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Objective: To investigate the role of adipocyte Pcpe2 in SR-BI-mediated HDL-C uptake and 

contributions to adipose lipid storage.

Approach and Results: Pcpe2, a glycoprotein devoid of intrinsic proteolytic activity, 

is believed to participate in extracellular protein-protein interactions, supporting SR-BI­

mediated HDL-C uptake. In published studies, Pcpe2 deficiency increased the development of 

atherosclerosis by reducing SR-BI-mediated HDL-C catabolism, but the biological impact of 

this deficiency on adipocyte SR-BI-mediated HDL-C uptake is unknown. Differentiated cells 

from Ldlr−/−/Pcpe2−/− (Pcpe2−/−) and Ldlr−/− (control) mouse adipose tissue showed elevated 

SR-BI protein levels, but significantly reduced HDL-C uptake. SR-BI-mediated HDL-C uptake 

was restored by pre-incubation of cells with exogenous Pcpe2. In diet-fed mice lacking Pcpe2, 

significant reductions in visceral, subcutaneous and brown adipose tissue mass were observed, 

despite elevations in plasma triglyceride and cholesterol concentrations. Significant positive 

correlations exist between adipose mass and Pcpe2 expression in both mice and humans.

Conclusions: Overall, these findings reveal a novel and unexpected function for Pcpe2 in 

modulating SR-BI expression and function as it relates to adipose tissue expansion and cholesterol 

balance in both mice and humans.
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Introduction

The loss of procollagen C-endopeptidase enhancer 2 (Pcpe2 or gene name-Pcolce2) has 

been shown to escalate diet-induced atherosclerosis in mice1, 2 despite increased plasma 

concentrations of high density lipoproteins (HDL)3, 4. Pcpe2 was first identified in humans 

around 20 years ago and found to possess a domain structure similar to the more 

extensively studied Pcpe1 protein5–8, with 43% amino acid sequence identity between the 

two Pcpe proteins5. Pcpe1 and 2 are believed to be extracellular glycoproteins, devoid 

of intrinsic proteolytic activity, consisting of two Complement C1r/C1s, Uegf, Bmp1 or 

CUB domains linked to a C-terminal netrin-like domain (NTR)9–13. Pcpe proteins appear 

to control multiple biological events, including matrix assembly, collagen cross-linking, 

as well as cell adhesion, migration and pattern protein-1/tolloid (BMP-1/Tld) family of 

metalloproteinases14–18. However, further study and comparison of the two forms of the 

protein demonstrated significant differences, as Pcpe2 has a limited tissue distribution 

compared to Pcpe1, as well as a markedly different glycosylation pattern19. Whereas Pcpe1 

is found predominantly in fibroblasts, Pcpe2 is mainly expressed in adipose, artery and 

heart tissue. Therefore, despite similarities in structure, these two glycoproteins may in fact 

function quite differently in vivo.

Our initial focus on Pcpe2 and HDL metabolism was heavily influenced by Francone’s 

studies using global Pcpe2-deficient mice4, which showed a significant increase in both 

plasma HDL-cholesterol (HDL-C) concentration and HDL particle size. To determine if 

the enlarged HDL particles from Pcpe2-null mice were atheroprotective or atherogenic, 

we crossed Pcpe2 and LDL receptor-deficient mice to produce Ldlr−/−, Pcpe2−/− mice 
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and measured the extent of diet-induced atherosclerosis1. We found a ~46% increase in 

atherosclerosis in mice lacking Pcpe2 despite having an increased concentration of plasma 

HDL1. Attenuation of SR-BI receptor-mediated HDL uptake by the liver appeared to explain 

the increased plasma HDL concentration,1 showing a striking similarity to SR-BI-null mice 

that have increased HDL concentrations, yet increased vascular disease20. Interestingly, in 

addition to increased HDL-C in Pcpe2-null mice, there was a ~2-fold increase in plasma 

triglycerides compared to controls, independent of the LDL receptor deletion or the diet1, 4. 

Increased plasma triglyceride concentration is also a feature of SR-BI-deficient mice as it 

has been reported to participate in chylomicron uptake21. Thus, we next sought to address 

the question of why cholesterol and triglyceride metabolism was altered in the absence of 

Pcpe2, and how these pathways might be linked to the defect in HDL-C uptake.

In humans, plasma HDL concentrations are inversely and statistically correlated with 

cardiometabolic disease22, 23. For instance, in type 2 diabetes, increased plasma triglyceride 

levels and lower plasma HDL-C concentrations are tightly correlated24, 25. At the onset 

of obesity, adipocytes increase in size as they accommodate the demand for increased 

triglyceride storage. The expansion of adipocytes either in number or volume, reduces the 

amount of triglycerides in plasma lipoproteins, as well as reducing lipid deposition in tissues 

such as muscle and liver26. Adipocytes contain ~25% of the body’s free cholesterol27 which 

increases to as much as 50% in obese states, thereby creating a reservoir of adipocyte 

cholesterol28. The extent to which plasma lipoproteins contribute to the adipose tissue 

cholesterol pool had not been fully investigated until studies using differentiated murine 

embryonic fibroblasts (MEFs) from ABCA1, ABCG1 and SR-BI-null mice quantified the 

extent of cholesterol efflux from adipocytes to HDL29. These studies and others clearly 

established a role for HDL in adipocyte cholesterol trafficking30–32 showing that ABCA1 

and SR-BI in adipocytes make significant contributions to the maintenance of plasma HDL 

concentrations.

Guided by these collective studies, we investigated the role of Pcpe2 and SR-BI in adipocyte 

lipid metabolism. To do this, stromal vascular (SVF) cells from the subcutaneous adipose 

tissue (SAT) of Ldlr−/− and Ldlr−/−, Pcpe2−/− mice were isolated and differentiated in vitro, 
and then assayed for their ability take up DiI-HDL. Herein we report a significant reduction 

in HDL-C uptake from Ldlr−/−, Pcpe2−/− adipocytes compared to Ldlr−/− adipocytes, 

which was rescued by pre-incubation of Pcpe2 protein with the cells prior to uptake 

measurements. Our results suggest that protein-protein interactions between Pcpe2 and 

SR-BI are involved in HDL-C mediated uptake. In vivo, we found that diet-fed Ldlr−/−, 

Pcpe2−/− mice accumulated less fat mass than control mice at the end of a 25-week diet­

challenge independent of overall body weight. The decrease in adipose tissue mass was 

associated with a reduction in adipose tissue cholesterol content and a reciprocal increase 

in plasma HDL-C concentrations. Taken together, in the absence of Pcpe2, the reduction 

in adipocyte DiI-HDL uptake in vitro is consistent with the lower in vivo cholesterol 

content in SAT, suggesting that the Pcpe2 - SR-BI partnership physiologically contributes 

to the maintenance of adipose tissue cholesterol. Overall, these findings reveal a novel and 

unexpected function for Pcpe2 in modulating SR-BI expression and function as it relates to 

adipose tissue expansion and cholesterol balance in both mice and humans.
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Methods

Data Availability Statement.

The authors declare that all data are available within the article upon request.

Animals and Diet.—Male and female Ldlr−/−, Ldlr−/−/Pcpe2−/− and Ldlr−/−/Scarb1−/− (Sr­
b1) mice on the C57BL/6J background were generated as described previously1. Numbers 

of specific genotypes used for each study/assay are indicated. The colony was maintained in 

microisolator cages in a pathogen-free AAALAC-accredited facility at the Medical College 

of Wisconsin (MCW) under controlled environment settings. Mice were maintained on a 14­

hour light and 10-hour dark cycle with ad libitum access to water and standard lab diet. In 

experimental studies, mice were placed on a high fat-high cholesterol diet for 20–25 weeks 

(Bio-Serv#3282) starting at 10 weeks of age. This diet contained 60% of calories as fat 

and 0.15% cholesterol. Mice were fasted prior to being anesthetized with ketamine/xylazine 

for glucose and tissue harvest. Euthanasia and blood collection were by cardiac puncture. 

All experiments followed guidelines of the MCW Animal Care and Use Committee and the 

approval of the use of rodents was obtained from MCW according to criteria outlined in the 

Guide for the Care and Use of Laboratory Animals.

Intraperitoneal Glucose and Insulin Tolerance Test.—For the oral glucose tolerance 

test, mice were fasted 4 hours and prior to administration of a glucose solution (2.5 g/kg 

of body weight) by ip injection33. Tail venous blood was taken at 0, 15, 30, 60 and 120 

minutes and glucose measured using a glucometer. For the insulin tolerance test, male mice 

were fasted for 4 hours, after measurement of baseline glucose concentration, mice were 

injected intraperitoneally with recombinant human insulin (Novo Nordisk) at 1.2 mU/g body 

weight. Blood glucose concentrations were then measured at 15,30,60 and 120 min after 

insulin administration. Plasma insulin was measured using the Rat/Mouse Insulin ELISA Kit 

(Millipore).

Tissue Harvest and Histological Staining.—At the time of necropsy, visceral, 

subcutaneous and brown adipose tissue as well as liver, heart and muscle tissue were 

removed and weighed. Pieces of selected tissue from diet-fed male and female mice 

were treated with fixative then embedded into paraffin and stained in the Pathology 

Histology Core Facility at MCW. Tissues were stained with hematoxylin and eosin stain 

(H & E), Movat’s pentachrome and monoclonal antibodies to F4/80. Section images were 

digitized using a Nikon microscope and Image-Pro Plus 6.2 software. Dishes (30 mm) of 

differentiated SVF adipocytes were fixed using 1 ml of 2% PFA for 30 minutes at RT. 

Following fixation, adipocytes were washed with water then incubated with isopropanol for 

5 minutes. Next, 1.5 ml of Oil Red O working solution (Oil Red O at 2 g/l, 60% isopropanol, 

40% water) were added to each well for 5 minutes, then washed with water to remove 

unbound Oil Red O.

RNA Seq Analysis.—RNA extraction from visceral fat pads from n=4 male Ldlr−/− 

and n=4 male Ldlr−/−Pcpe2−/− mice was performed using TRIzol following manufactures 

instructions. Then cDNA libraries were prepared using a TruSeq Stranded mRNA LT 
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Set B Illumina kit. The quality of the cDNA libraries was assessed using an Agilent 

2100 Bioanalyzer and Agilent DNA 1000 kit. Final quantification of prepared libraries 

was performed using qRT-PCR and MiSeq 50. RNA sequencing was performed on the 

HiSeq 2500 using TrusSeq v4 SBS chemistry and 2x125 paired-end reads. Primary 

RNAseq analysis was performed through an analytical pipeline consisting of Bowtie and 

Tophat for read mapping and alignment, Cufflinks for transcript assembly, Cuffquant 

for transcript abundance quantification, Cuffnorm for normalization, and Cuffdiff for 

differential expression. These analyses yielded a total of 44,560 IDs mapped. Libraries 

yielded 6–7 Gb of data with approximately 60–76 million reads each. Mean quality score of 

35 with an average mapping rate of over 90%. Gene-transcript abundances were quantified 

as fragments per kilobase per million reads. Ingenuity Pathway Analysis was used to analyze 

genes exhibiting significant expression alterations, with a false discovery rate (FDR) of 

p<0.02 compared to control.

Non-Detergent Isolation and Fractionation of Lipid Rafts: Subcellular fractions 

were prepared as previously described34. Briefly, approximately 200 mg of freshly isolated 

mouse subcutaneous adipose was homogenized on ice in 10 mM Tris pH 8.0 buffer 

containing protease inhibitors and 1 mM MgCl2, 1 mM PMSF, 1 mM Na3VO4, 5 mM NaF, 

using a polytron probe. The cell lysate was centrifuged and the supernatant was adjusted 

to 45% sucrose. This was overlayed sequentially with a 35% sucrose solution and then a 

5% sucrose solution. The tubes were spun in an SW41 rotor overnight at 15oC. Following 

the spin, the tubes were fractionated and then stored at −80oC till needed for Western blot 

analysis using antibodies to caveolin-1, a marker of lipid-raft fractions, and c-crk a marker 

for non-raft regions of the plasma membrane.

Western Blotting.—Protein extracts were prepared using 1X RIPA buffer (Cell Signaling 

Technologies) and a final concentration of 0.5 mM PMSF and 1X protein inhibitor cocktail 

(Sigma). Protein concentration was determined by BCA assay (Pierce). Protein extracts were 

diluted in 4X LDS sample buffer (Life Technologies) to which DTT had been added to 

achieve a 50 mM final concentration. Samples were heated to 70 °C for 10 minutes, run on 

10% polyacrylamide gels then transferred to PVDF membrane (PerkinElmer) using a semi­

dry blot apparatus (Bio-Rad). Membranes were blocked with a 5% blocking buffer (Bio­

Rad), incubated in primary antibodies; Pcpe2 (Abcam, Ab23272), CD36 (R&D AF2519), 

beta-actin (Sigma A2228) SR-BI (Novus, NB400–101) at 4 °C overnight. The next day the 

blot was washed and treated with a horseradish peroxidase-conjugated secondary antibody 

for 30 minutes at room temperature. Finally, blots were washed and incubated with Clarity 

(Bio-Rad, 170–5060) and visualized with X-ray film. Band intensities were compared using 

ImageJ software (NIH).

Quantitative Real-Time PCR.—Total RNA from undifferentiated and differentiated 

SVF-derived adipocytes were isolated using RNeasy Lipid Tissue Mini Kit (Qiagen). RNA 

was quantitated by nanodrop and first-strand synthesis was performed using ThermoFisher 

Scientific RevertAid First Stand cDNA synthesis kit. Real-time PCR was done with 

SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) using 18S as an internal control 

for normalization and a Bio-Rad CFX384/C1000 PCR detection system. Relative gene 
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expression levels were calculated by the quantitative threshold (Ct) method (∆∆Ct). All 

primer sequences will be provided upon request.

Plasma Cholesterol and Triglyceride Measurement.—Fasted mouse plasma was 

analyzed for total cholesterol (Pointe Scientific) and triglyceride (FUJIFILM Wako 

Diagnostic) using enzymatic assays.

Lipid Extraction.—Lipids were extracted from weighted tissue by heating in chloroform/

methanol (2:1) overnight at 70–80oC. Then 4 µg of [25,26,27-13C3]-cholesterol was added 

as internal standard for cholesterol analyses. A nonpolar lipid fraction containing cholesterol 

and cholesteryl esters was separated using the method of Kaluzny et al.35. The eluate was 

evaporated under a stream of nitrogen, dissolved in 1 ml of 1:1 chloroform-methanol, and 

stored at −80°C until analyzed.

Tissue Cholesterol Quantification by GC/MS.—For free cholesterol analysis, 100 

µl of extract was evaporated under argon, dissolved in hexane, and then analyzed on 

a ThermoElectron TSQ 8000 tandem quadrupole mass spectrometer equipped with a 

Trace 1310 gas chromatograph (GC/MS/MS) and Triplus RSH autoinjector. The following 

parameters were employed: scan time 0.1 s, collision energy 10 V, emission current 25 

µA, electron energy 42 eV, source and transfer line temperature 280° C, helium flow 

rate = 2.5E-8 m3/s, in the positive ion selective reaction monitoring mode: cholesterol, 

m/z 386.4→301.3; [25,26,27-13C3]-cholesterol, m/z 389.9→304.3. Analysis was carried 

out using a TG-SQC column (15 m x 0.25 mm I.D.) with a 0.25-µm film thickness. For 

quantifying TC 100 µl of extract was dried under a stream of nitrogen, dissolved in 1 ml 

of ethanol, mixed with 100 µl of 50% (w/w) aqueous potassium hydroxide, sparged with 

nitrogen, and then saponified for 1 hour at 65° C. After hexane extraction total cholesterol 

was measured by GC/MS/MS and cholesteryl ester calculated as the difference between free 

cholesterol and total cholesterol as previously reported36.

Lipase Activity Assay.—Measurements of lipoprotein and hepatic lipase were performed 

using the method described in Garcia-Arcos et al.37. Briefly, to measure hepatic triglyceride 

production rate, post-heparin plasma was drawn from fasted mice 5 minutes after tail vein 

injection of 100 units of heparin/kg body weight. Plasma was mixed with 10% Intralipid/

[3H]triolene emulsion as substrate with human serum for apolipoprotein CII. Hepatic lipase 

activity was determined by including 1 mM NaCl in the solution. Lipoprotein lipase activity 

was determined by subtracting the hepatic lipase numbers from the total lipase activity38.

Tissue Triglyceride Quantification.—Tri-heptadecanoyl-glycerol (Nu-Chek Prep) was 

added to approximately 250 ul of the lipid extract then dried down and dissolved in 500 

µl of hexane using a procedure reported by Kaluzny et al. with minor modifications35 and 

similar to our previous report1. Cholesteryl esters were removed by washing with 12 ml 

of 4% methylene chloride in hexane (v/v) then triglyceride was eluted with 24 ml of 15% 

methylene chloride, 1% tert-butyl methyl ether, in hexane (V/V/V). The eluate was dried 

with a stream of nitrogen then dissolved in 1 ml hexane. One hundred µl of the triglyceride 

fraction was dried down, diluted with 1 ml ethanol, mixed with 100 µl of 50% aqueous 

KOH, and then heated at 65°C for 1 hr. After cooling, 1 ml of water and 3 ml hexane were 
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added then vortexed, and the hexane layer discarded. The aqueous layer was acidified to 

<pH 3 and extracted with 3 ml of hexane. The hexane layer was removed, then dried down 

under nitrogen, to which 1 ml 14% BF3 in methanol was added. The tube was flushed with 

nitrogen, capped then vortexed and heated at 100°C for 5 minutes. After cooling, 2 ml of 

hexane and 4 ml saturated aqueous NaCl solution were added, vortexed, and then 1 ml of 

hexane removed. Hexane was removed under nitrogen at 35°C then resuspend in enough 

hexane to achieve a final concentration for methyl heptadecanote of 0.08 ng/ml. GC/MS 

FAME analysis was conducted using electron impact ionization in the positive ion mode, 

scanning from 200 m/z to 400 m/z in 0.2 s: emission current 25 µA, electron energy 42 eV, 

source and transfer line temperature 280° C, helium flow rate = 2.5E-8 m3/s. Analysis was 

carried out using a TG-SQC column (15 m x 0.25 mm I.D.) with a 0.25-µm film thickness. 

Individual FAMEs were identified by retention time and characteristic ion fragments. The 

integrated FAME results were converted to moles, the mole sum for each tissue divided by 

three, and then the total mass of the triglyceride calculated.

Isolation, Culture and Differentiation of Subcutaneous SVF into Adipocytes.
—Murine SVF from male and female mouse SAT were obtained from 4–6 week--old 

mice of each genotype as previously described39. Briefly, 300–400 mg of adipose tissue 

from two mice of each genotype was digested for 2 hours at 37oC in 100 mM HEPES 

containing 1 mM CaCl2, 120 mM NaCl, 50 mM KCl, 5 mM glucose, 1.5% BSA and 

1 mg/ml Collagenase D (Roche). Digested cell/tissue mixture was filtered through a 100 

micron strainer to remove undigested tissue. The flow-through cells were centrifuged for 5 

minutes at 1,800 rpm at room temperature. The cell pellet was resuspended in SVF growth 

medium which consisted of DMEM/F12, GlutaMAX, Pen/Strep, and 10%FBS. The cells 

were filtered through a 40 micron cell strainer to remove debris and large adipocytes. The 

flow through was centrifuged for 5 minutes at 1,800 rpm at RT and the SVF pellet was then 

resuspended in SFV maintenance medium and plated on a single 60 mm collagen coated 

plate. The medium was changed the next day and on day 3–4 when the cells were >85% 

confluent, the cells were lifted and aliquoted into 96 well plates for uptake assays, 12 well 

plates for RNA and/or 6 well plates for protein extraction. For adipocyte differentiation, 48 

hours after cells had become 100% confluent, adipocyte differentiation medium was added, 

containing 0.5 mM 3-isobutyl-1-methyl-xanthine, 1 μM dexamethasone, 5 μg/ml insulin, and 

1 μM rosiglitazone in SVF growth medium. After 3 days this medium was replaced with 

a maintenance medium containing 5 μg/ml insulin, and 1 μM rosiglitazone in SVF growth 

medium.

DiI-HDL Uptake and Localization.—SVF adipocytes derived from control and Pcpe2­

deficient mice were isolated as described and differentiated in 96 well black polystyrene 

plates (Griener Cellstar) for 6 days. On the day of the assay, the wells were washed with 

1 X PBS three times and the background fluorescence in each well was measured in PBS 

using CLARIOstar plate reader with Ex/Em 541/590. The HDL uptake assay was performed 

by adding a final concentration of 10 µg/ml of DiI-HDL protein in serum-free SVF growth 

medium which was incubated for 0 to 1.5 hour at 37°C in a tissue culture incubator. After 

the timed incubation, the medium was removed and the cells were washed 3 times with 1 X 

DPBS and the cell-associated fluorescence was measured in DPBS using CLARIOstar plate 
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reader with Ex/Em 541/590. The background fluorescence was subtracted for each well 

from the cell-associated DiI-HDL fluorescence and was then normalized to the adipogenic 

index for each well. For gain of function assays, SVF adipocytes differentiated for 6 days 

were incubated with 100 ng/ml of mouse Pcpe2-His in serum-free growth medium for 1.5 

hour. Unbound Pcpe2-His was removed by washing with 1X PBS and then the DiI-HDL 

uptake assay was performed as described. Additional imaging of wells was performed on 

Lionheart FX epifluorescence microscope (BioTek) using the 10X objective and optical 

filters for capturing phase contrast, blue (DAPI), green (DiI-HDL) and far red (Nile red).

Adipogenic Index.—The adipogenic index was assessed as previously described40. 

Following the DiI-HDL uptake assay, the cells were fixed in 2% PFA for 30 minutes at 

RT. Cellular lipid droplets were stained with 1.25 ug/ well Biodipy 493/503 (Invitrogen) 

and cell nuclei were stained with 5 ug/well DAPI (Biolegend) for 30 minutes at RT in the 

dark. After staining, cells were washed 3 times with 1 X PBS and imaged with a CeligoS 

cytometer (Nexcelom Bioscience) to capture each whole well image. Quantification of the 

number of nuclei in each well was done in ImageJ by applying Gaussian Blur (3 Sigma), 

thresholding, performing watershed calculation for segmentation, and counting on DAPI 

images. Quantification of lipid accumulation, expressed as the Bodipy-stained area, was 

done in ImageJ by applying Gaussian Blur (2 Sigma), thresholding, and quantifying the 

total area above the threshold on Bodipy images. The adipogenesis level, expressed as the 

adipogenic index, was calculated by dividing the area per well stained with lipid by the 

number of cell nuclei in each well.

Perilipin Immunofluorescence Microscopy.—Culture medium was removed from 

cells, then washed with DPBS followed by treatment with 2% PFA. After 30 minutes the 

PFA solution was removed, the cells washed twice with PBS, and then treated with 200 

µl of DAKO protein block (Dako). Cells were then treated with 200 µl rabbit anti-perilipin 

(Cell Signaling) diluted 1:100 with 1 mg/ml saponin in 1:1 Protein Block:PBS. After 1 

hour at room temperature the primary antibody was removed, the cells washed three times 

with PBS, then treated with 200 µl of the secondary antibody anti-rabbit IgG-DyLight549 

(Rockland) diluted 1:1000 with PBS. After 1 h in the dark at room temperature the 

secondary antibody was removed, and the cells washed three times with PBS. Next, 200 

µl DAPI mixture, NucBlue® (Life Technologies), diluted 1:2 in PBS was added and allowed 

to stand for 5 minutes at RT. The DAPI solution was removed and the cells washed three 

times with PBS. One drop of antifade mounting media (Life Technologies) was added to 

a cover slip. The cover slip was placed on top of cells and then allowed to dry overnight. 

Samples were stored at 4°C until examined. A Zeiss LSM 510 confocal microscope and 

associated software were used to view the results and capture images.

Plasmids.—Mouse Pcpe2 was cloned into a mammalian expression vector under the 

control of the CMV promoter. The Gaussia luciferase secretion signal was used at the 

N-terminus of the construct and a GGGGS linker was added at the C-terminus immediately 

followed by an 8xHis tag (TOP Gene Technologies Inc). Expansion of the plasmid was 

carried out using PureLink ExpiEndotoxin-Free maxi plasmid purification kit (Invitrogen).

Xu et al. Page 8

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Purification of Mouse Pcpe2.—The ExpiCHO system (ThermoFisher Sci) was used 

to express full-length glycosylated Pcpe2 following manufacturer’s instructions. For large­

scale production, ExpiCHO cells were amplified in 250 ml sterile plastic Erlenmeyer 

flasks. Cells were grown to a density of 6 x 106 cells/ml then transfected with mouse 

Pcpe2-GGGGS-6His containing plasmid using ExpiFectamine CHO reagent. Cell viability 

and cell density were monitored daily and when cell viability dropped below 80% (3 days), 

cell culture medium was separated from cells and dialyzed extensively against 10 mM 

ammonium bicarbonate pH 7.4 at 4oC to remove EDTA. Dialyzed medium was loaded onto 

Ni Sepharose Excel column (GE Healthcare) then washed with 10 column volumes of 25 

mM ammonium bicarbonate pH 7.4, 500 mM NaCl, 20 mM imidazole. His-tagged mouse 

Pcpe2 was eluted with 3 column volumes of 25 mM ammonium bicarbonate pH7.4, 500 mM 

NaCl, 500 mM Imidazole and 6 M guanidine hydrochloride. Following elution, the Pcpe2 

protein was exhaustively dialyzed against 25 mM ammonium bicarbonate pH7.4 to remove 

guanidine hydrochloride. Protein concentration was determined using BCA assay and purity 

assessed by SDS-PAGE followed by QC Colloidal Coomassie staining of the gel (Bio-Rad).

System Genetics Resource-Hybrid Mouse Diversity Panel (HMDP).—One 

hundred inbred strains of male and female mice were maintained on a standard lab diet 

(6% kcal from fat) until 8 weeks of age and subsequently placed on a high-fat/high-sucrose 

(HF/HS) diet (32% kcal from fat and 25% kcal from sucrose) for 8 weeks41, 42. At 16 

weeks of age, body composition was measured with MRI and mice were sacrificed after 

an overnight fast. Subcutaneous, retroperitoneal, gonadal, and mesenteric fat pads were 

collected and weighed. Visceral fat percentage for each mouse was calculated by summing 

the weights of retroperitoneal, gonadal, and mesenteric fat pads and dividing the sum 

with the overall body fat amount obtained from MRI measurements. Gene expression 

was measured from flash-frozen epididymal adipose tissue samples with Affymetrix 

HT_MG430A. Gene expression-phenotype correlations (biweight midcorrelation) and their 

significance were calculated with the bicor function in the WGCNA package in R43.

Metabolic Phenotyping.—Mice underwent metabolic phenotyping as previously 

described44, 45. Briefly, body composition was analyzed using time domain NMR (Bruker 

LF110), and ingestive behaviors, physical activity, and respirometric gas exchange were 

assessed continuously for 96 hours (i.e. Monday to Friday) using a 16-chamber Promethion 

system (Sable Systems International). Heat production rates were estimated using the 

modified Weir equation46.

Human Study Design and Methods.—Data were obtained from morbidly obese 

subjects participating in a study on the determinants of the metabolic syndrome (RESOLVE; 

http://www.resolve-diabetes.org/). Metabolic assessments were performed before and 

one year after bariatric surgery. Adipose tissue biopsies were performed during and 

one year after surgery. Inclusion and exclusion criteria have been described earlier, 

briefly a total of forty-one individuals eligible for bariatric surgery were included, as 

described47. This analysis included baseline and one-year follow-up data from morbidly 

obese patients, respectively, who underwent RYGB surgery and from whom data on 

SAT tissue transcriptomics were available. Biopsies were collected from abdominal SAT 
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via needle aspiration under local anesthesia during euglycemic-hyperinsulinemic clamp; 

thus, taken under hyperinsulinemic conditions, before and one year after surgery. To 

assess whole-body insulin sensitivity, we calculated the homeostatic model assessment 

of insulin resistance (HOMA-IR) as described48. Gene expression was determined by 

mRNA sequencing. Library construction and sequencing outsourced to GenomeScan B.V. 

Paired-end reads were produced by Illumina HiSeq 4000. R statistical package version 

3.2.3 (R Foundation for Statistical Computing, Vienna, Austria) was used to analyze the 

data. The quality of the sequenced reads was assessed by the FastQC version 0.11.5 

dupRadar version 1.0.049, and Picard50 tools (https://bioinformaticshome.com/tools/rna-seq/

descriptions/Picard.html). The adaptor sequences and low-quality bases were trimmed from 

the reads using Trimmomatic51. Quality trimmed raw reads were aligned to the latest 

version of the human genome using HISAT52, and counts were obtained at the gene level 

using HTSeq version 0.6.152. Statistical analyses were performed using the edgeR53 and 

limma/voom R packages54. Genes without counts across all the libraries were removed. 

Genes with more than 1 count-per-million reads in at least 15 of the samples were kept for 

downstream analysis. Count data were transformed to log2-counts per million, normalized 

by applying the trimmed mean of M-values method53 and precision weighted using the 

voom method55. Genes were re-annotated using current Ensembl BioMart databases version 

90. Before correlation analyses, Shapiro-Wilk tests were performed to assess the right 

method of use (i.e., Pearson- or Spearman’s rank correlation coefficient). The phenotypic 

differences between groups were assessed using one-way ANOVA for continuous variables 

with Bonferroni post hoc tests and X2 tests for categorical variables. The threshold for 

statistical significance was set at p<0.05. A related-samples Wilcoxon signed-rank test was 

performed, and data are presented as mean±SD.

Statistics.—Data are presented as mean ± SD and all statistical analysis was done using 

GraphPad Prism 8 software. For 2-group comparisons, Student t test was used for data 

that passed normality test; Mann-Whitney U test was used if data failed normality test. For 

experiments with more than two groups, p values were calculated using on-way or two-way 

ANOVA as indicated for normally distributed data and Tukey’s multiple comparison test. 

Metabolic rate measures were corrected for the covariate of body mass via generalized linear 

modeling, using SPSS 24.

Results

Adipocytes deficient in Pcpe2 show elevated SR-BI expression.

To investigate SR-BI-mediated HDL-C uptake in adipocytes, SVF cells were isolated from 

SAT of Ldlr−/− (control) and Ldlr−/−/Pcpe2−/− (Pcpe2−/−) mice and then differentiated into 

adipocytes. This approach was utilized to monitor SR-BI and Pcpe2 gene expression during 

and at the end of SVF differentiation. Figure 1A illustrates the timeline for isolation 

and differentiation of SVF cells into adipocytes. Typically, true adipocyte morphology 

with visible neutral lipid accumulation revealed by Oil Red O begins around day 3 after 

differentiation (D3) or 10 days post SVF isolation shown in Figure 1B. By day 6 of 

differentiation (D6), lipid droplets are evenly distributed on the surface and stain intensely 

for neutral lipid (Figure 1B). Microscopic examination of lipid droplets are shown in Figure 
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1C (a,c,e) for control, and (b,d,f) for Pcpe2−/− cells. Figure 1C (a,b) show phase contrast 

images (10X), (c,d) Oil Red O stain for neutral lipids (40X), and (e,f) perilipin-stained 

droplet membranes with DAPI stained nuclei by confocal microscopy (40X). Overall, these 

images suggest that differentiated SVF adipocyte morphology is similar regardless of the 

genotype of origin. This similarity is likely a reflection of the effective differentiation and 

maintenance medium used to drive adipogenesis.

During adipocyte differentiation, mRNA abundance for SR-BI Figure 1D, and Pcpe2 Figure 

1E was quantified by RT PCR up to 6 days post-differentiation. RNA was isolated from cells 

after 6 days of differentiation then assayed. The data show that SR-BI mRNA abundance 

increased ~6–9-fold from the start of differentiation to day 6, while Pcpe2 mRNA expression 

showed a significant stepwise reduction in expression from day 0 to 6. Interestingly on 

day 6, SR-BI mRNA abundance in Pcpe2-null cells was ~45% higher than in control cells. 

This increase was also verified by performing Western blot on protein extracts from day 

6 differentiated cells and quantified, shown in Figures 1F and G, respectively. Protein 

extracts from mice lacking SR-BI were included as controls since another protein, marked as 

non-specific (NS), similar in size to SR-BI cross reacted with the antibody (Fig 1F).

Adipose Tissue SR-BI expression is increased in the absence of Pcpe2.

To further explore how Pcpe2 deficiency impacts SR-BI expression, genome-wide gene 

expression studies were conducted by sequencing mRNA derived from mouse visceral 

adipose tissue. Figure 2A shows the total number of differentially expressed genes, 99 

down-regulated (blue) and 356 upregulated (red) from diet-fed male mice (n=3–4 per 

genotype) (FDR <0.01; log2(FC)=1.5). The complete list of differentially regulated genes 

can be found in Supplemental Table I. Careful analysis of differentially expressed genes 

(DEG) revealed a subset of genes related to lipid metabolism presented in Figure 2B 

heatmap. Ingenuity pathway analysis identified two major pathways, lipid metabolism 

and extracellular matrix-receptor interactions as most highly represented in this data set 

shown in Figure 2C. To verify these results, RT PCR was performed on RNA from 

mouse adipose tissue shown in Figure 2D. Both type 2 scavenger receptors, SR-BI and 

CD36, had significantly increased mRNA abundance in Pcpe2-deficient adipose tissue, 

consistent with RNA seq analyses. We next performed Western blot analysis on adipose 

tissue protein extracts to specifically examine the levels of SR-BI abundance shown in 

Figure 2E. Consistent with our RNA seq data and RT PCR mRNA abundance data, the 

protein abundance of SR-BI was increased ~40–50% in Pcpe2−/− VAT compared to controls. 

Thus, elevated levels of SR-BI protein was seen in both VAT and SAT (data not shown) 

in Pcpe2-deficient mice compared to controls. Also of interest, both collagen 6 and TGFb1 

mRNA levels were increased in Pcpe2−/− mouse tissue (Figure 2D) which suggest that 

pathways controlling cellular rigidity of the adipose tissue matrix are upregulated56. Taken 

together, these studies confirm that deletion of Pcpe2 results in an increase in adipocyte 

SR-BI protein expression and suggests that differentiated SVF adipocytes can provide a 

relevant physiological surrogate for testing SR-BI receptor functionality.
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SR-BI-mediated DiI-HDL uptake is dysfunctional in adipocytes lacking Pcpe2.

Day 6 differentiated SVF adipocytes were used to measure HDL-C uptake after incubation 

of cells with 10 µg/ml DiI-HDL for 0.5 and 1.5 hours, shown in Figure 3A. After 0.5 hour 

of incubation Pcpe2−/− and Scarb1−/− cells took up slightly less (33%) DiI-HDL compared 

to controls (Ctr) cells. After 1.5 hour of incubation with DiI-HDL, a greater difference 

(~50%) in uptake was seen between cells lacking Pcpe2 and Ctr. These results show that 

SR-BI mediated uptake of HDL-C in Pcpe2−/− derived adipocytes is reduced to the same 

level as uptake of DiI-HDL in adipocytes lacking SR-BI. To account for possible variation 

from well to well with regard to cell number or lipid droplet number/size among genotypes, 

DiI-HDL uptake was normalized to the adipogenic index40 for each well. Figure 3B shows 

the average adipogenic index for n=4 individual experiments expressed as the total neutral 

lipid-bodipy-stained area per well divided by the number of DAPI stained nuclei per well. A 

lack of differences in adipogenic index among genotypes is in agreement with histological 

examination (Figure 1C) and show that differences in DiI-HDL uptake was the result of 

functional changes in mechanism and not to differences in cell morphology or number. 

These results strongly suggest that SR-BI mediated HDL uptake requires the physical 

participation of Pcpe2.

We next visualized the cellular localization of DiI-HDL in adipocytes after 1.5 hour 

incubation following extensive washes to remove unbound material. Figure 3C shows phase 

contrast images (a,b) and fluorescent images (c,d) of DiI-HDL (red) and bodipy-stained 

droplets (green) in control (a,c) and Pcpe2−/− (b,d) cells. These data show the DiI-HDL is 

largely located at the periphery of droplet membranes within the cell.

SR-BI localization was next investigated, since it known that this receptor translocates 

into lipid-rafts for activity57. Shown in Supplemental Figure I, SAT was used to prepare 

non-detergent extracted lipid-rafts. Following ultracentrifugation and fractionation of the 

extracts, individual fractions were probed by Western blot for localization of SR-BI, in 

the presence or absence of Pcpe2. In control (Ctr) SAT, caveolin-1, a marker of lipid­

rafts, traffics to the cholesterol-rich fraction 2, while c-Crk, a marker of cholesterol-poor 

membranes or non-raft is found in fraction 6, shows very little Cav-1. When fractions were 

probed for SR-BI, Ctr SAT showed that SR-BI was localized in both fractions 2 and 6, while 

in Pcpe2-deficient SAT, there was very little SR-BI in the lipid-raft or cholesterol-rich region 

and mainly found in the fraction 6 or the non-raft region. These data clearly suggest that the 

presence of Pcpe2 influences the distribution of SR-BI between lipi-raft and non-raft regions 

in SAT tissue.

Based on the reduction in DiI-HDL uptake in the absence of Pcpe2, we next wondered 

if the addition of exogenous Pcpe2 protein to cells lacking Pcpe2 would restore DiI-HDL 

uptake. To test this, Pcpe2 protein was purified by expressing a His-tagged full-length 

mouse Pcpe2 construct in ExpiCHO cells, followed by nickel column chromatography. 

Supplemental Figure II shows details of the construct used, its expression in CHO cells and 

the characterization of the full-length mouse Pcpe2-His glycoprotein. To test our hypothesis, 

day 6 differentiated Pcpe2−/− adipocytes were first pre-treated with or without 100 ng/ml 

of Pcpe2-His for 1.5 hour. Then after pre-treatment with Pcpe2-His protein, cells were 
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washed and then incubated with 10 ug/ml DiI-HDL for 1.5 hour shown in Figure 3E. 

The results show that DiI-HDL uptake by differentiated Pcpe2−/− adipocytes was impaired 

compared to control cells as seen previously, however, uptake of DiI-HDL was restored in 

cells pre-treated with Pcpe2-His (Pcpe2−/− + Pcpe2 protein). Thus, these results suggest that 

Pcpe2 may act directly to facilitate DiI-HDL uptake into adipocytes by either binding first to 

HDL and presenting the particle to SR-BI on the cell surface, or first binding to SR-BI and 

inducing changes to the receptor that make it more likely to take up HDL-C or to both.

Next experiments were conducted to explore whether SR-BI independent pathways 

contribute to DiI-HDL uptake in differentiated SVF adipocytes. Shown in Supplemental 

Figure III, DiI-HDL uptake by differentiated Scarb1−/− adipocytes, as previously shown, was 

impaired when compared to control cells. However, when Scarb1−/− cells were pre-treated 

with 100 ng/ml of Pcpe2-His, uptake of DiI-HDL was still impaired. These results suggest 

that Pcpe2 acts predominately in conjunction with SR-BI to facilitate DiI-HDL uptake 

into adipocytes. This process may proceed through Pcpe2 first binding to HDL and then 

presenting the particle to SR-BI on the cell surface, or by the binding of Pcpe2 to SR-BI, 

which then induces changes to the receptor conformation thus promoting uptake of HDL- C.

Reduced adipose tissue expansion and improved glucose clearance in Pcpe2-deficient 
mice.

Given the role Pcpe2 plays in lipid uptake, we next addressed the question of whether 

mice deficient in Pcpe2 would show alterations in adipose tissue expansion in response to a 

dietary challenge. To test this, Ldlr−/− (control) and Ldlr−/−/Pcpe2−/− (Pcpe2−/−) mice were 

fed a standard lab diet until 10 weeks of age, after which both male and female mice were 

switched to a high fat/high cholesterol (HFHC) diet for 25 weeks. At the end of the study, 

body weights, fat pad mass and GTT were performed. Figure 4A shows body weights after 

25 weeks of the HFHC diet in which there was no significant difference between genotypes 

for either male or female mice. Figure 4B–D show mouse fat pad weights for VAT, SAT 

and BAT were all lower in Pcpe2−/− male and female mice compared to control mice, 

respectively.

This reduction in adipose tissue mass appeared to be independent of the LDL receptor gene, 

as shown in Supplemental Figure IVA–B. Here, C57BL/6J and Pcpe2−/− only mice were 

compared for body weight and SAT mass after 25 weeks of HFHC-diet feeding. Mice with 

and without LDL receptor deficiency showed a statistically significant difference in overall 

body weight and adipose mass, in agreement with previous reports58,59. While LDL receptor 

deficiency did have an effect on the overall total mass compared to mice with functioning 

LDL receptors, mice lacking only Pcpe2 still showed a statistically significant decrease in 

SAT mass compared to controls, indicating that the effect of Pcpe2 on adipose tissue storage 

was independent of the LDL receptor. With the reduction in SAT mass, Pcpe2−/− only mice 

also showed improved glucose clearance, Supplemental Figure IVC–D.

Glucose tolerance test for male and female mice Ldlr−/− (control) and Ldlr−/−/Pcpe2−/− 

(Pcpe2−/−) are also consistent with a reduction in adipose tissue mass, shown in Figure 

4E–G show the results of area under the curve (AUC) from each genotype. Both male 

and female Pcpe2−/− mice showed improved glucose clearance compared to control mice. 
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Interestingly, these data are in agreement with data in which Scarb1−/− mice were fed 

a high fat diet and showed improved glucose handling compared to control mice60. 

The improvement in glucose uptake did not appear to be consistent with greater insulin 

sensitivity, as shown in Supplemental Figure IVE–G. Although a trend for faster glucose 

clearance following an insulin tolerance test was noted in Ldlr−/− /Pcpe2−/− mice, this 

did not reach statistical significance. Rather, Ldlr−/−/Pcpe2−/− mice showed a statistically 

significant 1.5-fold increase in the expression of the glucose transporter type 4 or Glut4 

mRNA abundance in SAT when compared to control mice, as shown in Supplemental 

Figure IVH. This increase in SAT Glut4 expression likely contributes to the improved 

glucose clearance in the absence of Pcpe2. Consistent with our observation, Scarb1−/− 

mice fed a high fat diet also showed a ~3-fold increase in adipose tissue Glut4 expression 

compared to wild-type mice60. The contribution of fatty acid oxidation and mitochondrial 

gene expression was also examined. Both lactate dehydrogenase a (ldha) and aldehyde 

oxidase 1 (aox1) mRNA were statistically elevated in Ldlr−/−//Pcpe2−/− mice compared to 

controls, as shown in Supplemental Figure IVD, suggesting enhanced fatty acid oxidation in 

the absence of Pcpe2.

Hypertrophy and reduced cholesterol in Pcpe2-deficient mouse adipose tissue.

We next conducted studies to examine adipose tissue, both microscopically and 

compositionally, in diet-fed Ldlr−/− (control) and Ldlr−/−/Pcpe2−/− (Pcpe2−/−) mice. Figure 

5A shows representative whole fat pads from VAT, SAT, and BAT taken from HFHC-fed 

control and Pcpe2−/− male mice. In addition, Figure 5A shows microscopic examination of 

representative sections of VAT, SAT and BAT after H & E-staining (20X). These data show 

that the loss of Pcpe2 leads to enlarged or hypertrophic adipocyte structure in response to 

adipose expansion in both VAT and SAT. In order to quantify the extent of the hypertrophic 

expansion, Figure 5B shows a graph of the percent of VAT cells within a given size range 

for every 100-um2 area. These data were derived from tissue sections from four male 

mice per genotype (>500 cells counted/genotype). Asterisks indicate significance at p<0.05. 

Additionally, we performed histology on SAT to examine connective tissue content between 

genotypes, since Pcpe2 has been previously linked with C-terminal collagen processing. 

Figure 5C shows that Movat’s pentachrome staining (20X) of SAT suggest little to no 

difference in connective tissue content in SAT between genotypes.

We next examined adipose tissue cholesterol and triglyceride content in diet-fed Pcpe2­

deficient mice. From previous work, we knew that both plasma cholesterol and triglyceride 

levels were elevated in the absence of Pcpe21, but the impact of Pcpe2 deletion on tissue 

lipid content was unknown. Plasma lipid levels, consistent with earlier reports show elevated 

plasma cholesterol and triglyceride concentrations in Pcpe2-null mice compared to control 

mice, Supplemental Figure VA and B. Next, we examined heparin releasable lipoprotein 

lipase and hepatic lipase activity in plasma and found a significantly lower activity in 

Pcpe2−/− male mice compared to controls, Supplemental Figure VC. The decrease in both 

heparin releasable lipoprotein and hepatic lipase likely contributes to the increased plasma 

triglyceride levels seen in mice lacking Pcpe2. Then tissue cholesterol was analyzed in VAT, 

SAT and BAT tissue and shown in Figure 5D. Interestingly, in Pcpe2-deficient mice, SAT 

and BAT but not VAT showed statistically significant reductions in tissue cholesterol content 
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in both male and female mice, although a trend for lower cholesterol was seen in VAT. 

It is also interesting to note that tissue cholesterol content per wet weight increased with 

VAT to SAT and then BAT depot. Tissue triglyceride content for VAT, SAT and BAT shown 

in Supplemental Figure VD revealed an increase in tissue triglyceride per wet weight in 

mice lacking Pcpe2 as well as a reduction in triglyceride content from VAT, to SAT and 

BAT. Taken together, these data suggest that in the absence of Pcpe2, lipid balance between 

plasma and adipose tissue compartments are altered.

Chronic adipose tissue expansion and obesity are characterized by an increased 

inflammatory state, during which macrophages are recruited into the tissue to enhance local 

inflammatory pathways. SAT tissue from diet-fed Pcpe2−/− mice was compared to control 

mice both histologically and by RT PCR. Supplemental Figure VIA shows representative 

F4/80 immunohistochemical staining of SAT sections(20X) from Pcpe2−/− and control mice 

as an indicator of macrophage infiltration into tissue. Supplemental Figure VIB shows 

quantitative real-time PCR analysis of inflammatory and cytokine gene expression in SAT. A 

general decrease in local inflammation marker expression was seen from the levels of IL-6, 

F4/80 and CCL2 (MCP-1) in Pcpe2-null mice compared to controls. These data suggest that 

despite the hypertrophic state of SAT adipocytes in Pcpe2- deficient mice, there appears 

a reduced inflammation state, perhaps as a result of changes in the extracellular matrix 

composition as a result of the loss of Pcpe2. These changes may also be linked to the up­

regulation of SR-BI expression, suggesting a connection between adipose tissue expansion, 

lipid content and SR-BI mediated delivery of HDL cholesterol and the extracellular matrix.

Metabolic changes induced by the absence of Pcpe2.

To test whether the absence of Pcpe2 would result in fundamental differences in metabolic 

parameters, we placed male and female Ldlr−/− (control) and Ldlr−/−/Pcpe2−/− (Pcpe2−/−) 
mice into metabolic chambers. We performed calorimetry measurements on mice that 

had been fed a HFHC diet for ~22 weeks. Shown in Supplemental Figure VIIA, there 

was no difference in body weight, in agreement with Figure 4A. In addition, there was 

no statistically significant difference in food intake, as shown in Figure 7B, although a 

trend was noted suggesting that Pcpe2 mice consume less food than controls in the dark 

cycle. This trend could be accounted for in part by the statistically significant reduction in 

locomotion, Supplemental Figure VIIC, in both the light and dark cycle. No change in the 

respiratory exchange ratio was noted but a statistically significant increase was seen in the 

maximum energy expenditure (EE), Supplemental Figure VIID–E, which was significantly 

higher in the Pcpe2-deficient mice compared to controls during the dark cycle. Overall, these 

data suggesting that Pcpe2 deficiency impacts the metabolic state of both male and female 

mice towards increased energy expenditure, despite a lower food intake and locomotion.

Pcolce2 (Pcpe2) mRNA abundance correlates with adipose mass in mice and humans.

Based on previous studies showing a connection between Pcpe2, HDL metabolism and 

plasma triglyceride concentrations1, 4, the Hybrid Mouse Diversity Panel was searched 

for associations between Pcolce2 (Pcpe2) mRNA abundance and a number of phenotypic 

measures41, 42. Figure 6A–D show statistically significant correlations between percent body 

fat and relative Pcolce2 mRNA abundance in visceral Panels A and B and subcutaneous 
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Panels C and D adipose tissue from 100 inbred strains of female (Panels A and C) and 

male (Panels B and D) mice. In each inbred mouse strain, male and female mice were 

maintained on a standard lab diet until 8 weeks of age then placed on a high-fat/high-sucrose 

(HF/HS) diet for 8 weeks41, 42. At 16 weeks of age, body composition was measured 

with MRI and mice were sacrificed after an overnight fast at which time fat pad weights 

were determined and gene expression was measured. Thus, these data show that Pcolce2 
mRNA abundance is positively correlated to mouse adipose tissue weight in both male and 

female mice after a high fat dietary challenge suggesting a role for Pcpe2 in adipose tissue 

expansion.

To examine if human Pcpe2 mRNA abundance correlated with measures of body fat, we 

obtained data from obese subjects undergoing bariatric surgery. Clinical characteristics of 

these patients are shown in Supplemental Table II. Figure 6E–F show positive correlations 

for pre-surgery subcutaneous adipose tissue Pcolce2 mRNA abundance, vs body BMI Figure 

6E and, percent fat mass Figure 6F. Additionally, Pcolce2 mRNA expression positively 

correlated with plasma insulin shown in Figure 6G. After bariatric surgery-induced weight 

loss, the correlations between Pcolce2 mRNA expression and measures of body fat 

persisted, suggesting a role for Pcpe2 in adipose expansion and storage in humans (data 

not shown). Importantly, these positive correlations in human adipose are consistent with in 
silico associations derived from the Hybrid Mouse Diversity Panel shown in Figure 6A–D 

again supporting the idea that Pcpe2 plays a role in adipose tissue expansion.

Discussion

In the current investigations we demonstrate a novel partnership between Pcpe2 and SR­

BI in adipose tissue cholesterol maintenance. This partnership contributes to cholesterol 

balance between adipose tissue and plasma HDL-C by modulating SR-BI- mediated 

trafficking of HDL-C29, 61. We also show that there is a 2-fold reduction in HDL- C 

uptake by differentiated SVF, with near complete restoration of HDL-C uptake by Ldlr−/−/
Pcpe2−/− adipocytes after cells were pre-incubated with exogenous Pcpe2. Overall, these 

data demonstrate that HDL-C uptake in adipocytes requires extracellular Pcpe2. A previous 

study reported that Pcpe2 binds HDL apoA-I, the principal protein component of HDL, 

suggesting that Pcpe2 interacts with HDL particles coordinating their access to SR- BI3. 

However, an alternative explanation is that Pcpe2 enables or enhances multimerization of 

SR-BI monomers on the plasma membrane, which has been shown to be a key step for 

SR-BI mediated HDL-C uptake62, 63.

Prominent observations in our study was the reduced adipose tissue mass, improved glucose 

clearance and inflammatory profile in the absence of Pcpe2, in addition to hypertrophic 

adipocytes and elevated plasma lipids. Since changes to the extracellular matrix occur 

during adipose tissue expansion and lipid storage, it is possible that the absence of Pcpe2 

alters the collagen landscape56 , allowing expansion of existing adipocytes without the 

restrictions associated with excessive fibrosis, thus reducing inflammation and favoring 

unhindered lipid storage. Several reports highlighting the contribution of adipose tissue 

cholesterol to HDL-C come from studies of adipose tissue- specific ABCA1-knockout 

mice30–32, 64 which show ~15% decrease in plasma HDL-C compared to controls with a 
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3-fold increase in both white and brown adipose tissue cholesterol content, showing that the 

ABCA1/apoA-I system is a major pathway for the export of cholesterol from adipocytes30. 

Furthermore, SR-BI is also reported to have a significant impact on the efflux of free 

cholesterol from adipose tissue29 in addition to its role in transporting cholesterol esters into 

adipocytes. SR-BI is expressed in mouse adipose tissue and in differentiated 3T3 mouse 

fibroblasts65. In 2010, a comprehensive study of cholesterol efflux showed that SR-BI and 

ABCA1, but not ABCG1, were essential for adipocyte cholesterol efflux29. To study efflux, 

various differentiated, knockout mouse embryonic fibroblasts were loaded with radiolabeled 

cholesterol after which, efflux of labeled cholesterol to HDL was measured. In adipocytes 

lacking SR-BI, there was a significant 3-fold reduction in efflux to HDL. When Abca1−/− 

or ScarbI−/− mouse embryonic fibroblast-adipocytes were injected into C57BL/6J WT mice 

there was about a 20 to 30% reduction in cholesterol release into feces compared to controls. 

These and other studies66–69 support the idea that adipose tissue SR-BI contributes to HDL 

lipidation and thereby contributes to plasma HDL-cholesterol levels.

Compared to SR-BI, even less is known about Pcpe2 and its role in adipose tissue 

expansion and lipid storage. Pcpe2 was first described as an enhancer protein based on 

its homology with Pcpe18, a well-studied collagen binding protein, and enhancer for the 

procollagen C-proteinase, or bone morphogenic protein-1 (BMP-I)70, 71. A comprehensive 

study published in 200219 highlighted the differences between Pcpe1 and Pcpe2 and 

demonstrated significant tissue-specific differences in expression and glycosylation pattern. 

These studies indicated that Pcolce2 (Pcpe2) was most highly expressed in adipose and 

heart tissue. An indication of the physiologic importance of this expression was confirmed 

by studies of chronic pressure overload in Pcpe2-null mice, which led to less collagen 

accumulation after aortic constriction72.

A connection to HDL-C regulation was established in both 2009 and then in 2011, in 

which each study showed that Pcpe2 was directly involved in HDL metabolism3, 4 via 

a high affinity interaction with apoA-I, the main protein constituent of HDL, the main 

particles. As demonstrated in studies on adipose-specific knockout of ABCA1, cholesterol 

regulation in adipose tissue does depend on HDL-C and is impacted by dietary lipids, the 

subject of a recent review28. About 25% of whole body free cholesterol pool is stored 

in adipose tissue depots and increases to ~50% in obese states27. Thus, the regulation of 

whole body cholesterol is dependent on the uptake and efflux of plasma lipoproteins, more 

than on its synthesis73. One example of this is the observation that thermogenic stimulation 

promotes HDL-C clearance and remodeling as well as increases macrophage to fecal reverse 

cholesterol transport in mice74–77. In humans, chronic treatment with mirabegron, a beta 

3-adrenergic receptor agonist, increases brown adipose tissue activity and elevates plasma 

HDL-C78. Increased cholesterol, a common finding during weight loss due to anorexia 

nervosa is thought to represent increased cholesterol release from adipose coupled to a 

defect in liver LDL uptake. HDL-C levels are also increased in these patients79, 80. Taken 

together these data strongly support the concept that adipose tissue lipids and plasma HDL 

are closely linked81.

Major findings from our studies fill a gap in our understanding of Pcpe2, its partnership 

with SR-BI and contribution to maintaining cholesterol balance between adipose tissue and 
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plasma HDL-C. A summary of our findings is illustrated in Figure 7. In mice lacking 

Pcpe2 adipose tissue mass was significantly reduced independent of changes in body 

weight, but with a significant elevation in plasma lipoprotein triglyceride and cholesterol 

concentrations. Paradoxically, without Pcpe2 adipocytes were associated with improved 

glucose tolerance and less inflammation. A key feature of Pcpe2 deficiency was an increase 

in adipocyte SR-BI expression yet a significant attenuation in HDL-C uptake, which 

was restored when exogenous Pcpe2 was added back to the adipocytes. Based on these 

cumulative observations, we hypothesize that Pcpe2 partners with SR-BI in the extracellular 

matrix surrounding adipocytes to facilitate uptake of HDL-C and that Pcpe2 is essential 

for SR-BI-mediated HDL lipid trafficking in adipocytes. In summary, our study highlights 

the fact that Pcpe2 and SR-BI are important in adipose tissue expansion and modulate 

adipocyte physiology in both mice and in humans. Pcpe2, a relatively unknown extracellular 

matrix glycoprotein and the well-known HDL receptor show a novel co- dependence. The 

involvement of Pcpe2 and SR-BI in obesity expands on the concept that both lipolytic 

and endocytic processes are responsible for adipocyte metabolic function in mice and 

humans82, 83. Further studies will be required to explore the precise mechanism of the Pcpe2 

and SR-BI inter-dependence and the physiological consequences of this partnership in other 

tissues.
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Highlights

• In mice and humans, Pcpe2, is a glycoprotein devoid of intrinsic proteolytic 

activity participating in extracellular protein-protein and protein-membrane 

interactions, yet distinct from Pcpe1.

• We demonstrate a novel and unexpected function for Pcpe2 in modulating 

SR-BI expression, localization and function in adipose tissue expansion, and 

energy utilization.

• Differentiated adipocytes from mouse stromal vascular cells showed elevated 

SR- BI protein levels, yet significantly reduced HDL-C uptake. While SR-BI 

mediated HDL-C uptake was restored by pre-incubation of the adipocytes 

with exogenously added Pcpe2 protein.

• In diet-fed mice lacking Pcpe2, a significant reduction in visceral, 

subcutaneous and brown adipose tissue mass was observed, with reciprocal 

elevations in plasma triglyceride and cholesterol levels.

• Statistically significant positive correlations were found between adipose 

mass, BMI and Pcpe2 mRNA expression in both mice and humans, 

suggesting an important physical participation for Pcpe2 in adipose tissue 

expansion.

• These data provide solid evidence for Pcpe2’s role in adipocyte lipid storage 

and validates Pcpe2 as a target for the study of obesity and diabetes.
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Figure 1. Adipocytes deficient in Pcpe2 have elevated SR-BI expression.
(A) Timeline for SAT SVF isolation and differentiation from Ldlr−/− (control) and Ldlr−/−/

Pcpe2−/− (Pcpe2−/−) male mouse adipose tissue (B) Neutral lipid droplets in differentiated 

adipocytes on day 0 (D0), day 3 (D3) and day 6 (D6) visualized by Oil Red O staining. (C) 
Micrographs of lipid droplets from control andPcpe2-/−. Images represent phase contrast 

images (10X) (panels a,b), Oil Red O staining of neutral lipids (40X) (panels c,d) and 

perilipin-stained droplet membranes and DAPI stained nuclei by confocal microscopy (40X) 

(panels e,f). (D-E) Fold change in mRNA abundance on indicated day of differentiation for 

SR-BI and Pcpe2. RT PCR values represent the mean ± SD, n=4–8 male mice per genotype. 

Data analyzed by ANOVA with Tukey’s multiple correction test. (F) Western blots were 

probed for SR-BI and b-actin using protein extracts (n=2 male mice per genotype) from 

day 6 differentiated SVF adipocytes. Note: NS= non-specific protein similar in molecular 

weight to SR-BI was detected in adipocytes from SR-BI knockout tissue (Scarb1−/−). (G) 
Quantification of the SR-BI intensity relative to b-actin.

Xu et al. Page 25

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Increased Expression of SR-BI in adipose tissue in the absence of Pcpe2.
(A) Sequencing of adipose tissue RNA from Ldlr−/− (control) and Ldlr−/−/Pcpe2−/− 

(Pcpe2−/−) mice showed 99 down regulated (blue) and 356 upregulated (red) differentially 

expressed genes (DEG) in aged-matched male mice (n=3–4 per genotype) fed HFHC diet 

for 25 weeks (FDR <0.01; log2(FC)=1.5). A complete list of differentially expressed VAT 

genes in Supplemental Table I. (B) Heatmap of DEG. (C) Ingenuity pathway analysis 

showed lipid metabolism and extracellular matrix-receptor pathways as the most highly 

represented. (D) RT PCR mRNA abundance in male diet-fed VAT for selected genes. Data 

expressed as mean +/− SD. (E) Western blot analysis of SR-BI abundance from VAT protein 

extracts from male control and Pcpe2−/− mice fed a HFHC diet for 25 weeks. VAT protein 

extracts from Ldlr−/−/Scarb1−/− mice were included as a negative control. Note: NS=non­

specific protein similar in molecular weight to SR-BI was detected in SR- BI knockout VAT 

protein extracts. Images are representative of two independent Western blot experiments.
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Figure 3. Dysfunctional SR-BI-mediated DiI-HDL uptake in adipocytes lacking Pcpe2.
(A) DiI-HDL uptake (10 µg/ml) was measured in day 6 differentiated SVF adipocytes from 

wild-type (C57BL/6J), Ldlr−/− (Ctrl), Ldlr−/−/Pcpe2−/− (Pcpe2−/−) and Ldlr−/−/Scarb1−/− 

(Scarb1−/−) cells for 0.5 and 1.5 hours. Uptake normalized to adipogenic index (total 

area of neutral lipid-stain divided by total DAPI stained nuclei per well). Six wells with 

20,000 cells per well were used for each genotype. Data represents average of 4 individual 

experiments (mean ± SD). (B) adipogenic index for day 6-differentiated SVF adipocytes 

Wt, Ctrl, Pcpe2−/− and Scarb1−/− mice. (C) Representative (10X) phase contrast (panels 
a,b) and fluorescent images (panels c,d) of DiI-HDL (red) and bodipy-stained lipid droplets 

(green) in control (panels a,c) and Pcpe2−/− (panels b,d) cells from day 6 differentiated 

adipocytes following 1.5 hour incubation with DiI-HDL. (D) SDS- PAGE gel stained with 

colloidal blue indicates purity of Pcpe2-His protein from 72-hour post-transfection culture 

medium after Ni-Sepharose purification. Additional details in Supplemental Figure II. (E) 
Pre-incubation of day 6 differentiated SVF cells lacking Pcpe2 with purified Pcpe2-His 

protein rescued uptake. Data were analyzed by ANOVA with Tukey’s multiple correction 

test. lot experiments.
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Figure 4. Reduced adipose tissue expansion in Pcpe2−/− mice is independent of body weight.
Male and female Ldlr−/− (control) and Ldlr−/− Pcpe2−/− (Pcpe2−/−) mice (10 weeks of age) 

were fed a high fat/high cholesterol (HFHC) diet for 25 weeks. At the end of the study, 

(A) body weights were measured and (B-D) VAT, SAT and BAT pads were removed and 

weighed. (E) Male and (G) female HFHC-fed mice were fasted for 4–5 hours and glucose 

tolerance tests were performed, with (H) area under the curve (AUC) calculated. All values 

represent the mean ± SD, n=11–15 male or female mice per genotype. Data were analyzed 

by ANOVA with Tukey’s multiple correction test.
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Figure 5. Hypertrophy and reduced cholesterol content are observed in Pcpe2- deficient mouse 
adipose tissue.
(A) Representative fat pads from VAT, SAT, and BAT from indicated genotypes and their 

corresponding H & E-stained images (20X) are shown. (A) The percent of VAT cells within 

a given size range for every 100-um2 area was determined from tissue from four male mice 

per genotype (>500 cells counted/genotype). *p<0.05. (C) Images of Movat’s pentachrome 

staining of SAT (20X) from Ldlr−/− (control) and Ldlr−/− Pcpe2−/− (Pcpe2−/−) mice suggest 

similar collagen content between genotypes. (D) Male and female control and Pcpe2−/− mice 

were fed HFHC diet for 25 weeks, sections of VAT, SAT and BAT tissue were taken at 

the time of necropsy and extracted lipids were analyzed by GC-mass spectrometry for total 

cholesterol and normalized to wet weight. All values represent the mean ± SD, n=5– 8 

male and female mice per genotype. Data were analyzed by ANOVA with Tukey’s multiple 

correction test.

Xu et al. Page 29

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Pcolce2 mRNA abundance correlates with adipose mass in both mice and humans.
(A-D) Correlations between mouse Pcolce2 mRNA abundance with visceral adipose tissue 

or subcutaneous adipose tissue. Data were obtained from the study of 100 inbred strains 

of female or male mice from the Hybrid Mouse Diversity Panel. Experimental details are 

described in Methods. (E-G) Correlations between human subcutaneous fat Pcolce2 mRNA 

abundance expressed as counts per million reads (cpm) with (E) body mass index (BMI), (F) 
percent fat mass and (G) plasma insulin are shown. All samples were obtained from obese 

patients undergoing bariatric surgery with metabolic information contained in Supplemental 

Table II and experimental details described in Methods.
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Figure 7. Partnership between Pcpe2 and SR-BI in HDL-C uptake.
The stromal vascular fraction contains progenitor cells that differentiate into adipocytes. 

During the fed-state, adipocytes store energy as lipids in two ways: (i) hyperplasic 

expansion where cells receive signals to differentiate and increase in number or (ii) 

hypertrophic expansion where existing cells take on more triglycerides. Hypertrophic 

adipocyte morphology is positively associated with insulin resistance, diabetes and 

cardiovascular disease. In Pcpe2 null mice, hypertrophic adipocytes were associated with 

decreased adipose mass, independent of body weight, and a reciprocal elevation in plasma 

lipoprotein triglyceride and cholesterol concentrations. Paradoxically, in the absence of 

Pcpe2, these hypertrophic adipocytes were also associated with improved glucose tolerance, 

less inflammation and increased SR-BI expression. Based on these cumulative observations, 

we hypothesize that Pcpe2 partners with SR-BI in the extracellular matrix surrounding 

adipocytes, thereby facilitating the uptake of lipoprotein lipids for storage.
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