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ABSTRACT 

 

Physiological Roles of GRASP55 in Lipid Transport 

 

Jiyoon Kim 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Min Goo Lee) 

 

The Golgi complex plays a key role in intracellular transport of proteins and lipids. 

This function is maintained under the fine regulation of various kinds of proteins. So 

far, most researches have been actively conducted on the Golgi-dependent protein 

trafficking. However, studies on the intracellular trafficking of lipids, especially, 

triglyceride (TG), are currently lacking. Here, we found that the Golgi reassembly 

stacking protein 55 (GRASP55), one of the Golgi-resident proteins, plays an essential 

role in the formation of chylomicron by regulating the targeting of the intestinal lipase, 

ATGL, into lipid droplets (LDs). These results indicate that the Golgi protein plays an 

important role not only in protein transport but also in lipid transport. Furthermore, by 

uncovering the new functions of GRASP55, this study provides a new insight into 

understanding the pathogenesis and therapeutics of various LD-associated diseases. 
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I. INTRODUCTION 

 

Most proteins and lipids are transported from the endoplasmic reticulum (ER) to 

the Golgi complex via vesicular machineries
1-3

, and then secreted into the plasma 

membrane, cytoplasm and cellular organelles
4
. Studies on intracellular trafficking of 

proteins and lipids have been tightly associated with understanding of vesicular 

proteins and their functions
5
. The understanding of the mechanism on intracellular 

trafficking pathways has been increasing
6
. The Golgi complex plays a central role in 

post-translational modifications of proteins and maturation of lipids
7,8

. Because of this 

importance, various Golgi-associated proteins including GRASP have been 

intensively studied 
9-12

. 

The two vertebrate GRASPs, GRASP55 and GRASP65, were identified as major 

components required for post-mitotic remodeling of the Golgi cisternae
13-15

. In most 

eukaryotic cells, the Golgi complex is composed of several flat cisternae arranged in 

the later direction, forming a ribbon-like structure of stacks
10,16

, and GRASPs are 

involved in Golgi stacking and ribbon-linking
15,17,18

. The Golgi complex is the cellular 

hub to accomplish a scrupulous transport of secretory cargo in the route from the ER 
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to the plasma membrane or other destinations
7,8

. Interestingly, it has been found that 

GRASPs appear to be involved in several other cellular processes including the 

protein sorting
19

 and the unconventional protein secretion pathways
20-26

. These results 

suggest that GRASP proteins have diverse functions other than the function of 

maintaining the structure of the Golgi
20,27

. 

Previous studies on intracellular transport pathways have focused mainly on 

proteins. However, little is known about the intracellular transport of lipids, especially 

TG
28

. The molecular mechanism of how external triglycerides are packed into 

chylomicrons in the small intestine and enter the systemic circulation remains elusive. 

It has been reported that some of the absorbed lipids are stored in the form of lipid 

droplets (LDs) which function as lipid sources for the chylomicron during the post-

prandial period
29

. It has been also found that a various proteins are specifically 

transported on the surface of LDs
30-38

 and that LDs interact with other cellular 

compartments such as the ER
39-42

, the ER-Golgi intermediate compartments 

(ERGIC)
43

, the Golgi
44,45

, mitochondria
46-48

, peroxisome
49

, endosome
50

, plasma 

membrane
48

, autophagosome
51

 and ribosome
52,53

 through intracellular motility, which 

suggests that LDs are distinct intracellular organelles. LDs have a unique structure 

with a hydrophobic core of neutral lipids surrounded by a monolayer phospholipid 

membrane
54

. A numerous interesting studies on how these structural properties 

regulate formation, growth, maintenance and extinction of LDs have been 

accumulated
55-57

. LDs are the key component in the regulation of intracellular lipid 

homeostasis, which contributes to the regulation of lipid balance throughout the tissue 

and organism
58

. Since the regulation of physiological function of LD is carried out by 

various kinds of proteins that coat the LD membrane, it is essential to understand the 

origin, intracellular trafficking and dissociation mechanism of LD-associated proteins 

to define the characteristics of LDs. In addition, recent studies on the relationship 

between LDs and various metabolic diseases have raised the importance of the 

pathophysiological role of LD
57,59-61

. However, despite the importance of LDs, no 

consensus has yet been reached on the molecular mechanism of LD formation and 

regulation. 
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In the current study, we explore the new function of GRASP55 in the intestinal 

trafficking of lipid by demonstrating GRASP55 plays a critical role in lipid 

homeostasis by regulating cellular localization of ATGL and its targeting to LD. These 

results provide new insights into the unconventional role of the Golgi protein in 

formation of chylomicron to regulate biogenesis of LDs. Furthermore, identification 

of GRASP55 as a new regulator for lipid droplets will make a contribution to 

therapeutic strategies for LD-associated diseases. 
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II. MATERIALS AND METHODS 

 

1. Animals and care 

Grasp55
-/-

 mice were purchased from the Jackson Laboratory. All experiments 

were performed using male Grasp55
-/-

 mice and their corresponding control 

littermates. Mice had free access to food and water under a 12-h light/12-h dark cycle 

in a temperature controlled environment. The high-fat diet contained 60% kcal% fat 

(D12492, Research Diets, New Brunswick, NJ, USA). All animal experiments were 

approved by the Institutional Animal Care and Use Committees (IACUC) in Yonsei 

University College of Medicine (Animal protocol #2016-0106), Republic of Korea. 

 

2. Cell line and Cell culture 

Caco-2 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM 

high glucose) containing 20% fetal bovine serum (FBS), penicillin (50 IU/mL)/ 

streptomycin (50 μg/mL), 2mM L-glutamine and non-essential amino acid (all from 

Invitrogen, Waltham, MA, USA) in 5% CO2 incubator at 37℃. To generate Grasp55 

knock-down stable cell line, Caco-2 cell was transducted with lentiviral particles 

produced from HEK293T cell which were transfected with psPAX2 packing plasmid, 

pMD2.G envelope plasmid and pLKO.1 short-hairpin RNA (shRNA) plasmid (control 

shRNA : #SHC001, Gorasp2-specific shRNA : #TRCN0000127674 ; Yonsei Genome 

Center, Seoul, Korea) and selected using puromycin. To induce LDs, Caco-2 cells 

were oil-loaded with DMEM containing oleic acid:BSA complex (final concentration 

4:1 mM) for 16hr before harvest. 

 

3. Antibodies 

Antibodies were from the following sources: anti-ApoA1 (ab33470), anti-ApoA4 

(ab59036), anti-ApoE (ab183597), anti-ApoB (ab31992), anti-CIDEB (ab9403), anti-

Giantin (ab93281), anti-GM130 (ab52649), anti-Calreticulin (ab92516), anti-Grasp55 

(ab74579), anti-LMAN1 (ab125006), anti-Arf1 (ab183576), anti-ARFRP1 (ab108199, 
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Abcam, Cambridge, MA, USA), anti-Albumin (#4929), anti-Syntaxin 6 (#2869), anti-

HSL (#4107), anti-phosphoHSL (Ser563, #4139), anti-ATGL (#2138, Cell Signaling 

Technology, Danvers, MA, USA), anti-ADRP (LS-C3561), anti-TIP47 (LS-B671), 

anti-MTTP (LS-C144891, LSBio, Seattle, WA, USA), anti-GBF1 (NBP1-06526, 

Novus Biologicals, Littleton, CO, USA), anti-aldolase A (sc-12059), anti-actin (sc-

1616, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-TGN38 (AHP1597, 

BIO-RAD, Hercules, CA, USA) 

 

4. Immunoblotting 

Immunoblotting was performed as described previously
62

. Cells were 

homogenized in lysis buffer containing 50 mM Tris pH 7.4, 1% (v/v) NP40, 150 mM 

NaCl, 1 mM EDTA supplemented with protease inhibitor mixture (Roche, Applied 

Science, Mannheim, Germany). For tissues, lysis buffer contained additional 100 mM 

benzamidine and 0.3% soybean trypsin I. Protein samples were separated by SDS-

polyacrylamide gel electrophoresis. The separated proteins were transferred to a 

nitrocellulose membrane and blotted with appropriate primary and secondary 

antibodies. Protein bands were detected by enhanced chemiluminescence (ECL) and 

the densities of the bands were measured using imaging software (ImageJ, National 

Institutes of Health, USA, http://imagej.nih.gov/ij). 

 

5. Immunohistochemistry, Immunocytochemistry and Confocal microscope 

image acquisition 

Immunohistochemistry was performed as previously reported
24

. Jejunum was 

isolated and fixed in 10% neutral-buffered formalin (HT501128, Sigma Aldrich, St. 

Louis, MO, USA). Paraffin sections of the jejunum were cut and antigen retrieval was 

performed by heat treatment. Unspecific binding sites were blocked with 5% donkey 

serum, 1% BSA and 0.1% gelatin in PBS for 30min. The indicated primary antibodies 

were applied overnight at 4℃. Tissues were treated with fluorophore-dye conjugated 

secondary antibodies. Fluorescence images were captured using a laser scanning 

confocal microscope with a 40x 1.4 numerical aperture (NA) water objective lens 
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(LSM 780, Carl Zeiss, Berlin, Germany). To stain the lipid components, paraffin slide 

of the jejunum was stained with Oil Red O and Mayer’s hematoxylin. Microscopic 

images were taken using a Nikon Eclipse E600 equipped with a Nikon Digital Sight 

DS-U1 unit (Spach Optics Inc., New York, NY, USA). 

Immunocytochemistry was performed as previously reported
62

. Caco-2 cells were 

cultured on 18 mm round coverslips and fixed with 10% formalin for 10 min at room 

temperature. The fixed cells were washed three times with PBS and then were 

permeabilized with 0.1% Triton X-100 for 15 min at room temperature. Cells were 

incubated with blocking solution containing 5% donkey serum, 1% BSA and 0.1% 

gelatin in PBS for 30 min at room temperature. After the blocking step, cells were 

stained by incubating with appropriate primary antibodies overnight at 4℃. Cells 

were treated with fluorophore-dye conjugated secondary antibodies. LD staining with 

BODIPY 493/503 was performed as previously reported
63

. Fluorescence images were 

captured using a laser scanning confocal microscope with a 63x 1.4 numerical 

aperture (NA) oil objective lens (LSM 780). 

 

6. Transmission electron microscopy 

Jejunum and liver were fixed with 2.5% glutaraldehyde and 2% paraformaldehyde. 

Samples were rinsed in 0.1 M phosphate buffer and post-fixed with 1% osmium 

tetroxide, dehydrated in ascending concentrations of methanol and propylenoxide and 

embedded into Epoxy resin. Blocks were trimmed, sectioned and viewed on the FEI 

EM 208 transmission electron microscope at ×13 000 magnification. Negatives were 

scanned at 800 dpi. 

 

7. Oil gavage and Oral fat tolerance test (OFTT) 

Mice were fasted for 16hr and received 10 μl/body weight (g) olive oil by oral 

gavage. To perform OFTT, blood samples (30 μl) were collected via the tail vein prior 

to (basal, time 0), and 1, 2, 3 and 4hr after the oral oil application for the 

determination of plasma triglyceride using colorimetric assay kit (#10010303, 

Cayman Chemical Company, Ann Arbor, MI, USA) according to the manufacturer’s 
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instruction. 

 

8. Lipid and amino acid uptake assay 

 For differentiation, Caco-2 cells were maintained for 3 weeks on the transwell 

system with a medium change every 2 days and verified by measuring transepithelial 

electrical resistance. Differentiated Caco-2 cell was incubated with 
14

C-labeled oleic 

acid (Moravek, California, CA, USA) in the apical part. After 16hr, the radioactivity 

was quantified in the basolateral medium and normalized to background radioactivity. 

The amino acids uptake was measured as previously reported
64

. Grasp55
+/+

 and 

Grasp55
-/-

 mice were fasted for 16hr and received by gavage 10 μl/body weight (g) 

PBS solution containing amino acid mixture at a final concentration 100-fold higher 

than 1.5 μCi/ml 
14

C-radiolabeled amino acid (Moravek, California, CA, USA). After 

1hr, animals were sacrificed by cervical dislocation. The blood was collected by 

cardiac puncture and the radioactivity was determined. 

 

9. Plasma parameter assay 

Grasp55
+/+

 and Grasp55
-/-

 mice were fasted for 16hr and blood was collected by 

cardiac puncture. The several plasma parameters including triglyceride and total 

cholesterol were measured by using Fuji Dri-chem Nx500 (FUJIFLIM Co., Tokyo, 

Japan), according to the manufacturer’s instruction. 

 

10. Subcellular fractionation assay 

Subcellular fractionation on OptiPrep
TM

 Density Gradient Medium (D1556, Sigma 

Aldrich, St. Louis, MO, USA) was performed as previously reported
62

 with minor 

modifications according to the OptiPrep
TM

 users’ manual. Mouse jejunum tissue was 

washed wish PBS, chopped into tiny pieces in cell suspension medium containing 

0.85% (w/v) NaCl and 10mM tricine-NaOH (pH 7.4), and homogenized by repeated 

passage through a 30G syringe needle. The postnuclear supernatant was collected 

after centrifugation of the homogenates at 1500 × g for 10min and fractions were 

loaded on top of the density gradient solution containing 2.5–30% (w/v) OptiPrep
TM
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in cell suspension medium. Subcellular organelles were separated by centrifugation 

using an Optima TLX ultracentrifuge (Beckman Coulter, Brea, CA, USA) with a 

SW41 swinging bucket rotor at 200,000 × g for 2.5 hr. Nine fractions were collected 

from the top to the bottom, and a 40 μl aliquot of each fraction was used for 

immunoblotting. 

 

11. Fluorescence recovery after photobleaching (FRAP) assay 

Isolation of mouse embryo fibroblasts (MEFs) was performed as previously 

reported
65

. Grasp55
+/+

 and Grasp55
-/-

 mice MEFs were transfected with the 

mammalian expression plasmid enhanced yellow fluorescent protein (EYFP) using 

TransIT-X2 Dynamic Delivery System (Mirus Bio LLC, Madison, WI, USA). After 

the part of the Golgi was bleached using a single laser pulse, images were captured 

every 5sec using a laser scanning confocal microscope with a 63x 1.4 numerical 

aperture (NA) oil objective lens (LSM 780) and normalized to total cellular 

fluorescence. 

 

12. Statistical analysis 

All experiments were performed at least three times independently for each 

condition and presented as the mean ±standard deviation (SD). Statistical significance 

was determined using Student’s t-test. p < 0.05 was considered statistically significant. 

Calculations were performed using GraphPad Prism5 software (GraphPad Software, 

La Jolla, CA, USA). 
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III. RESULTS 

 

1. The deficiency of Grasp55 causes growth retardation and decreases body fat 

in vivo 

Mice lacking Grasp55 (Grasp55
-/-

) were born with differences in size compared to 

their wild-type siblings. The growth retardation of Grasp55
-/-

 mice lasted from the 

birth to the 30-week-old (Figure 1A). In particular, after about 12 weeks of age 

corresponding to the young adult period, the body weight of Grasp55
-/-

 male mice did 

not increase further at about 20g (Figure 1B). However, survival rate of Grasp55
-/-

 

was normal (Figure 1C). The weights of major organs including liver, kidney, and 

intestine were significantly reduced in Grasp55
-/-

 mice. The relative ratio of most 

organs weight to body weight showed no significant difference between control 

(Grasp55
+/+

) and Grasp55
-/-

 mice. However, the relative ratio of white adipose tissue 

(WAT) and brown adipose tissue (BAT) was still significantly reduced (Table 1). 

Therefore, we focused on adipose tissues. Epididymal white adipose tissue, a 

representative part of visceral fat
66

, was scarcely found in Grasp55
-/-

 mice, and the 

size of adipocytes was significantly reduced in H&E staining (Figure 2A). BAT of the 

Grasp55
-/-

 mice was also decreased in the size of both tissue and adipocytes (Figure 

2B). The levels of serum lipids such as triglycerides and total cholesterol were also 

lower than those of control mice (Table 2). Interestingly, after high-fat diet for 11 

weeks, epididymal white adipose tissue of Grasp55
-/-

 mice was still significantly 

reduced compared to control mice (Figure 2C-E), suggesting that Grasp55
-/-

 mice 

were resistant to weight gain induced by high-fat diet. In the H&E staining of liver 

tissue, Grasp55
-/-

 showed no significant difference from control mice (Figure 2F). 

However, in ultrastructural analysis using electron microscopy, hepatic lipid droplets 

were decreased in Grasp55
-/-

 (Figure 2F). Moreover, when the amount of triglyceride 

present in a certain amount of liver tissue was measured, the amount of triglyceride in 

Grasp55
-/-

 liver tissue was significantly lower than that of control mice (Figure 2G).  
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Figure 1. Growth retardation and survival rate of Grasp55
-/-

 mice. (A) 

Photographs of 7- and 28-day-old Grasp55
+/+

 and Grasp55
-/-

 mice. (B) Body weights 

of Grasp55
+/+

 and Grasp55
-/-

 mice at the age of 1-30 weeks (n=15). (C) Survival 

curves of Grasp55
+/+

 and Grasp55
-/-

 mice that were fed with a standard diet over a 

time period of 40 weeks (n=15) (*p <0.001). 
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Table 1. The relative proportions of major organs of Grasp55
+/+

 and Grasp55
-/-

 

mice (male, 4-week-old, n=6, g/[body weight(g)], %) 

 

 

Table 2. Plasma parameters of Grasp55
+/+

 and Grasp55
-/-

 mice (male, 12-week-old, 

n=6) 

  

GRASP55+/+ GRASP55-/- p-value

White Adipose Tissue 0.48 ± 0.02 0.09 ± 0.03 0.0003

Brown Adipose Tissue 0.28 ± 0.01 0.18 ± 0.02 0.0113

Liver 5.00 ± 0.44 4.25 ± 0.54 0.3415

Kidney 1.56 ± 0.01 1.40 ± 0.14 0.3949

Intestine 7.00 ± 0.15 7.17 ± 0.27 0.6392

Colon 1.67 ± 0.06 1.51 ± 0.07 0.1449

Lung 0.90 ± 0.02 0.75 ± 0.11 0.2625

Heart 0.80 ± 0.06 0.66 ± 0.05 0.1491

Skeletal muscle 1.11 ± 0.08 1.13 ± 0.11 0.8901

GRASP55+/+ GRASP55-/- p-value

Triglycerides (mg/dL) 79.00 ± 2.85 63.28 ± 3.48 0.0023

Total Cholesterol (mM) 2.63 ± 0.10 1.69 ± 0.09 <0.0001

Glucose (mg/dL) 115.00 ± 5.48 115.80 ± 2.62 0.8838

ALT (U/L) 33.33 ± 6.03 82.00 ± 14.24 0.0028

AST (U/L) 106.67 ± 17.01 151.00 ± 8.54 0.0157

Albumin (g/dL) 2.65 ± 0.40 2.88 ± 0.28 0.3930

Total bilirubin (mg/dL) 0.65 ± 0.30 1.03 ± 0.06 0.1654

Total protein (g/dL) 5.73 ± 0.53 5.45 ± 0.07 0.5294
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Figure 2. Lack of lipids in adipose and liver tissues of Grasp55
-/-

 mice. (A) Ventral 

view (left panel) and H&E staining (middle panel) of epididymal fat of Grasp55
+/+

 

and Grasp55
-/-

 littermates at the age of 12 weeks. Reduced fat weight (n=6; right, 

upper) and size of adipocytes (n=10; right, lower) were quantified. (B) Brown adipose 

tissues of Grasp55
+/+

 and Grasp55
-/-

 littermates at the age of 12 weeks (n=6). Other 

experimental conditions were the same as in panel (A). (C) Ventral view of 

epididymal fat of Grasp55
+/+

 and Grasp55
-/-

 mice at the age of 20 weeks after high-fat 

diet for 11 weeks. (D) Photograph of one side epididymal fat of Grasp55
+/+

 and 

Grasp55
-/-

 mice. (E) The weights of one side epididymal fats in Grasp55
+/+

 and 

Grasp55
-/-

 mice were quantified (n=6). (F) H&E staining and ultrastructural analysis 

of liver of Grasp55
+/+

 and Grasp55
-/-

 littermates at the age of 16 weeks after 16hr 

fasting. (G) The concentrations of triacylglycerol (TG) in liver of Grasp55
+/+

 and 

Grasp55
-/-

 were measured. Scale bars: 50 μm. Data shown are mean±SEM. 
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2. Lack of Grasp55 reduces intestinal fat absorption 

To investigate the cause of the decrease of adipose tissue and plasma lipid 

concentration in Grasp55
-/-

 mice, we examined intestinal fat absorption. After 16hr 

fasting, morphology of intestinal epithelium between control and Grasp55
-/-

 mice was 

compared. There were no differences between control and Grasp55
-/-

 mice, and there 

were no significant differences in by H&E staining and lipid staining with Oil Red O 

(Figure 3A). However, after the oral olive oil application, numerous vesicles were 

found in H&E staining of Grasp55
-/-

 mice intestine (Figure 3B, left panel). In addition, 

these vesicles were also found to contain lipid components by staining with Oil Red O 

(Figure 3B, right panel). 

Next, oral fat tolerance tests with 5-week-old mice indicated an impaired lipid 

absorption in Grasp55
-/-

 mice, showing a failure to respond to a bolus of olive oil by 

an increase in plasma triacylglycerol in contrast to controls (Figure 4A). Additionally, 

to test the impact of GRASP55 on fat absorption in vitro, we established Caco-2 

stable cell line of which Grasp55 expression was stably suppressed (shGrasp55; 

Figure 4B, lane 2). Both differentiated normal and shGrasp55 Caco-2 cells were 

incubated with 
14

C-labeled oleic acid and radioactive oleic acid was measured in each 

basolateral chamber. The release of fatty acid to the basolateral chamber was 

significantly reduced in shGrasp55 Caco-2 cells (Figure 4C), suggesting that the 

basolateral export of lipid is defective upon the disruption of Grasp55. However, there 

was no significant difference in the absorption of amino acids between Grasp55
+/+

 and 

Grasp55
-/-

 (Figure 4D-F). 
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Figure 3. Intestinal lipid accumulation in Grasp55
-/-

 mice. H&E staining (left panel) 

and Oil Red O staining (right panel) of jejunum in mice fasted for 16hr (A) or 4hr 

after oral gavage of olive oil (B). Scale bars: 50 μm. 
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Figure 4. Triacylglycerol and amino acids absorption in depletion of Grasp55. (A) 

Triacylglycerol concentrations during fat tolerance tests with 8-week-old Grasp55
+/+

 

and Grasp55
-/-

 mice (n=6). (B) Caco-2 stable cells of which Grasp55 expression was 

significantly suppressed were subjected to western blot analysis. (C) Impaired lipid 

release of Caco-2 cells after the down-regulation of Grasp55 expression. Caco-2 cells 

were differentiated as described in Materials and Methods. Cells were incubated with 

14
C-labeled oleic acid for 24hr, and radioactivity was determined in the basolateral 

medium reflecting the release (n=6). (D-F) The absorption of amino acids including 

glycine (D), L-proline (E), L-tryptophan (F) in Grasp55
-/-

 mice showed no difference 

with that of Grasp55
+/+

 mice. Grasp55
+/+

 and Grasp55
-/-

 littermates were received by 

oral gavage with radiolabeled amino acids. Radioactivity in the plasma was 

determined 1hr after gavage (n=4). Data shown are mean±SEM. n.s. : non-significant, 

*p<0.05, ***p<0.001. 
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3. Grasp55
-/-

 mice have impairment of chylomicron secretion 

Next, the blood of Grasp55
-/-

 mice was analyzed to elucidate what kind of 

component among various lipids was defective. Fractionation of lipids into 

chylomicrons, IDL, LDL and HDL by FPLC revealed a predominant decrease in 

triglycerides concentrations in the chylomicron/VLDL fraction of Grasp55
-/-

 mice 

after oil bolus (Figure 5A). Ultrastructural analysis of intestinal epithelial cells 

demonstrated that deficiency of Grasp55 leads to an enlarged size but a lower number 

of chylomicrons (arrows in Figure 5B) in the Grasp55
-/-

 epithelial cell (quantification 

shown in Figure 5C). After fatty acids are converted to triacylglycerol, they are coated 

with several proteins including apolipoprotein B100 (ApoB100), apolipoprotein B48 

(ApoB48), apolipoprotein A1 (ApoA1), apolipoprotein A4 (ApoA4) and 

apolipoprotein E (ApoE), forming either chylomicrons or very-low-density 

lipoproteins (VLDLs)
67,68

. We determined their levels in the plasma of control and 

Grasp55
-/-

 mice after fasting or 4hr after an olive oil bolus. Fasting plasma ApoB100 

and B48 levels of Grasp55
-/-

 mice were significantly reduced compared with control 

mice (Figure 5D, lane 1 and 2). In addition, the plasma ApoB100, but not B48, level 

in control mice increased after the lipid application (Figure 5D, lane 1 and 3). 

Grasp55
-/-

 mice showed the increase of both plasma ApoB100 and ApoB48 expression 

in response to olive oil bolus (Figure 5D, lane 2 and 4). Plasma concentrations of 

ApoA1, ApoA4 and ApoE were not affected by oil bolus and Grasp55 deficiency 

(Figure 5D) (quantification shown in Figure 5E).  
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Figure 5. Reduced fat absorption and chylomicron secretion in Grasp55
-/-

 mice. 

(A) FPLC profiles of plasma samples of Grasp55
+/+

 and Grasp55
-/-

 mice (n=3, 3-4 

mice plasma pooling/n) that received an oil bolus. Triacylglycerol (μg) was detected 

in the different fractions, chylomicron/VLDL (fractions 4–7), IDL (fractions 8-11), 

LDL (fractions 12–22) and HDL (fractions 23–30) (CM: chylomicrons, AUC: area 

under curve). (B) Ultrastructural analysis of intestinal epithelial cells of Grasp55
+/+

 

and Grasp55
-/-

 mice. Pictures show representative Golgi structures of epithelial cells. 

The arrows indicate chylomicrons that were visible in normal size in control cells but 

were enlarged in Grasp55
-/-

 cells. (C) Quantification of the diameter (left graph) and 

number (right graph) of chylomicrons seen in the observed area in epithelial cells of 

Grasp55
+/+

 and Grasp55
-/-

 mice. (D) Plasma of 16hr fasted Grasp55
+/+

 and Grasp55
-/-

 

mice (lane 1 and 2) or of mice 2hr after receiving an oil bolus (lane 3 and 4) was 

analyzed by western blotting with the indicated antibodies. The level of albumin was 

monitored as a loading control. The results of multiple experiments (n=6) are 

summarized in (E). Data shown are mean±SEM (*p<0.01, **p<0.001). 
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4. Cytoplasmic lipid droplets are accumulated in the Grasp55
-/-

 intestinal 

epithelium 

To determine the cause of the chylomicron secretion defect, we investigated 

cellular localization of apolipoproteins using immunofluorescence. After fasting, there 

were no differences in intestinal localization of ApoB, ApoA1 and ApoA4 between 

control and Grasp55
-/-

 mice (Figure 6A-C, ‘fasting’). However, 4hr after an olive oil 

bolus, the expression of ApoB and ApoA4 was enhanced, and ApoA1 spread to the 

basolateral area (Figure 6A-C, ‘oil application’). In particular, large structures like 

vesicles were observed in the intestinal epithelium of Grasp55
-/-

 mice. Interestingly, 

when staining with TiP47, one of the lipid droplet markers, the vesicle boundaries 

were clearly stained (Figure 6D, right panel). These results suggest that the supersized 

vesicles in the epithelium of Grasp55
-/-

 mice received an olive oil are LDs. On the 

electron microscope, a small number of small LDs were observed after the olive oil 

bolus in control mice, while a relatively small number but huge LDs were observed in 

the Grasp55
-/-

 mice (Figure 6E). Next, in order to investigate the cause of these huge 

LDs, we compared intestinal protein expression by western blotting. Lipid-sensing 

apolipoproteins such as ApoA4 and ApoE were normally induced by an oil bolus both 

in control and Grasp55
-/-

 mice (Figure 6F, lane 3 and 4). However, quantitative 

expression changes of apolipoproteins including ApoB100, ApoB48, ApoA1, ApoA4 

and ApoE were not found by Grasp55 deficiency (Figure 6F) (quantification shown in 

Figure 6G). 
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Figure 6. Expression analysis of chylomicron or lipid droplet-associated proteins 

in intestinal epithelium from Grasp55
+/+

 and Grasp55
-/-

 littermates. (A-D) 

Immunohistochemical detection of indicated apolipoproteins and TiP47 in the 

intestinal section of Grasp55
+/+

 and Grasp55
-/-

 mice fasted (left panels, ‘Fasting’) or 

after the olive oil bolus (right panels, ‘Oil application’). Nuclei were counterstained 

with 4, 6-diamidino-2-phenylindole (DAPI). Images acquisition for all was performed 
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with the same settings. (E) Ultrastructural analysis of intestinal epithelial cells of 

Grasp55
+/+

 and Grasp55
-/-

 mice. (F) Intestinal apolipoprotein expression of 16hr fasted 

Grasp55
+/+

 and Grasp55
-/-

 mice (lane 1 and 2) or of mice 4hr after receiving an oil 

bolus (lane 3 and 4) was analyzed by western blotting with the indicated antibodies. 

The level of actin was monitored as a loading control. The results of multiple 

experiments are summarized in (G). Data shown are mean±SEM (n=6, *p<0.05, 

**p<0.01). 
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5. GRASP55 regulates the cellular localization, protein expression and stability 

of ATGL 

Since we could not detect any defect of cellular localization and protein 

expression of apolipoproteins, we screened other proteins associated with 

chylomicrons and LDs. First, we investigated changes in subcellular localization of 

apolipoproteins (ApoB, ApoA1, ApoA4), other proteins involved in lipidation of 

chylomicron such as ARFRP1
69

, CideB
70

, MTP
71

, and LD-associated lipases such as 

HSL
72

 and ATGL
43,73

 by fractionation the ER and the Golgi resident proteins with 

OptiPrep
TM

 density gradient (Figure 7A). Surprisingly, the localization of ATGL 

showed difference between control and Grasp55
-/-

 mice. However, there was no 

change in the localization of GBF1 and ARF1, known ATGL regulators
33,43,74

. 

To confirm these results of the subcellular fractionation, we examined the cellular 

localization of intestinal ATGL by immunohistochemistry. The deficiency of Grasp55 

diminished co-localization between ATGL and the Golgi marker, and these results 

were especially more evident after olive oil bolus (Figure 7C) than after normal diet 

(Figure 7B). 

Next, we examined the intestinal expression of ATGL by western blotting. In 

control mice, protein expression of ATGL was increased by olive oil bolus (Figure 8A, 

lane 1 and 3). However, ATGL expression of Grasp55
-/-

 mice was significantly 

decreased even with normal diet compared to control mice and failed to increase in 

response to olive oil bolus (Figure 8A, lane 2 and 4). In contrast to ATGL, intestinal 

expression of other proteins including HSL, pHSL (a phosphorylated HSL at serine 

563 by Phosphokinase A), MTP, and ARFRP1 was not affected by Grasp55 deficiency, 

and expression of ARFRP1, pHSL, and HSL was normally increased by exogenous 

lipid (Figure 8A) (quantification shown in Figure 8B). 

To further investigate the mechanism how the intestinal expression of ATGL was 

decreased by the depletion of Grasp55, we examined the characteristics of ATGL by 

using the Grasp55 knockdown Caco-2 stable cells. We found that GRASP55 depletion 

decreased the total levels of ATGL in Caco-2 cells (Figure 8C, lane 1 and 3) by a 

process that was sensitive to a proteasomal inhibitor MG132 (Figure 8C, lane 3 and 4). 
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However, there was no difference in the expression of GBF1 and ARF1 (Figure 8C). 

Therefore, impaired delivery of ATGL to LDs resulted in its degradation by the 

proteasome (quantification shown in Figure 8D).
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Figure 7. Depletion of Grasp55 affects the cellular localization of ATGL. (A) 

Membrane fractions of intestinal epithelial cells in Grasp55
+/+

 and Grasp55
-/-

 mice fed 

with normal diet were prepared by density gradient ultracentrifugation using an 

OptiPrep
TM

 gradient followed by immunoblotting with the indicated antibodies. 

Organellar markers: TGN38 (the trans-Golgi network), Giantin (the cis-/medial-

Golgi), STX6 (the trans-Golgi), ERGIC53 (the ER-Golgi intermediate compartment), 

and Calreticulin (the ER). (B and C) Cellular localization of ATGL was examined in 

intestinal epithelium in Grasp55
+/+

 and Grasp55
-/-

 mice which were free to food (B) or 

after olive oil bolus (C). Intestinal tissues were co-stained for ATGL and the Golgi 

marker protein GM130. Images acquisition for all was performed with the same 

settings. 
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Figure 8. Depletion of Grasp55 decreases the protein expression and stability of 

ATGL. (A) Intestinal protein expression of 16hr fasted Grasp55
+/+

 and Grasp55
-/-

 

mice (lane 1 and 2) or of mice 4hr after receiving an oil bolus (lane 3 and 4) was 

analyzed by western blotting with the indicated antibodies (n=6). The level of actin 

was monitored as a loading control. The results of multiple experiments are 

summarized in (B). (C) Immunoblot analysis of ATGL, GBF1 and ARF1 expression 

in the absence or presence of a proteasomal inhibitor MG132 with Caco-2 control cell 

and stable cell of which Grasp55 expression was stably suppressed. The level of 

aldolase was monitored as a loading control. The results of multiple experiments are 

summarized in (D). Data shown are mean±SEM (*p<0.05, **p<0.01, ***p<0.001, 

n.s., not significant). 
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6. Grasp55
-/-

 mice has a defect of targeting ATGL into lipid droplets  

To investigate whether the decrease in protein expression of ATGL also affects its 

incorporation into LDs, we conducted immunohistochemistry with ATGL and adipose 

differentiation-related protein (ADRP), one of the LD-associated proteins. In control 

mice, LDs were dramatically induced by oil application and co-localization between 

ATGL and ADRP was found around LD (Figure 9B, Grasp55
+/+

) when compared to 

the condition of normal diet (Figure 9A, Grasp55
+/+

). However, the deficiency of 

Grasp55 significantly diminished the co-localization of ATGL with the LD marker 

ADRP (Figure 9B, Grasp55
-/-

). These findings that the targeting of ATGL into LDs 

was impaired by depletion of Grasp55 were also reaffirmed in vitro system. ATGL 

localized around the LDs in control Caco-2 while knock-down of Grasp55 inhibited 

the lipid-induced localization of ATGL into LDs (Figure 9C). 

Next, in order to investigate the cause of the decrease of ATGL targeting into LDs 

by Grasp55 depletion, we examined whether loss of Grasp55 causes the structural 

problem of the Golgi because one of the main roles of Grasp55 is to maintain the 

structure of the Golgi. On electron microscopy, the intestinal Golgi of Grasp55
-/-

 mice 

was not sufficiently stacked compared to the control (Figure 10A, left panel). After 

oral gavage of olive oil, the Golgi of the Grasp55
-/-

 mice still showed a loose 

appearance (Figure 10A, right panel). To investigate the structure of the Golgi in a 

functional manner, we performed fluorescence recovery after photobleaching (FRAP). 

Since this assay was impossible with tissue, we used mouse epithelial fibroblasts 

(MEFs) which were transfected with the enhanced yellow fluorescent protein 

(pEYFP)-Golgi
75

. It was found that 50% recovery of photobleached EYFP-Golgi in 

Grasp55
+/+

 MEFs which localizes to medial- and trans-Golgi took about 150sec after 

bleaching, but EYFP-Golgi in Grasp55
-/-

 MEFs recovered slowly and incompletely 

(about 40% of the original fluorescence after 500 seconds) (Figure 10C and 10D). 

These results demonstrated that the Golgi was functionally unlinked at the medial- or 

trans- side by depletion of Grasp55. 
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Figure 9. Grasp55 deficiency causes a defect of targeting ATGL into lipid 

droplets. (A and B) Subcellular localization of ATGL was examined in intestinal 

epithelium of mice which was co-immunostained with antibodies against ATGL and 

ADRP after normal diet (A) or olive oil bolus (B). (C) Caco-2 cells were stained with 

BODIPY 493/503 and an anti-ATGL antibody in the presence of 400 μM oleic acid 

for 16hr. Images acquisition for all was performed with the same settings. 
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Figure 10. The Golgi appears abnormal in intestine from Grasp55
-/-

 mice. (A) 

Ultrastructural analysis of the Golgi in Grasp55
+/+

 and Grasp55
-/-

 mice with 16hr 

fasted or 4hr after receiving an oil bolus. (B) Fluorescence recovery after 

photobleaching (FRAP) on MEFs of Grasp55
+/+

 and Grasp55
-/-

 mice. Time course of 

the Golgi fluorescence recovery after photo-bleaching of EYFP-Golgi protein. White 

circles encompass the photo-bleached region. Arrows point to bleached regions. (C) 

Fluorescence levels in bleached region was measured and was plotted versus time 

(n=10 cells, mean±SEM). The graph (C) corresponds to panel (B). 
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IV. DISCUSSION 

 

Most of the exogenous lipids are absorbed in the small intestine and are packed 

into the core of the chylomicron. The chylomicron is a unique lipid carrier 

synthesized only in the small intestine. It has been found that the defect of synthesis 

and secretion of chylomicron results in lipid accumulation in the small intestinal 

epithelium and systemic lipid imbalance using genetic knockout mice models
65

. The 

major proteins regulating the physiological function of chylomicron are 

apolipoproteins and molecular mechanisms how apolipoproteins synthesized in the 

ER are incorporated to chylomicron have been actively studied. In particular, ER-to-

Golgi transport of the pre-chylomicron transport vesicle (PCTV), a pre-mature form 

budged-out in the ER, has been intensively studied. As a result, Sar1b, Sec24C, 

Sec13/31, Syntaxin5, Vti1a, VAMP7 and PKCζ have been identified as the major 

molecular players
3,76-81

. However, it is still elusive as to how PCTV reached the Golgi 

matures into chylomicrons which are secreted from the intestinal epithelial cells into 

the lymphatic system. 

In the postprandial period, when the supply of lipids from the outside is 

interrupted, the epithelial cells of the small intestine can still secrete chylomicron. 

This is because enterocytes store absorbed lipids in the form of LDs and utilize LDs 

as a reservoir of lipids. This cross-talk between LDs and chylomicron contribute to 

maintaining lipid homeostasis by moderating the postprandial plasma lipid 

concentration curve
29

. The present results indicate that GRASP55 is a novel regulator 

involved in the cross-talk of LDs and chylomicrons. It has been demonstrated that the 

Golgi protein is involved in lipid transport. Interestingly, one review paper has 

provided a new insight into the direct function of the Golgi in lipid transport by 

comparing the maturation process of chylomicron with modification of lipid 

particles
82

. In particular, a recent research using Drosophila has revealed that GRASP 

is the energy sensing molecule that regulates the unconventional secretion of Upd2, 

an orthologue of mammalian leptin, in response to nutritional status
83

. However, 
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unlike the mammalian GRASP, Drosophila GRASP was broadly present in intra-

cellular compartments including the periphery of LDs, cytosol, plasma membrane and 

the Golgi. This suggests that the mammalian GRASP has been exclusively resident in 

the Golgi, which might allow the mammalian Golgi to be involved in the regulation of 

cellular lipid. 

Recently, LDs have become increasingly important as they are found to be closely 

related to various human diseases such as obesity, diabetes and atherosclerosis
84

. A 

number of studies on the life cycle of LDs such as their origin, formation, and 

regulation have been actively conducted
56,57

. Nevertheless, there is still debate about 

the origin of LDs. The traditional hypothesis for the origins of LDs is that LDs are 

synthesized from the cytoplasmic leaflet of the ER membrane. The empirical evidence 

for this are the ER-to LD bridge
42

 and a wide range of common denominators 

between LD-associated proteins and the ER proteins identified through large-scale 

proteomics
30-38

. However, since evidence has been revealed that LDs are not entirely 

dependent on the ER, the functional range of LDs has greatly increased. For example, 

the detailed comparison of the composition of the phospholipids between the LD 

membrane and the ER membrane revealed that there were unexpectedly many 

inconsistent components
54

. In addition, Soni et al. suggested that LDs originated from 

ERGIC by presenting evidences of immuocytochemistry and electron tomography 

which demonstrated the co-localization of p58 (which localizes to ERGIC) with 

TIP47 . In order to accurately elucidate the origins of LDs, it is necessary to obtain 

technical capability to isolate LDs with the high purity and to closely observe 

trafficking of LD-associated proteins. 

The morphological and functional complexity of LDs has been greatly expanded 

as the size and intracellular location of LDs are known to be highly heterogeneous
56

. 

The complexity of these LDs is due to the structural specificity of the intracellular 

organelles, which is surrounded only by the phospholipid monolayer, allowing them 

to interact in a unique way with various organelles in the cell. In particular, numerous 

proteins on the LD surface suggest functional complexity of LDs. Interestingly, 

membrane trafficking proteins were commonly identified from multiple proteomics 
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results, including Rab11A, Rab1A, Rab1B, and Rab18, which are known to exist in 

the Golgi
85-88

. This is an interesting result in that the Golgi has a potential possibility 

of interacting with LDs through the trafficking machinery. The results of this study 

suggest more direct evidences that the Golgi is involved in LD biogenesis. Knockout 

mice lacking Grasp55, one of the major regulatory proteins located in the Golgi, 

showed a lipid deficiency phenotype (Figure 2A, 2B, Table 1 and Table 2). This 

phenomenon was also maintained in high-fat diet (Figure 2C-E). There was no 

abnormality in the absorption of amino acids (Figure 4D-F). The small intestine of 

Grasp55
-/-

 mice has been shown to be impaired in lipid absorption (Figure 3B and 4A). 

These results were reproduced through an in vitro system using differentiated Caco-2 

cells (Figure 4C). Grasp55
-/-

 mice showed a significant decrease in secretion (Figure 

5A and 5D). Especially, the intestinal epithelial cells of Grasp55
-/-

 had a reduced 

number of larger chylomicrons in compare to control chylomicrons, indicating that 

the chylomicron of Grasp55
-/-

 showed intestinal retention phenotype (Figure 5B). 

In addition, the supersized LDs were observed in the intestine of Grasp55
-/-

 mice 

after oral gavage of excess lipid and when sufficient time was given for the lipid to be 

absorbed into the body, but not in control mice (Figure 6D and 6E). Surprisingly, the 

supersized LDs by the depletion of Grasp55 were caused by the defect of targeting of 

ATGL into LDs (Figure 9B and 9C). However, there were no changes in intestinal 

cellular location and protein expression of other proteins including apolipoproteins, 

MTP, HSL, ARFRP1 and CIDEB (Figure 6A-C, 6F, 7A and 8A). The deficiency of 

Grasp55 reduced the co-localization between ATGL and the Golgi (Figure 7A and 7B). 

It is directly indicated that the trafficking pathway of ATGL includes not only the ER 

and the ERGIC but also the Golgi. Interestingly, it is known that delivery of ATGL to 

LD is dependent on COPI
43

. COPI vesicles are involved in retrograde transport of ER-

to-Golgi
1
, anterograde transport of ERGIC-to-Golgi

89,90
 and anterograde intra-Golgi 

transport
91

. Therefore, it is plausible that COPI knock-down may suppress targeting of 

ATGL to LD through inhibiting the trafficking to the Golgi or in the Golgi. In 

particular, co-localization of ATGL with the Golgi was significantly increased (Figure 

7C) when the expression level of ATGL was increased by lipid (Figure 8A, lane 1 and 
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3). These results indicate that the intracellular migration of ATGL is activated to 

compensate for the loss of lipid homeostatic balance by absorbing excess external 

lipids, resulting in increased transport to the Golgi
92

. However, since the enhanced co-

localization were not reproduced in Grasp55
-/-

 intestinal epithelial cells (Figure 7C), 

GRASP55 seems to be also essential for the transport of lipid-induced ATGL. In 

addition, ATGL, which failed to reach LDs by deficiency of Grasp55, was decreased 

through proteasomal degradation (Figure 8C). This result was consistent with the 

previous report
43

. 

The mechanisms for targeting of LD-associated proteins have been recently 

reported. Although there are relatively well-defined proteins in the targeting 

mechanism, the mechanisms for most LD proteins are still unknown
57

. A notable 

finding of this present study is that the Golgi protein plays a critical role in the 

targeting of LD-associated protein such as ATGL into LDs which are important for 

providing chylomicron with lipid sources. In the previous in vivo studies, the whole 

body knock-out mice of ATGL (ATGL KO) showed decreased survival rate, increased 

body weight, increased fat mass, and increased adipose tissue due to decreased 

lipolysis of the whole body
93

. In particular, ATGL KO showed TG accumulation in 

myocardial cells, increased concentric left-ventricular hypertrophy and impairment of 

left ventricular systolic function. In conditional ATGL knock-out mice which lack 

ATGL exclusively in the intestine (ATGLiKO)
73

, it has been reported that intestinal 

lipid was dramatically accumulated and intestinal lipase activity was decreased, 

similar to phenotypes of Grasp55
-/-

 mice (Figure 3B). However, unlike Grasp55
-/-

 

mice, ATGLiKO showed no change in TG absorption by systemic circulation. To 

elucidate why these phenotypic differences occur, more detailed studies of the 

intracellular trafficking and function of ATGL are needed. 

A remaining question is how GRASP55 facilitates the targeting of ATGL into LDs. 

Ultrastructural analysis of the Golgi and FRAP on MEFs suggest that the structural 

and functional defects of the Golgi are the underlying cause for phenotypes of 

Grasp55
-/-

 mice (Figure 10A and 10B). However, further study is needed to 

investigate whether ATGL directly correlates with GRASP55. Interestingly, it was 
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found that ATGL did not dissolve even under harsh extraction conditions using Triton 

X-100 or urea, despite the absence of the transmembrane domain
43

. This characteristic 

suggests that ATGL has some unidentified structural uniqueness.  
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V. CONCLUSION 

 

The Golgi complex plays a pivotal role in transporting cellular proteins and lipids. 

We have studied the novel role of the Golgi in lipid transport using an in vivo murine 

model lacking Grasp55, one of the Golgi-resident proteins. Grasp55
-/-

 mice had 

growth retardation, reduced adipose tissues and reduced plasma lipid levels. The 

significant reduction of body fat in Grasp55
-/-

 mice was attributed to the defect of 

intestinal lipid uptake. In particular, deficiency of Grasp55 induced the formation of 

supersized intestinal LDs. These results were caused by changes in cellular 

localization and protein stability of ATGL which is one of LD-associated lipases and 

plays a crucial role in lipolysis of LDs. Taken together, the current investigation 

indicates that GRASP55 is a new regulator of lipid droplets and is responsible for 

secretion of chylomicron, and that the Golgi protein is involved in cross-talk between 

chylomicron and LD. These results also provide new mechanistic insights into the 

pathogenesis and therapeutics of LD-associated diseases. 
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ABSTRACT (IN KOREAN) 

 

지질 수송에 대한 GRASP55 단백의 생리학적 역할 

 

<지도교수 이 민 구> 

 

연세대학교 대학원 의과학과 

 

김지윤 

 

Golgi 는 세포 내의 단백 및 지질 수송에 핵심적인 역할을 수행한다. 

이러한 Golgi 의 기능은 다양한 종류의 조절 단백들의 정밀한 작용에 

의해서 유지된다. 지금까지 Golgi 에 대한 연구는 단백 수송에 집중되어 

진행하여 왔다. 하지만 세포 내 지질 수송, 특히 중성 지방 수송에 대한 

연구는 많이 부족하다. 본 연구에서는 Golgi 를 구성하는 주요 단백 중 

하나인 GRASP55 가 결여되어 있는 마우스를 이용하여 GRASP55 가 

중성 지방 분해 효소 (ATGL)의 장내 지방 방울 (lipid droplet)로의 이동을 

조절함으로써 킬로마이크론 (chylomicron)의 형성에 핵심적인 역할을 

수행함을 규명하였다. 이러한 연구 결과는 Golgi 단백이 단백 수송뿐만 

아니라 지질 수송에도 중요함을 시사한다. 또한, GRASP55 의 새로운 

기능을 밝힘으로써 지방 방울과 연관된 비만, 당뇨, 동맥경화증과 같은 

다양한 질환의 병태생리학적 원리와 그에 따른 치료법 개발에 새로운 

분자적 기전을 제공하였다는 점에서 의의가 있다. 

 

 

핵심되는 말: GRASP55, Golgi, 킬로마이크론, 지방 방울, 중성 지방 분해 

효소 
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