulation of apoA-I posttransla-
tional processing. The combination of genetic association 
data, biochemical experiments ( 11 ), and characterization 
of PCPE2 KO mice unraveled a functional role for a previ-
ously poorly characterized gene with no known role in lip-
ids. This study exemplifi es what will have to be done in the 
future to generate practical information from weak ge-
netic data or genes with unknown function.  
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