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Human apoA-1 was selected to study the process of secretion in Madin

Darby canine kidney (MDCI() cells, a polarized epithelial cell line. Permanently 

secreting transfected cells, chosen on the basis of antibiotic resistance, were 

screened for the secretion of normal human apoA-1. The clone ApoAIN2A was 

grown on filter inserts to analyze the dynamics of secretion by pulse-chase 

labeling. Immunoprecipitation of samples with time of secreted apoA-1 

revealed that it was predominantly released basolaterally. However, if the cells 

were labeled continuously for longer time periods, increasing amounts of 

apoA-1 were detected apically. To rule out the possibility of transcytosis of 

apoA-1 to the apical surface, cells were incubated in the presence of 

radiolabeled apoA-1 in the basal chamber. No significant radiolabeled apoA-1 

was found in the apical chamber. Immunofluorescence photomicroscopy of 

the clone revealed perinuclear labeling consistent with the presence of apoA-1 

in the Golgi complex. The secretion of altered forms of apoA-1 by other MDCK 

clones transfected with mutated apoA-1 constructs was predominantly through 

the basolateral surface in all cases. To test the effects of nutritional factors on 

the secretion of apoA-1, N2A cells were cultured in 2.0% FBS or in serum free 

medium containing both 100 µM Zn2+, 80 µM Fe2+. In both cases, the pattern 

of secretion was not altered. An enhancement in the amount of apoA-I secreted 
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was only observed for cells incubated in 2.0% FBS. Numerous ultrastructural 

similarities were observed between N2A and CaCo-2 cells which secret human 

apoA-I endogenously. These included translucent intracellular inclusions, that 

most likely consist of glycogen and whorls of membrane, that suggest increased 

lipid synthesis. The N2A cell also possessed vesicles containing small spherical 

particles that resemble precursor HDL particles. Thus, the transfected MDCK 

cells have all of the machinery necessary for intracellular HDL assembly and 

can be used to study this process. 
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CHAPTER I 

INTRODUCTION 

All cellular functions depend on processes that must be precisely 

controlled and regulated to ensure the survival of the cell. One such process is 

the secretion of proteins, that is, the ability to synthesize and package soluble 

proteins in a way that allows the cell to transport them to the surface and 

release them into the extracellular milieu. The secretory process is one that 

involves the coordinated activity of many organelles as nascent proteins are 

targeted for export from the cytoplasmic interior of the cell. The mechanism(s) 

by which cells are capable of directing proteins to the secretory pathway and 

subsequently targeting their release from the plasma membrane has been the 

subject of intense investigation. 

The secretory pathway begins with the synthesis of proteins on 

ribosomes which become associated with the cytoplasmic face of the 

endoplasmic reticulum (ER) (12, 67). The nascent protein chains are co

translationally translocated across the ER membrane where they become 

sequestered within the lumen. Here, they begin to undergo a series of post

translational modifications which may include glycosylation, proteolytic 

cleavage, and sulfation. This processing continues as the proteins are packaged 

into membrane bounded transport vesicles derived from the ER and are 

shuttled to the cis cisterna of the Golgi apparatus (GA) (47, 49). Movement 

through the GA occurs in a progressive fashion through the cis, medial, and 
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trans Golgi cisternae (34, 69). Finally, proteins which are destined for export 

from the Golgi are localized in a region which is characterized by a tubular 

network extending away from the trans cisterna of the Golgi. This region, the 

trans Golgi network (TGN), is presumably the site at which sorting and 

targeting of proteins takes place. 

2 

At least one targeting mechanism within the TGN has been clearly 

demonstrated, that responsible for the sorting of lysosomal enzymes (19, 52). 

Mannose residues on some lysosomal enzymes become phosphorylated as a 

result of post-translational modification and then these enzymes bind to a 

receptor found in the TGN, the mannose-6-phosphate (M6P) receptor (87). The 

M6P receptors become localized in clathrin-coated vesicles which bud off from 

the TGN and deliver the bound lysosomal enzymes to nascent lysosomal 

vesicles of the endocytic compartment (late endosome/pre-lysosome) (53). 

The mechanism(s) responsible for the targeting of secretory proteins to 

vesicles is less well understood. It has been shown that soluble secretory 

proteins can become sequestered in membrane bounded vesicles derived from 

the TGN which also contain transmembrane proteins targeted for the plasma 

membrane (3, 13). Presumably, targeting of both these types of proteins could 

occur by the same mechanism. However, other experimental evidence points 

to the possibility that soluble secretory proteins are targeted independently of 

membrane proteins (6, 35). 

In either case, a system must exist that allows the cell to direct secretory 

proteins into vesicles which are then targeted for exocytosis from the plasma 

membrane. Targeting may be the result of a protein dependent sorting signal 

that would be inherent in the intrinsic structure of the protein. Alternatively, 
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targeting of proteins may be the result of a cell dependent pathway. Delivery of 

secretory proteins to the cell surface would depend on the type(s) of secretory 

system(s) present in a specific cell. 

All eukaryotic cells have a basic secretory pathway. Proteins are secreted 

as they are synthesized in a continuous fashion; this pathway is referred to as 

the constitutive pathway (12). The release of proteins is not dependent on any 

type of extracellular event. However, more recently, it has been speculated that 

signaling from plasma membrane receptors via second messengers can 

modulate constitutive secretion resulting in the enhanced output of select 

secretory proteins (30, 59). Some cells, such as glandular endocrine cells, have a 

second specialized secretory pathway. Proteins secreted through this pathway 

are characteristically stored and concentrated in men1brane bounded vesicles 

known as secretory granules located just below the plasma membrane. The 

fusion of these vesicles with the plasma membrane and the subsequent release 

of their contents is dependent on an extracellular signal such as hormonal or 

neuronal stimulation of the cell. This is the regulated secretory pathway as first 

described by Palade and co-workers who studied secretion in pancreatic acinar 

cells (15, 47). 

Cells having both a constitutive and a regulated pathway must be able to 

target proteins to one or the other pathway. Evidence from the study of 

endogenous protein secretion by such cells points to the regulated pathway as 

the specified pathway, i.e., proteins destined for the regulated pathway are 

targeted to that pathway while other proteins, not directed to the regulated 

pathway, are secreted from the constitutive one by default (11, 58, 64). This is 

also the case when an exogenous gene for a regulated protein is introduced into 
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a foreign cell also having a regulated pathway. These exogenous proteins are 

targeted and secreted via the regulated pathway as they are in their cell of origin 

(39, 65, 85). 

Secretion from most cells involves exocytosis of secretory vesicles from 

any location on the plasma membrane. However, within a select subset of cells, 

additional issues of targeting must be addressed. These are polarized cells such 

as kidney epithelial cells or hepatocytes. Regions of the plasma membrane of 

these cells contain characteristic sets of transmembrane proteins and lipids. 

The integrity of these regions or domains is maintained by intercellular tight 

junctions. This heterogeneous distribution of integral membrane proteins 

within the plasma membrane results in these cells having unique surfaces 

referred to as the apical and basolateral domains. Polarized cells have the 

capacity to establish and maintain these domains by directing the transport of 

specific integral membrane proteins to one domain or the other (8, 66, 86). In 

addition, it has been shown that these cells preferentially discharge specific 

secretory proteins from the apical or basolateral surfaces. These cells possess a 

molecular sorting mechanism by which proteins are recognized and targeted to 

the appropriate domains. 

A well characterized cell line that has been used extensively to study 

secretion is the polarized Madin-Darby canine kidney (MDCI() cell. MDCK 

cells, isolated from the distal tubules exhibit characteristics of polarized 

epithelium when grown on microporous supports in tissue culture: they have 

distinct apical and basolateral domains and they establish themselves as a 

mono layer with a high transcellular resistance indicating the presence of tight 

junctions between the cells (70). 
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Initial examination of the sorting of viral integral membrane 

glycoproteins to specific membrane domains established direct secretory 

pathways in MDCK cells from the TGN to the apical and basolateral surfaces. 

Influenza, sendai, and simian 5 virus were found to bud selectively from the 

apical surfaces, while vesicular stomatitis and hepatitis B virus exited 

exclusively from the basolateral surface (31, 74, 75). In contrast, the basic 

pathway for soluble secretory proteins was established by studying the 

secretion of endogenous proteins. Researchers have shown that protein 

components of the basal lamina, such as laminin and heparin sulfate 

proteoglycan, are predominantly secreted from the basolateral surface by 

MDCK cells (14), but secretion of a glycoprotein complex, gp80, occurs 

exclusively from the apical surface (51, 92). The question as to whether proteins 

in only one or both of these pathways is targeted has been addressed by looking 

at the secretion of proteins that presumably would not contain a signal for 

diversion to a specific pathway. Hughson, Gottlieb, and other researchers (32, 

45, 7 4) have examined the secretion of exogenous proteins such as chicken 

lysozyme, bovine prochymosin, and murine immunoglobulin kappa chains and 

found that they are secreted in nearly equal amounts from both surfaces (32, 

45). In addition, lysosomal enzymes whose targeting has been disrupted by 

neutralization of the endosomal compartment are also secreted from both 

surfaces in roughly equal amounts (14, 68). Thus, it appears that the secretion 

of proteins from either the apical or basolateral surface is the result of a directed 

targeting event to that pathway and proteins that are not targeted are secreted 

by default from both surfaces. However, both targeted and default occurs via 

the constitutive secretory pathway since MDCK cells do not appear to have a 
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regulated pathway. MDCK cells also transport membrane bound proteins and 

soluble material from the basolateral surface across the cell for release at the 

apical surface by a process known as transcytosis. Receptor-mediated and fluid 

phase endocytosis and transcytosis have been reported for a number of 

proteins, for example the uptake and transport of IgA by the polymeric lg 

receptor (plg) (7, 9, 16). Proteins can thus be delivered to the apical surface for 

exocytosis in MDCK cells either directly from the Golgi or by endocytosis 

followed by transcytosis. MDCK cells thereby provide a suitable cellular system 

in which to study the process of protein targeting and secretion. 

This lab has undertaken a number of studies using MDCK cells to 

determine if targeting is due to a protein dependent signal. Three different 

proteins were chosen from three different endogenous cell sources. MDCK cells 

were individually transfected with genes coding for these proteins and the 

resulting pattern of secretion was studied. Earlier work done using the gene for 

human growth hormone demonstrated that this protein was secreted from both 

surfaces in nearly equal amounts (80). Similar results by other investigators had 

also been obtained for MDCK cells transfected with rat growth hormone (32). 

Human growth hormone (hGH) is secreted from pituitary cells, which are not 

polarized, by a regulated pathway. It would be expected that a protein 

dependent signal which causes this protein to be targeted to the regulated 

pathway in its cell of origin would not be utilized by MDCK cells which do not 

have a regulated pathway. In this case, hGH would be secreted via the default 

pathway in MDCK cells, as was observed. Pancreatic ribonuclease (RNAse) is 

secreted by a regulated pathway from pancreatic exocrine cells which are 

polarized. This digestive enzyme is secreted predominantly from the apical 



surface in response to hormonal stimulation. Targeting of RNAse in the liver to 

the apical surface is not due to a signal specifying this pathway. Instead, this 

protein is targeted to the regulated pathway which presumably coincides with 

apical secretion. Hence, if this gene were expressed by MDCK cells, the signal 

specifying targeting to the regulated pathway would not be interpreted by the 

cell and secretion of RNAse would be by the default pathway. To date, no clear 

data have been obtained to confirm this hypothesis. The last protein to be 

studied, apolipoproteinA-I (apoA-I), is the subject of this investigation. Serum 

apoA-I is secreted by both hepatocytes and by enterocytes which are both 

polarized cell types having only constitutive secretory pathways (28, 91). 

ApoA-I is secreted by both of these cells predominantly through the basolateral 

surface. Because MDCK cells are structurally and functionally similar to 

hepatocytes and enterocytes, transfected MDCK cells might be able to "read" 

the targeting signal and thus, would secrete apoA-I primarily by the basolateral 

constitutive pathway. 

The study of apoA-I secretion is also of interest because of the 

importance apoA-I plays in the peripheral transport of cholesterol. ApoA-I is 

synthesized as a single polypeptide chain consisting of 245 amino acids with a 
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6 amino acid prosegment (10, 94). Circulating apoA-I specific propeptidase 

activity has been reported and, thus, unlike most proproteins, some apoA-I may 

undergo proteolytic removal of the prosegment after the protein has been 

exported from hepatocytes or enterocytes (5, 23, 84). Plasma lipoproteins are 

macromolecular complexes consisting of a hydrophobic lipid core surrounded 

by a shell composed of polar lipids and apoproteins that are involved in the 

transport of cholesterol, triglycerides, and other lipids. Apolipoprotein A-I is 
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the major protein component in circulating high density lipoprotein (HDL) and 

comprises approximately 70% of the protein moiety (57, 89). These particles are 

the site of cholesterol esterification by the enzyme lecithin-cholesterol 

acyltransferase (LCAT); because apoA-I serves as a cofactor for LCAT activity it 

may play a regulatory role in enzyme activity (25, 71). It has been shown that 

elevated levels of HDL and the constitutive protein components of HDL (apoA-I 

and apoA-II) stimulate cholesterol efflux and net transport from cells (36, 77, 

83). Presumably, these are the first steps which occur in a putative reverse 

cholesterol transport pathway. Thus, the activity of apoA-I in conjunction with 

LCAT may exert an anti-atherogenic effect. Although the majority of apoA-I is 

secreted as free protein, there is evidence that a fraction may be secreted in 

association with lipid(s). This observation is of importance because the site of 

HDL assembly remains unclear. Early studies done on a hepatocyte-derived 

cell line (HepG2) suggested that the major apoproteins secreted by this cell 

were complexed with lipids (90). More recently, it has been shown that lipid 

poor apoA-I secreted by a transfected Chinese hamster ovary (CHO) cell line 

formed complexes with lipids extracellularly when incubated with 

untransfected CHO cells in culture (26). Thus, there appears to be conflicting 

evidence which supports both direct secretion of nascent HDL particles and for 

extracellular assembly of HDL (27, 42). 

Much of the current research has been focused on the synthesis and 

secretion of apoprotein A-I from endogenous cell sources such as hepatoma 

cell lines or the intestinal adenoma cell line, CaCo-2 (22, 44, 91). Researchers 

have also utilized non-polarized cell lines transfected with apoprotein DNA to 

study synthesis at the level of transcription or the functional capacities of 
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secreted apolipoproteins (1, 4, 41, 76). Transfected MDCK cells provide a 

simplified system to study the synthesis and secretion of apoA-I. By studying 

the secretion of normal and mutant forms of apoA-I in transfected MDCK cells 

and comparing this to the polarity of secretion by CaCo-2 cells, which 

endogenously produce apoA-I, it will be possible to draw some conclusions 

about secretory signals and the utilization of those signals by different cell 

types. In addition, if transfected MDCK cells are capable of correctly 

synthesizing and secreting apoA-I, they might also serve as a system in which to 

study the assembly and secretion of precursor HDL particles. 

Understanding these processes could lead to the discovery of 

mechanisms involved in the targeting of secretory proteins, apoproteins 

specifically, and for assembly of serum apolipoprotein particles. Elucidating 

these mechanisms would allow us to better comprehend the etiology of disease 

states involving apolipoprotein particles and possibly lead to the development 

of diagnostic and treatment protocols for these diseases. Of equal importance 

would be the implications these findings would have with regard to gene 

expression and the regulation of the secretory pathway. Transfected MDCK 

cells would have to possess the capacity to activate various cellular processes 

necessary for the synthesis and secretion of precursor particle protein and lipid 

components. This might possibly involve the induction of other genes in 

response to apoA-1 synthesis and a proliferation of secretory pathway 

components. Completion of this research project will lay the foundation for 

future study in this area. Thus, the aims of this research project are to 

characterize the pattern of secretion of normal and mutant forms of human 

apoA-I by transfected MDCK cells, to compare this pattern to that of 



endogenously secreted apoA-1 by CaCo-2 intestinal cells and to determine if 

apoA-1 is secreted strictly as a free protein or as a particle complexed with 

lipids. 
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A. MATERIALS 

CHAPTER II 

MATERIALS AND METHODS 

The following were obtained from Sigma Chemical Co., St. Louis, MO.: 

Dulbecco's modified Eagle's medium (DMEM); cysteine free, methionine free 

DMEM; human apolipoproteinA-1; goat anti-rabbit IgG FITC conjugate; 

horseradish peroxidase conjugated goat anti-rabbit IgG; pre-stained SDS-PAGE 

molecular weight markers; proteinase inhibitors (leupeptin, pepstatin, and 

phenylmethylsulfonyl fluoride); antibiotic-antimycotic solution; l0X trypsin

EDTA; MOWIOL; bovine serum albumin. Fetal bovine serum was from Hyclone 

Laboratories, Inc., Logan, UT. Rabbit anti-human apoA-I antiserum and the 

apoA-I containing plasmids (pBMTAIN; pBMTAIGln-2
, Gln- 1-Arg-2

, Arg- 1
; 

pBMTAl~ll3-124; pBMTAI~l48-186; pBMT~213-243) were the generous gift of 

Dr. Margarita Hadzopoulou-Cladaras, Boston University School of Medicine. 

Hygromycin B was from Calbiochem-Novabiochem International, San Diego, 

CA. The Vectastain ABC-Alkaline Phosphatase System was from Vector 

Laboratories, Burlingame, CA. The Millicell-HA culture plate inserts were from 

Millipore Corporation, Bedford, MA. Hyperfilm and iodine-125 were from 

Amersham Life Science, Buckinghamshire, England. Photographic films (TMax 

400 and TMax 3200) and photographic developing reagents were from Eastman 

Kodak Company, Rochester, NY. IgGSorb (Staph A) was from The Enzyme 
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Center, Malden, MA. Ultrapure sodium deoxycholate (NaDOC), Tran[35S]-label 

and iodine-125 were from ICN Biomedicals, Inc., Irvine, CA. Iodo-Beads 

Iodination Reagent and Excellulose GF-5 Desalting Columns were from Pierce 

Chemical Company, Rockford, IL. 3MM filter paper was from Whatman 

LabSales, Hillsboro, OR. Ultrapure sodium dodecyl sulfate (SDS) was from 

United States Biochemical Corporation, Cleveland, OH. Tissue culture flasks 

(25 cm2 and 75 cm2) and dishes (six well, 35 mm, and 100 mm) were from 

Corning Laboratory Sciences Company, Corning, NY. SeaPlaque GTG Agarose 

was from FMC BioProducts, Rockland, ME. NAP1m_5 Columns were from 

Pharmacia LKB Biotechnology, Uppsala, Sweden. Restriction endonucleases 

(Hind III, Pstl, and EcoR I), pUC19, and Protein A agarose were from Gibco BRL 

Life Technologies, Gaithersburg, MD. BES, free acid [N,N-bis-(2-Hydroxyethyl)-

2-aminoethanesulfonic acid] was from CALBIOCHEM, La Jolla, CA. All other 

commonly used chemicals were reagent or ultrapure grade, when possible. 

B.METHODS 

Isolation of plasmid DNA 

Preparation of competent Eschericia coli 

Stock cultures of Eschericia coli strain HBl0l were spread on N.lYM agar 

plates and allowed to grow overnight at 37° C. Two colonies were placed in 

50 mL NZ¥M broth and incubated at 37° C with vigorous shaking until an 

absorbance at 600 nm of 0.6-0.8 was reached. The cell suspension was then 

transferred to a 50 mL conical tube which was incubated on ice for 5-10 min 



13 

and then centrifuged in a Beckman TJ-6 for 5 min at 3400 rpm at 5° C. The cell 

pellet was resuspended in 50 mL of cold Buffer A (25 mM Tris-HCI pH 7 .5, 

10 mM NaCl), centrifuged for 5 min at 3400 rpm at 5° C, and the washed cells 

were gently resuspended in 25 mL of cold Buffer B (25 mM Tris HCl pH 7.5, 10 

mM NaCl, 50 mM CaC12). They were then incubated on ice for 30 min followed 

by centrifugation in a Beckman TJ-6 for 5 min at 1800 rpm at 5° C. After 

resuspending the cells in 5 mL of Buffer B, purified plasmid DNA was mixed 

with 200 µI of competent cells and heat shocked for 1.0 min at 42° C. The cells 

were then spread onto NlYM agar plates containing ampicillin (50 µg/mL) and 

allowed to grow overnight. Resistant colonies were chosen for large scale 

preparation of plasmid DNA. 

Plasmid preparation 

Plasmid DNA was isolated using a modification of a technique previously 

described (81). Individual colonies selected from NlYM ampicillin agar plates 

were placed in a 250 mL baffle flask containing 50 mL of NZYM liquid medium 

and incubated at 37° C in a shaker incubator (200 rpm) for approximately 2.0 h 

or until the absorbance reached 0.8 at 600 nm. This starter culture was then 

transferred to a 1000 mL baffle flask containing 250 mL ofNZ¥M liquid medium 

and incubated at 37° Cina shaker incubator (200 rpm). When the absorbance 

again reached 0.8-1.0 at 600 nm 1.0 mL of freshly prepared chloramphenicol 

(50 mg/mL in absolute ethanol) was added and incubation was continued 

overnight. 

The cultures were then transferred to 250 mL screw top bottles and 

centrifuged in a JA-14 rotor at 5 K rpm for 15 min at 5° Cina Beckman J-21 
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centrifuge. After removing the supernatant and resuspending the pellet in 5 mL 

of 20% sucrose in 0.05 M Tris pH 8.0, 2.0 mL of freshly prepared lysozyme 

(10 mg/mL) were added, gently mixed, and the suspension was incubated on 

ice for 10 minutes. To this were added 25 mL of a 50 mM Tris pH 8.0, 20 mM 

EDTA solution containing 2.5 mg proteinase K, and 1.5 mL of 10% SDS. The 

suspension was then incubated overnight at 37° C. 

The bottle was then placed at -20° C for 1.5 hand then centrifuged at 

12 K rpm for 20 min at 4° C. The supernatant was carefully removed and 

transferred to a clean bottle to which two volumes of absolute ethanol were 

added. After incubation at -20° C overnight, the bottle was allowed to warm to 

room temperature and then centrifuged at 6 K rpm for 20 min at 20° C. The 

supernatant was discarded and the pellet was carefully washed with 200 mL of 

70% ethanol and allowed to incubate overnight at room temperature. 

Following centrifugation at 6 K rpm for 20 min at 20° C, the supernatant 

was discarded, and the pellet was resuspended in 9.0 mL ultra pure water. To 

this was added 1.0 mL of 0.5 M sodium citrate before incubation at 68° C for 

1.0 hour. After the solution was allowed to cool to room temperature, 10 mL 

were placed in a sterile 15 mL polypropylene conical tube in which 9.43 grams 

of ultra-pure cesium chloride were carefully dissolved. Ethidium bromide 

(0.3 mL of a 10 mg/mL solution) was added and samples were loaded into a 

Beckman Type 80 Ti polyallomer tube that was sealed according to the 

manufacturer's instructions. The sample was centrifuged in a Beckman LB-70 

ultracentrifuge at 55 K rpm for 18 hat 20° C and the plasmid band was collected 

for a second cesium chloride centrifugation. 
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To prepare the sample for a second CsCl gradient run, 1.0 mL of the CsCl 

was removed from the bottom of the polyallomer tube and placed in a 5 mL 

nitrocellulose tube. To this was added the sample containing the plasmid DNA 

and then the remaining space in the tube was filled with mineral oil. The tube 

was centrifuged in a Beckman SW65 for 18 h at 29 K rpm. After collecting the 

plasmid DNA with a sterile transfer pipette, the ethidium bromide was 

extracted from the sample with isopropyl alcohol. The sample was then 

desalted through a NAP-5 column (Pharmacia LKB Biotechnology); 

concentration was determined by UV spectrophotometry. 

Selection screening of parental MDCK cell line 

Tissue culture 

The parental Madin-Darby canine kidney cell line (ATCC CCL 34) and the 

CaCo-2 cell line (ATCC HTB 37) are epithelial-like cells obtained as low passage 

primary cell cultures from American Type Culture Collection. The former was 

isolated from a female cocker spaniel and the latter from a human colon 

adenocarcinoma. The apoA-1 clones were selected from MDCK cell cultures 

transfected with one of five different apoA-1 cDNA constructs. 

MDCK cells were grown in complete medium (CM) consisting of 

Dulbecco Modified Eagle Medium (DMEM) supplemented with 100 units/mL 

penicillin, 100 µg/mL streptomycin, 0.25 µg/mL amphotericin Band 10% heat 

inactivated fetal bovine serum (FBS). CaCo-2 cells were grown in the same 

medium except that 20% FBS is used. MDCKapoAI clones were grown in the 
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same medium as MDCK cells with the addition of 100 µg/mL hygromycin B. All 

cell lines are maintained at 37° C and 5% CO2. 

Selection screening 

MDCK cells were screened for resistance to cadmium chloride or to the 

antibiotic hygromycin B. In both cases, cells from near confluent cultures were 

seeded at a density of 1.0 X 106 cells/ dish in a series of 35 mm tissue culture 

dishes. Cultures were then incubated with a range of concentrations of either 

cadmium chloride (10 µM-10 mM) or hygromycin B (10 µg/mL-1.0 mg/mL). 

Cell viability was monitored over a two week period and concentrations which 

resulted in total cell death in 10-12 days were chosen for selection of transfected 

MDCK cells. 

Transfection ofMDCK cells with pBMTapoA-1 expression vectors 

The optimal cell density for transfecting MDCK cells using a modified 

hydroxyapatite-DNA coprecipitation method was determined to be between 

0.5-1.0 X 106 cells/plate. A near confluent culture grown in a 100 mm plate was 

split 24 h prior to transfection. The medium was replaced with 9.0 mL of fresh 

complete medium 2-4 h before the addition of the DNA. 

The cultures were transfected with a co-precipitate consisting of 15 µg 

pBMTapoA-1 plasmid, 1.0 µg of the plasmid conferring hygromycin B resistance 

(pRSVhygro), and 9 µg of a third carrier plasmid (e.g. pUC19). The co

precipitate was prepared by ethanol precipitation: 3M sodium acetate (1 / 10 

volume) was added to a mixture containing the three plasmids. After mixing 
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briefly, two volumes of ice-cold absolute ethanol were added, mixed, and 

incubated at -70° C for at least 15 minutes. The sample was then centrifuged in 

a microcentrifuge at 4° C for 5 min and the supernatant was removed, 1.0 mL 

70% ethanol (room temperature) added, inverted to wash the pellet and 

sterilize the tube, and spun at 12,100 rpm in a microcentrifuge for 5 minutes. 

The supernatant was removed under a laminar flow hood and the tube was 

inverted over a paper towel to air dry. All remaining steps were performed in 

the laminar flow hood under sterile conditions. The DNA pellet was 

resuspended in 450 µl of ultra pure water to which 50 µ12.5 M CaCl2 were 

added. This solution was then transferred to a new sterile 15 mL polypropylene 

conical tube containg 500 µl 2X BES (50 mM BES, pH 6.95; 280 mM NaCl; 

1.5 mM Na2HPO4) as air was gently bubbled through it. After 20 min, the 

resulting calcium phosphate-DNA complex was placed dropwise into the 

MDCK culture medium, gently mixed, and incubated for 18 h under standard 

tissue culture conditions. The medium was then replaced with complete 

medium after washing the culture twice with sterile Earle's balanced salt 

solution (EBSS). After allowing the cells to proliferate for 48 h under non

selective conditions, the cultures were split 1:15 into new 100 mm tissue culture 

dishes with completed medium containing 400 µg/mL hygromycin B. 

The cultures were monitored daily and colonies were picked 12-14 days 

later using a Whatman filter paper technique (78). Discs of sterile Whatman 

3MM filter paper were soaked in trypsin/EDTA (0.5g/0.2g per liter) and placed 

onto EBSS washed colonies. After 5 min, the discs were transferred to a 24-well 

dish, fresh complete medium was added to each well, and the dish was 

incubated for 24 h (37° C; 5% CO2). The discs were then removed and the cells 



were allowed to grow under selective conditions. After 1-2 weeks the 

concentration ofhygromycin B was reduced to 100 µg/mL and samples of 

medium were removed from each well that contained cells to assay for 

apoA-I secretion. 

Screening and identification of apoA-1 secreting clones 

Peroxidase immunoassay 
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Samples to be screened (1.0 mL medium or cell lysates) were collected, 

centrifuged at 12,100 rpm in an microcentrifuge to remove debris, and blotted 

onto nitrocellulose. The volume of sample blotted for screening ranged from 

20 µl-400 µl with lower volumes (50 µl or less) resulting in lower backgrounds. 

The volumes of reagents used and times of incubation were the same regardless 

of sample volume. The blots were allowed to thoroughly dry at room 

temperature (approximately 1.0 h) and then they were washed twice in the 

blocking agent BLOTTO, 5 min each wash. Following a rinse with calcium free, 

magnesium free phosphate buffer saline (PBS), the blots were incubated with 

agitation in a 1:20 dilution of rabbit anti-human apoA-I primary antibody 

solution for either 1.0 hat room temperature or overnight at 4 ° C. After 

incubation in the primary antibody, the blots were washed four times in fresh 

BLOTTO for 5 min each wash, rinsed once in PBS and then incubated in a 

1:2000 dilution of peroxidase coupled goat anti-rabbit IgG solution for 1.0 hat 

room temperature. Following incubation in the secondary antibody solution, 

the blots were washed four times in fresh PBS and then incubated in a 
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peroxidase reaction mixture for 3-5 min or until color developed in the positive 

control. To stop the reaction, 20 mM EDTA was added at room temperature for 

15 minutes. The blots were allowed to dry in the dark at room temperature and 

then analyzed on a MCID M2vl.20 imaging system (Imaging Research Inc.). 

Alkaline phosphatase immunoassay 

Samples were collected and blotted for immunoassay as described 

earlier. Blots were then processed using the Vectastain ABC-AP kit according to 

manufacturer's instructions (Vector Laboratories). Briefly, they were blocked by 

washing in BLOTTO and then incubated in a 1:20 dilution of primary antibody 

solution overnight at 4 ° C with agitation. The next morning, the blots were 

washed four times in fresh BLOTTO at room temperature for 5 min each wash, 

and then after a single rinse with PBS, they were incubated in a biotinylated 

secondary antibody solution (5 µg/mL) for 30 min at room temperature with 

agitation. Again the blots were washed four times with fresh BLOTTO as 

described above and rinsed once with PBS, followed by incubation in ABC-AP 

reagent solution for 30 min at room temperature with agitation and rinsed as 

before. A substrate solution of nitro blue tetrazolium and bromochloroindolyl 

phosphate was prepared fresh in alkaline phosphate buffer (100 mM NaCl, 

5 mM MgC12, 100 mM diethanolamine pH 9.5). The blots were incubated in the 

substrate solution for 15 min or until color developed in the positive control. 

Once color had developed, the reaction was stopped by washing in 20 mM 

EDTA at room temperature for 10 minutes. After drying at room temperature in 

the dark, analysis was performed on a MCID M2vl .20 imaging system. 
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Immunoprecipitation 

Filter grown cultures were metabolically labeled with 100-250 µCi/mL 

Tran[35S]-label in methionine, cysteine, serum free DMEM and human apoA-I 

was immunoprecipitated as follows. 

Cells lysed in lysis buffer (1.0% Triton X-100, 0.5% NaDOC, 1.0% SDS, 

10 mM methionine) and medium samples from both the apical and basal 

chambers were separated into 0.5 and 1.0 mL aliquots respectively in 1.2 mL 

microcentrifuge tubes. Both media and cell lysate samples were centrifuged at 

12, 100 rpm in the cold in a microcentrifuge for 5 minutes. The supernatants 

were transferred to clean microcentrifuge tubes and the concentrations 

adjusted to 0.5% Triton X-100, 0.25% NaDOC, and 0.5% SDS. Washed Staph A 

(IgGSorb) was added to each tube, vortexed, and incubated at 4° C for 1.0 hon a 

rotary platform. The samples were then spun in the microcentrifuge at 

12,100 rpm at 4° C for 5 min and the supernatants were transferred to clean 

microcentrifuge tubes. Rabbit anti-human apoA-I antibody was added to each 

tube, mixed, and incubated overnight at 4 ° C on a rotary platform. Next, 

washed Staph A was added to each sample, vortexed and incubated on ice for 

1.0 hour. After the tubes were centrifuged at 12,100 rpm in the microcentrifuge, 

the supernatant was removed and the pellets were washed four times with fresh 

lysis buffer. After the last wash, the pellets were spun for 1.0 min and all 

supernatant was removed. The Staph A-protein pellets were resuspended in 2X 

Laemmli buffer (0.5 M Tris-HCl, pH 6.8; Glycerol; 10% SDS; Mercaptoethanol; 

0.05% Bromophenol Blue) and incubated at 85° C for 10 minutes. The samples 

were spun in a microcentrifuge at 12,100 rpm at room temperature and the 

supernatants were transferred to clean 0.5 mL microcentrifuge tubes. Aliquotes 
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were taken for radioactive determination by liquid scintillation in a Beckman 

LS9000 scintillation counter and the remainder was analyzed by SDS-PAGE. 

After electrophoresis, the gel was fixed (40% MeOH; 10% HOAc), saturated first 

with 10% glycerol and then with 1.0 M sodium salicylate. The gel was then 

dried and the proteins were visualized by fluorography. 

Immunofluorescence 

Cells were grown to 75% confluence on sterile coverslips in 35 mm tissue 

culture dishes. After the medium was aspirated off, the cells were fixed in 4% 

formaldehyde for 10 min at room temperature. The formaldehyde was 

aspirated and the cells were permeabilized in 0.2% Triton X-100 in PBS for 

10 min at room temperature. The cells were then washed once with PBS and 

incubated in antiserum at room temperature for 1.0 hour. After the antiserum 

was removed, the cells were incubated in a 1:100 dilution of fluoresceinated 

secondary antibody for 1.0 hat room temperature. The coverslips were washed 

once in PBS and mounted in Mowiol containing 2.5% DABCO and 

photographed with a Zeiss Standard 16 photomicroscope with epi

fluorescence. 

Characterization of direction of apoA-1 secretion in MDCKapoAI clones 

Characterization of MDCKapoAIN2A clones 

Filter grown MDCKapoAIN2A cells were labeled with Tran [35S]-label for 

various lengths of time in order to study the kinetics and direction of secretion 
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of human apoA-I. 1\vo types of studies were done: the cell were either pulse 

labeled for 30 min or continuously labeled for 18 or 24 hours. Samples of 

medium from both chambers and cell lysates were taken with time or at a single 

end-point and the labeled apoA-I was immunoprecipitated following analysis 

by SDS-PAGE and fluorography. 

Characterization of mutant MDCKapoAI clones 

Filter grown cultures of four mutant clones (pro6B, ~l 13A3, ~148Bl, and 

~213B2) were continuously labeled with 250 µCi/mL Tran[35S]-label overnight 

(18 h). Media and cell lysate samples were collected, labeled apoA-I 

immunoprecipitated and analyzed by SDS-PAGE and fluorography. 

Endocytosis and transcytosis 

Radio iodination of human apoA-I 

The methods of Chen and Rudick (1991) were used to radioiodinate 

human apoA-1 purified from human plasma. Briefly, a washed chloramine-T 

coupled bead was incubated in 1.0 mCi/mL Na125I for 5 min at room 

temperature. After preincubation, a solution of human apoA-I (100 µg) in 

0.01 M acetate buffer pH 5.0 and 0.1 M PBS was added to the reaction mixture. 

The bead was removed after 10 min to stop the reaction and the protein sample 

was desalted on an Excellulose GF-5 column (17). 



Metabolic labeling of human apoA-I 

Confluent cultures of CaCo-2 cells were labeled with 500 µCi/mL 

Tran[35S]-label overnight and samples of the medium were 

immunoprecipitated and counted to confirm the presence of labeled apoA-I. 

The resulting "conditioned" medium was then used to label MDCKapoAIN2A 

cultures on microporous supports as described below. 

Endocytosis and transcytosis assay 
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Confluent filter grown untransfected MDCK and MDCKapoAIN2A 

cultures were re-feed 2.0 h after which the filters were washed three times with 

fresh serum free DMEM lacking phenol red but supplemented with 10 mM 

HEPES buffer and 0.05% bovine serum albumin. Duplicate filters were then 

transferred to new plates and either labeling medium containing l25I-labeled 

apoA-1 or conditioned medium containing 35S-labeled apoA-I was added to the 

apical or basal chamber. Culters were incubated at 37° C or 4° C. Samples of 

media from both the apical and basal chambers and cell samples were taken 

with time up to 120 minutes. Cells on the filters were rinsed three times in ice 

cold PBS and then incubated in lysis buffer (1.0% Triton X-100, 0.5% SDS in 

PBS) on ice for 45 minutes. Cell lysates and media samples were analyzed by 

gamma scintillation. 

Molar quantitation of apoA-1 secretion by CaCo-2 and MDCKapoAIN2A cells 

Confluent cultures were washed three times in PBS and incubated 

overnight in serum free DMEM. The medium was removed the next morning 
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and serial dilutions were set-up for both cell types. Samples were spotted onto 

nitrocellulose and processed by alkaline phosphatase immunoassay as 

described earlier. After the blots were developed and allowed to dry, they were 

analyzed on a MCID M2vl.20 imaging system. Concentrations of apoA-1 for the 

CaCo-2 and MDCKapoAIN2A samples were extrapolated from a standard curve 

constructed from readings taken for medium samples containing known 

amounts of apoA-1. 

Induction of human apoA-1 synthesis and secretion in MDCKapoAIN2A 

clones 

Filter grown confluent cultures of MDCKapoAIN2A cells were washed 

twice with fresh sterile EBSS and then incubated for 1.0 h at 37° C with either 

2.0% FBS or pre-incubation medium containing 100 µM Zn2+ in the basal 

chamber. The filters were washed again twice in fresh sterile EBSS and 

incubation medium containing 250 µCi/mL Tran[35S] and either 2.0% FBS or 

both 100 µM zn2+, 80 µM Fe2+ was added to the basal chambers and the filters 

were incubated overnight at 37° C. Controls were incubated in serum free 

medium only. Medium samples from both chambers and cell lysates were 

collected the next morning and assayed for apoA-1 by immunoprecipitation, 

SDS-PAGE, and fluorography. Fluorographs were analyzed on a MCID M2vl .20 

imaging system. 
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Photographic characterization 

Phase contrast 

Cells were grown to confluence on sterile coverslips in 35 mm tissue 

culture dishes. The cells were washed twice in fresh PBS pH 7.4 and then lightly 

fixed by incubating in 4% formaldehyde for 10 min at room temperature. After 

aspirating off the formaldehyde, the cells were washed again and the coverslips 

were mounted in Mowiol, and sealed with clear finger nail polish. Slides were 

examined and photographed with Kodak TMax 100 film on a Zeiss 

Photomicroscope I. 

Transmission electron microscopy 

Cells grown on microporous supports were washed in EBSS, then fixed in 

3.0% glutaraldehyde in 0.125M PIPES buffer, pH 7.4 for 1-2 h, followed by three 

1 0 min rinses in 0.125M PIPES buffer alone. Next, the cells were post fixed for 

1.0 h in 1.0% osmium tetroxide in distilled water, rinsed with three 5 min 

washes in distilled water, and then stained for 1.0 hen bloc using a 0.5% 

aqueous uranyl acetate solution. Following distilled water washes, the material 

was dehydrated in a series of graded ethanol solutions through 100% ethanol as 

follows: 10%, 30%, 50%, 10 min each; 70%, 95% 15 min each; 100%, three 

changes, 15 min each. Before washing in 100% ethanol, the filter was detached 

from the plastic insert and secured to a Lux 35 mm dish (cells up) using 

stainless steel pins to prevent it from curling up in the plastic. To infiltrate with 

Epon, three successive mixtures of 100% ethanol/Epon 812 (2:1, 1:1, and 1:2) 

were used. The membranes were then placed in fresh plastic before being 
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polymerized at 65° C for 24 hours. The plastic containing the filter was peeled 

from the Lux plate and cross-sections were cut using a jewelry saw. The 

sections were mounted on stubs and polymerized samples were sectioned on a 

Sorvall MT2-B Ultramicrotome (Research and Manufacturing, Tucson, AR.) with 

a diamond knife. Thick sections (0.5-1.0 µm) were stained with 1.0% toluidine 

blue in a 15 mM sodium borate solution. Thin sections (60-100 nm) were cut, 

collated on uncoated 150M nickel grids, and then stained with a 50% ethanolic 

saturated uranyl acetate solution for 5 min, followed by Sato's lead stain for 

5-7 min. The grids were then rinsed with distilled water and allowed to air dry. 

Section were examined with a Hitachi 600 transmission electron microscopy 

(Hitachi Instruments, San Jose, CA) and photographs were taken using Kodak 

S-163 negative film. 



CHAPTER III 

RESULTS 

Isolation and identification of human apoA-1 expression vectors 

Five human apoA-I expression vectors were isolated from transformed 

Eschericia coli (HBl0l strain) by major plasmid preparation, as described in 

Methods. In order to optimize the amount of plasmid used to transfect MDCK 

cells, the size of each expression vector was determined by endonuclease 

restriction digestion and agarose gel electrophoresis. Figure 1 is a one

dimensional gel electrophoretic analysis of the plasmids cleaved with EcoR I. 

Lane 2 contains cleaved pUC19 (positive control); lane 3 contains uncleaved 

pBMTapoAIN, the expression vector containing the normal apoA-I cDNA 

sequence. Plasmids in the remaining lanes are as follows: lane 4 contains 

pBMTapoAIN; lane 5 pBMTapoAipro; lane 6 pBMTapoAI~l 13; lane 7 

pBMTapoAI~l48; lane 8 pBMTapoAI~213. Using DNA fragments of known sizes 

(Markers), a standard curve was constructed to calculate lengths of resulting 

fragments for each of the digests. Cleavage of pBMTapoAIN resulted in three 

fragments with an estimated vector size of 17 .98 kbp. Digestion of the three 

deletion vectors (~113, ~148, and ~213) also resulted in three fragments with 

estimated vector sizes of 17.34, 16.5, and 12.8 kbp, respectively. Only a single 

fragment of approximately 4.4 7 kbp was observed after digestion of the mutant 

pro sequence expression vector pBMTapoAipro (Table I and Figure 1). 
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Figure 1. Determination of the sizes of the human apoA-1 expression vectors. 
After electrophoresis in a 1.0% agarose gel, a standard curve was constructed by 
plotting distance migrated versus fragment size for a set of marker fragments 
(lambda/ Hind III fragments: 9.42, 6.56, 4.36, 2.32 2.03, 0.56 kbp and 2.69 kbp 
pUC19 linearized with EcoR I). Mobilities of various fragments generated by 
EcoR I digestion of the five expression vectors were used to extrapolate 
fragment sizes from the standard curve. Mobility is defined as the distance 
from the center of the well to the center of the band. 
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Table I 

Fragment sizes from EcoR I digestion of human apoA-1 expression vectors. 

Vector Distance (mm) LogMW Size (kbp) 

pBMTAIN 22.0 0.89 7.76 
25.0 0.76 5.75 
28.0 0.65 4.47 

pBMTpro 28.0 0.65 4.47 

pBMTL\113 22.5 0.87 7.41 
26.0 0.72 5.25 
27.5 0.67 4.68 

pBMTL\148 23.0 0.85 7.08 
26.0 0.72 5.25 
29.0 0.62 4.17 

pBMTL\213 24.0 0.80 6.31 
29.5 0.60 3.98 
38.0 0.39 2.46 
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Selection screening of the parental MDCK cell line 

An assay to identify MDCK cells carrying the expression vector was 

designed to screen transfected MDCK cells on the basis of a selectable marker 

protein. The parental expression vector (pBMT3X) which contained the apoA-I 

coding sequence also carried the gene sequence for both the murine and 

human metallothionein proteins. Expression of this protein had been reported 

to confer eukaryotic cells with resistance to cadmium chloride (54). 

Alternatively, MDCK cells could be co-transfected with a second plasmid which 

conferred resistance to a specific antibiotic known to be toxic to eukaryotic 

cells. The plasmid pRSVhygro, which encodes hygromycin B 

phosphotransferase, confers resistance to the antibiotic hygromycin B and was 

also used as a selectable marker in selecting transfected MDCK cells. 

Parallel cultures of untransfected MDCK cells were grown in 35 mm 

tissue culture dishes and screened for either resistance to heavy metal 

poisoning by cadmium chloride or to the antibiotic hygromycin B, as described 

in Methods. Cells seeded at densities similar to those used for transfection 

(1 x 106 cell/ 100 mm dish) were resistant to cadmium chloride at all 

concentrations used in the screening assay (10 µM-10 mM). Total cell death 

within the 12-14 day observation period occurred only when MDCK cells were 

seeded at densities ofless than 0.5 X 105 cells/plate. In contrast, MDCK cells 

showed marked sensitivity to hygromycin B at all concentrations tested 

(10 µg/mL-1.0 mg/mL). Regardless of cell density some cell death occurred 

within three days at as low a concentration as 30 µg/mL. Within the described 

time period used for selection of transfected cells (i.e. 12-14 days), total cell 
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death occurred at a concentration of 400 µg/mL. This concentration was 

subsequently used to select for MDCK cells co-transfected with pRSVhygro and 

human apoA-I expression vectors. 

Screening and identification of MDCKapoAI clones 

Transfected MOCK cells were selected on the basis of resistance to 

hygromycin B, as previously described. Clones that were transfected with the 

expression vector coding for normal human apoA-I were then screened for the 

presence of secreted apoA-I using peroxidase coupled to the second antibody 

(Figure 2). Samples of complete medium (400 µl) in which the clones had been 

grown were slot blotted onto a nitrocellulose sheet. The resulting blot was 

processed and analyzed with a MCID M2vl.20 computer-assisted imaging 

system to determine which samples gave a positive signal above that of 

background staining. A series of DMEM medium samples containing human 

apoA-I of known concentrations were also screened to determine the amount of 

apoA-I that could be detected by this assay. These standard samples (column A, 

rows 2-7) ranged from 5-50 ng apoA-I, with the lowest amount of apoA-I giving 

a positive signal being 20 ng. However, it was observed that the intensities of 

the signals did not increase in a linear fashion with increasing amounts of 

apoA-I. This may have been due, in part, to differential binding of apoA-I to the 

nitrocellulose and/ or to partial binding of the peroxidase coupled goat anti

rabbit antibody to the apoA-I-primary antibody complex. Problems were 

eliminated in subsequent assays by preincubating the introcellulose for 5 min 

in a Towbin buffer to enhance protein binding and primary and enzyme-
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Figure 2. Screening of hygromycin B resistant transfected MDCK cells by 
peroxidase coupled immunodetection. Samples of complete medium (400 µl) 
in which antibiotic resistant MDCK cells had been grown were blotted onto 
nitrocellulose and screened for the presence of secreted human apoA-I with 
rabbit anti-human apoA-I and peroxidase-coupled goat anti-rabbit IgG. 
Column A, 2-7: serum free DMEM containing decreasing amounts of apoA-I: 
50 ng; 40 ng; 30 ng; 20 ng; 10 ng; 5 ng, respectively. Columns Band C, I: 
medium without PBS (negative control). Columns Band C, 3: serum free 
medium with 5 µg of apoA-I (positive control). Columns Band C, 4-8: samples 
from cells cotransfected with the pBMTAIN plasmid. 
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coupled secondary antibodies were used in excess to insure that the limiting 

factor for signal strength would depend solely on the amount of bound protein. 

Samples of DMEM without FBS were blotted to insure that there were no 

medium components that would result in false positives and, in fact, no signals 

were observed for these controls (column Band column C, row 1). A positive 

control of serum free DMEM with 5 µg human apoA-1 was blotted in columns B 

and C, row 3; a positive signal was observed at both positions. Columns B and 

C, rows 4-8, contained 400 µl samples of complete medium taken from separate 

cultures of hygromycin resistant MOCK cells co-transfected with the pBMTAIN 

plasmid. Assay of these samples resulted in a fairly homogenous intensity of 

signal for all clones screened. A sample of complete medium in which 

untransfected MDCK cells had been grown was included on the blot (column C, 

row 9). A positive signal was observed at this position. 

All clones were re-screened using an alkaline phosphatase assay in order 

to determine whether MDCK cells produced endogenous canine apoA-1 that 

might be reactive with the rabbit anti-human apoA-I primary antibody used for 

this assay or whether they might secrete another protein capable of generating 

a false positive in a peroxidase assay. Three additional control samples were 

included in the alkaline phosphatase blot in addition to those described in the 

previous peroxidase assay. The first consisted of medium (20 µl) in which 

human colon adenocarcinoma cells (CaCo-2) had been grown and served as a 

positive control, because these cells have been shown to secrete human apoA-I 

endogenously. To determine whether the primary antibody was reactive with 

bovine apoA-I found in the fetal bovine serum (FBS), samples of complete 

medium (20 µl) and of FBS (20 µl) were also screened. A positive signal was 
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observed for all samples except for the negative control, i.e. serum free DMEM 

(Figure 3). These results indicate that the primary rabbit anti-human apoA-I 

antibody was cross reactive with bovine apoA-1. Therefore, positive signals 

obtained from the initial screening were due to the presence of PBS in the 

complete medium. 

Thus, additional samples of medium were collected from hygromycin B 

resistant MDCK clones incubated in serum free DMEM and screened by the 

alkaline phosphatase assay (Figure 4). The following controls were included: 

50 ng apoA-I in 20 µl of serum free DMEM (positive control), 20 µl serum free 

DMEM, 20 µl complete DMEM, 20 µl serum free medium in which MDCK cells 

had been grown (negative control), and 20 µl serum free medium in which 

CaCo-2 cells had been grown. A signal was observed for the positive control, for 

complete medium, and for CaCo-2 cells. All hygromycin B resistant MDCK cells 

gave positive signals above the negative control. 

Six MDCK cell lines secreting apoA-I (MDCKapoAI clones) were chosen 

on the basis of signal strength observed on the alkaline phosphatase blot. Cells 

from these six clones were grown on microporous supports and labeled 

overnight with Tran[35S] in methionine, cysteine, serum free medium (met-, 

cys-). Samples of cells and of serurn free media were analyzed by 

immunoprecipitation and fluorography for the presence of apoA-I (Figure 5). 

A band corresponding to mature apoA-I was observed in all samples. One 

clone, MDCKapoAIN2A, was chosen for further characterization on the basis of 

the band intensity as measured from the fluorograph. 
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Figure 3. Screening ofhygromycin B resistant transfected MDCK cells by 
alkaline phosphatase coupled immunoassay. Samples of complete medium 
(20 µl) in which antibiotic resistant MDCK cells had been grown were blotted 
onto nitrocellulose and screened for the presence of secreted human apoA-1 
with rabbit antiserum and alkaline phosphatase-coupled goat anti-rabbit IgG. 
Column A, I: serum free DMEM containing 50 ng of apoA-1 (positive control). 
2: serum free DMEM (negative control). 3: complete medium. 4: FBS. 
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5: complete medium in which CaCo-2 cells had been grown. Columns B, C, D, 
and E: samples from different clones of cells co-transfected with the pBMTAIN 
plasmid. 
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Figure 4. Screening of hygromycin B resistant transfected MDCK cells by 
alkaline phosphatase coupled immunoassay. Samples of serum free medium 
(20 µl) in which antibiotic resistant MDCK cells had been grown were blotted 
onto nitrocellulose and screened for the presence of secreted human apoA-I 
with rabbit antiserum and alkaline phosphatase-coupled goat anti-rabbit IgG. 
Column A, 1: serum free DMEM containing 50 ng apoA-I (positive control). 
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2: serum free DMEM. 3: complete medium. 4: serum free medium in which 
untransfected MDCK cells had been grown (negative control). 5: serum free 
medium in which CaCo-2 cells have been grown. Columns B, C, D, E, and F: 
samples from different clones of cells co-transfected with the pBMTAIN 
plasmid. Column F, 4: serum free medium with 50 ng apoA-I (positive control). 
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Figure 5. Secretion of human apoA-1 by MDCKapoAIN clones. Clones selected 
on the basis of alkaline phosphatase immunoassay for the secretion of apoA-1 
were grown to confluence in 100 mm dishes and then metabolically labeled 
overnight with 100 µCi/mL Tran[35S]-label in serum free medium. ApoA-1 in the 
media and from lysed cells was then immunoprecipitated using rabbit 
antiserum and the precipitates were analyzed by SDS-PAGE followed by 
fluorography. Lanes 1, 3, 5, 7, 9, and 11: immunoprecipitates from lysed cells. 
Lanes 2, 4, 6, 8, 10, and 12: immunoprecipitates from media. 
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lmmunofluorescence 

In order to identify the intracellular location of expressed apoA-1, 

untransfected MDCK, CaCo-2, and MDCKapoAIN2A cells were grown on 

coverslips and processed for immunofluorescence microscopy, as described in 

Methods. Fluorescence was observed in both the CaCo-2 cells and the 

MDCKapoAIN2A clone (Figure 6). Both patterns are perinuclear in nature 

which is indicative oflabeling of the Golgi apparatus. CaCo-2 cells are known to 

secrete apoA-I through a constitutive secretory pathway and the fluorescence 

observed for these cells confirms the presence of apoA-1 in the secretory 

pathway. Furthermore, the pattern of fluorescence observed for the 

MDCKapoAIN2A cells also indicates the presence of apoA-1 in the secretory 

pathway of these cells. Thus on the basis of immunofluorescent labeling 

patterns, it is apparent that human apoA-I is being synthesized by the 

MDCKapoAIN2A clones and sequestered in the secretory pathway in a fashion 

that is similar to that observed in CaCo-2 cells. 

Characterization of direction of apoA-I secretion in ApoAIN2A clones 

Parallel cultures of untransfected MDCK, CaCo-2, and clones which 

secrete normal apoA-1, 2A and 3H, were screened for the secretion of apoA-1 by 

growing cells on microporous supports and metabolically labeling overnight 

with 100 µCi/mL Tran[35S] in met-, cys-, serum free medium. Both cellular and 

secreted apoA-1 were analyzed by immunoprecipitation, SDS-PAGE, and 
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Figure 6. lmmunofluorescence of MDCKapoAIN2A, CaCo-2 and untransfected 
MDCK cells. Cells grown on coverslips were fixed, permeabilized , and then 
incubated with anti-apoA-I antibody for LO hour After washing, 
nuoresceinated goat anti-rabbit IgG was applied. Cells were photographed with 
a Zeiss Photomicroscope I using Kodak TM ax fast film (ASA3200). A: ApoAIN2A 
cells (1920x). B: CaCo-2 cells (1920x) . c~ untransfected MDCK cells (1920x) 



fluorography as described in Methods (Figure 7). Anti-ovalbumin antibody 

(Lane 1) was used as a negative control. A band that corresponds to mature 

normal human apoA-1 was seen in both the media samples and lysed cell 

samples from CaCo-2 cells and the two clones, ApoAIN2A and ApoAIN3H. No 

bands for apoA-I were observed in the immunoprecipitates of media or cell 

samples from untransfected MOCK cells which confirms that MDCK cells do 

not produce an endogenous apoA-I that is recognized by the rabbit antiserum 

used for immunoprecipitation. 
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The kinetics and the polarity of apoA-I secretion were analyzed by using . 
cultures of untransfected MDCK and ApoAIN2A cells grown on filter inserts 

which were pulse labeled with 100 µCi/mL Tran[35S) for 30 min followed by a 

2.0 h chase. At various times during the chase, media and cell samples were 

taken with time and immunoprecipitated (Figure 8). Media samples from 

untransfected MDCK cultures were run in lanes 1 and 2. No bands can been 

seen that correspond to mature normal human apoA-I. Lanes 4, 6, 8, 10, 12, 

and 14 contain immunoprecipitates from ApoAIN2A apical (Ap) medium 

samples. A faint band which corresponds to mature normal human apoA-1 

could be observed to increase in intensity with time. Immunoprecipitates 

taken from basolateral (Bl) samples (lanes 5, 7, 9, 11, 13, and 15) contained a 

band corresponding to labeled apoA-1 after 15 min of chase which also 

increased in intensity with time. The band intensity for the Bl sample at each 

time point was much greater than that for the Ap sample, as measured with a 

computer-assisted imaging system. This pattern of secretion indicates that 

human apoA-I is preferentially secreted from the Bl surface by the clone 

ApoAIN2A cells at least during the 2.0 h observation period. 



42 

2 3 4 5 6 7 8 9 10 11 12 13 

.... - apoA-1 

MDCK CaCo 2A 3H 

Figure 7. Secretion of normal human apoA-I byMDCKapoAIN2A cells. 
Untransfected MDCK cells, clone MDCKapoAIN2A, clone MDCKapoAIN3H, 
and CaCo-2 cells were grown to confluence on microporous supports and then 
labeled overnight with 100 µCi/mL Tran[35S]-label applied to the Bl surface in 
serum free medium. ApoA-I in the medium from surface (Ap or Bl) or from 
lysed cells was then immunoprecipitated using rabbit antiserum and the 
precipitates were analyzed by SDS-PAGE followed by fluorography. Lanes 2, 6, 9 
and 12: immunoprecipitates from Ap media. Lanes 3, 5, 8 and 11: 
immunoprecipitates from Bl media. Lanes 4, 7, 10 and 13: 
immunoprecipitates from lysed cells. 
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Figure 8. Pulse-chase labeling of apoA-I secreted from MDCKapoAIN2A cells. 
Untransfected MOCK and clone MDCKapoAIN2A cells were grown on 
microporous supports for 4 days. After a 1.0 h incubation in serum-free 
medium, cells were exposed to a 30 min pulse of 100 µCi/mL Tran[35S)-label 
administered from the Bl surface, followed by a 2.0 h chase. At various times 
during the chase, samples of cells and media were collected and processed for 
apoA-I immunoprecipitation. The immunoprecipitates were subjected to SDS
PAGE followed by fluorography. Panel A: cell samples. Panel B: media 
samples. Lanes 1, 4, 6, 8, 10, 12, and 14: Ap samples. Lanes 2, 5, 7, 9, 11, 13, 
and 15: Bl samples. Panel C: percent secretion of pulse-chase labeled normal 
human apoA-I by MDCKapoAIN2A cells. The relative% secretion of apoA-I 
secreted into the Ap and Bl compartments were quantitated by 
immunoprecipitation and densitometry for N2A cells, as indicated. Results are 
shown as the mean± the standard error of the mean (n=4). 
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Cultures of clone ApoAIN2A grown on filter inserts were labeled 

continuously with 250 µCi/mL Tran[35S] added to the Bl chamber in mer, cys

serum free medium and media samples from both chambers were taken over 

24 h to analyze the pattern of secretion over time. Cultures of CaCo-2 and 

untransfected MDCK cells, to be used as positive and negative controls, 

respectively, were also labeled continuously and media samples were taken at 

the end point of 24 hours. A band corresponding to labeled mature normal 

apoA-1 could be seen in both chambers by 1.0 h in the Bl chamber and by 3.0 h 

in the Ap chamber (Figure 9A and 9B). The intensity of the band increased with 

time in both chambers. However, at each time point, the intensity of the band 

in the Bl chamber was relatively greater than that found in the Ap chamber 

indicating again the preferential secretion of human apoA-1 from the Bl surface 

in the ApoAIN2A cells (Figure 9C). At 24 h, the percentage of apoA-1 secreted 

into the Bl chamber by the clone ApoAIN2A cells had reached a level similar to 

that of the CaCo-2 cells again indicating that the transfected MDCK cell line is 

capable of synthesizing and secreting human apoA-1 in a polarized fashion 

similar to cells that produce apoA-1 endogenously. 

The pattern of secretion of apoA-1 was studied in four cell lines 

containing mutations in either the pro coding sequence or in the fourth exon 

by labeling cells grown on filters overnight with Tran[35S] and immuno

precipitating samples from both chambers and from cell lysates to detect the 

presence oflabeled apoA-1. These same mutations had been previously 

shown to have no effect on secretion of apoA-1 in a fibroblast cell line (63). 

However, regions in which these mutations occur have been shown to have 

biological significance for lipid binding and LCAT activation by apoA-1. 
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Figure 9. Continuous labeling of apoA-I secreted by MDCKapoAIN2A cells. 
Untransfected MDCK, MDCKapoAIN2A, and CaCo-2 cells were grown on 
microporous supports for 4 days. After a 1.0 h incubation in serum-free 
medium, cells were continuously exposed to 250 µCi/mL ofTran[35S]-label 
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from the Bl surface for up to 24 hours. At various times during this period, 
samples of media were collected from both surfaces and apoA-I was 
immunoprecipitated. The immunoprecipitates were subjected to SDS-PAGE 
followed by fluorography. Media from untransfected MDCK and CaCo-2 
cultures served as negative and positive controls, respectively. Panel A: Ap 
media. Panel B: Bl media. Panel C: relative percent secretion of continuously 
labeled normal human apoA-I by MDCKapoAIN2A cells. The relative amount of 
apoA-I secreted into the Ap and Bl compartments was quantitated by 
immunoprecipitation and densitometry for N2A cells, as indicated. Results are 
shown as the mean± the standard error of the mean (n=3). 
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These mutation might also affect the ability of the transfected MDCK cells to 

target secretion from the basolateral surface. Cultures of CaCo-2 and 

untransfected MDCK cells were used as controls. Examination of fluorographs 

reveals prominent bands corresponding to labeled apoA-I in the lanes for the 

ApoAipro6B clone (Figure 10). The mutant form of apoA-I synthesized by this 

clone is preferentially secreted to the Bl chamber as determined by measuring 

the optical densities of the two bands for the Ap and Bl samples. Faint bands 

corresponding the labeled apoA-I for the three deletion mutants (ApoAI~ll3A3; 

ApoAI~l48Bl; ApoAI~213B2) can been seen in the cell lysate samples, but not 

in any media samples. However, bands can be seen for these mutants in the 

lanes containing Bl samples in a second set of fluorographs exposed for longer 

times (Figure 11). Thus, it appears that all four forms of mutant apoA-I protein 

are preferentially secreted from the Bl surface and that these mutations do not 

alter the direction of secretion. Further studies will be required to determine 

the kinetics of secretion for these four mutant cell lines. 

Endocytosis and transcytosis of radio labeled human apoA-I by clone 

ApoAIN2A cells 

The appearance of labeled apoA-I in the Ap medium of metabolically 

labeled N2A cells may have been due to either direct secretion from the apically 

targeted constitutive pathway or indirect secretion from the endocytotic 

pathway. Receptor-mediated endocytosis and transcytosis to the Ap surface by 

MDCK cells had been reported for at least one other lipoprotein, apoB (61). 

Endocytosis and transcytosis of radiolabeled apoA-I by ApoAIN2A cells was 
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Figure 10. Secretion of apoA-1 by transfected MDCKapoAI clones expressing 
mutant forms of apoA-1. Untransfected MDCK, CaCo-2, and mutant 
MDCKapoAI clone cells (pro6B; Lill3A3; Lil48B1; Li213B2) were grown on 
microporous supports and then labeled in serum free medium overnight with 
250 µCi/mL Tran[35S] applied to the Bl surface. ApoA-1 in the media from both 
surfaces or from lysed cells was then immunoprecipitated using rabbit 
antiserum and the precipitates were analyzed by SDS-PAGE followed by 
fluorography. A: Ap medium. B: Bl medium. C: lysed cells. 
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Figure 11. Secretion of apoA-1 by mutant MDCKapoAI clone cells. Mutant 
MDCKapoAI clones (pro6B; ~l 13A3; ~148Bl; ~213B2) were analyzed as 
previously described in Figure 10. Fluorographs were exposed for two weeks. 
A: Ap media. B: Bl media. 
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assayed to rule out this mode of secretion for apoA-I. Untransfected MOCK 

cells served as a control. 
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Radioiodinated apoA-I was added to either the Bl or Ap chamber; 

samples from both chambers and lysed cells were taken at 120 min or with 

time, as noted, and the presence of [1251]-labeled apoA-I was determined by 

gamma scintillation. Counts for each sample were normalized as the 

percentage of total counts in all three samples for each time point. The 

concentration of radioiodinated apoA-I as determined by total counts per 

chamber equilibrated with time across a blank filter in the absence of a 

confluent cell sheet. Thus apoA-I could freely diffuse across the microporous 

filter insert. However, in the presence of a confluent cell sheet, the movement 

of apoA-1 across the cell sheet was restricted by the formation of tight junctions 

between the cells. Counts recorded in Ap medium and the cells after addition 

of the iodinated apoA-1 to the Bl medium did not show any significant increase 

with time (Table II). Similar results were obtained if the radioiodinated apoA-1 

was introduced to the Ap cell surface. Furthermore, addition of excess 

unlabeled apoA-1 or lowering the temperature to 4° Chad no effects and did not 

result in any increases in radioactivity detected in the Ap medium (Figure 12). 

It appeared then that apoA-1 was not taken up in any appreciable amount by 

either passive or receptor-mediated endocytosis. Thus the appearance of 

apoA-1 in the Ap chamber in metabolic labeling experiments is not due to Ap 

release of apoA-1 as a result of transcytosis from the Bl chamber. 

Radioiodination of the free apoA-I protein may have resulted in an 

alteration in the protein's tertiary structure such that it was no longer 

recognized by an apoA-I cognate receptor present on the Bl surface of MDCK 
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Table II 

Endocytosis and transcytosis of [1251]-labeled human apoA-1 by N2A cells grown 
on microporous membranes. Labeled apoA-1 was placed into the Ap or Bl 
medium for 60 min, unless otherwise stated (n=3). 

Placement Pere en t Radioactivi~ 
of Label Conditions Apical Basal Cell 

Basal 37°c 
0 minutes <l 99 1 

30 minutes 1 97 2 
60 minutes 1 96 3 
120 minutes 2 95 3 

Basal 37°c 
Excess cold apoA-I 2 96 2 

Basal 4°C 1 96 3 

Basal 37°c 
No cells 19 79 2 

Apical 37°c 94 5 1 
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Figure 12. Transcytosis of [1251]-labeled human apoA-I by N2A cells. The 
relative amount of apoA-I isolated from the cells and both compartments was 
quantitated by immunoprecipitation and densitometry for N2A cells. Counts 
for each sample were normalized as the percent of total counts for each culture. 
Results are shown as the mean± the standard error of the mean (n=3). 
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cells. In addition, expression of apoA-I by transfected MDCK cells might have 

resulted in the activation of a receptor-mediated pathway. In order to rule out 

both of these possibilities, untransfected MDCK and ApoAIN2A cells were 

incubated in medium containingTran[35S]-labeled secretory proteins. Media 

and cell samples were assayed for endocytosis and transcytosis. No significant 

differences in counts were observed for Ap, Bl, or cell samples between the 

untransfected MDCK cells and ApoAIN2A cells, when label was applied to 

either the Bl or Ap chamber (Figure 13). In addition, no significant difference 

was observed for ApoAIN2A cells that were incubated in the presence of excess 

unlabeled apoA-I compared to the experimental ApoAIN2A cells (Table III). 

These data confirmed that the release of apoA-I into the Ap medium was not 

due to a transcytotic event. 

Molar quantitation of apoA-1 secretion by CaCo-2 cells and ApoAIN2A clone 

cells 

In order to standardize measurements made on the quantity of apoA-I 

secreted for ApoAIN2A and CaCo-2 cells relative to one another, the amount of 

apoA-I secreted per cell was calculated for both cell lines. Samples of culture 

media from CaCo-2 cells and ApoAIN2A cells grown on dishes in serum free 

medium were diluted in series, blotted onto nitrocellulose and processed for 

alkaline phosphatase immunoassay as described in Methods (Figure 14). The 

optical density of each sample was used to extrapolate the amount of apoA-I in 

each sample from a standard curve constructed from optical densities 

measured for samples containing known amounts of apoA-I. The cells from 
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Figure 13. Transcytosis of [35S]-labeled human apoA-1 by untransfected MDCK 
and N2A cells. The relative amount of apoA-1 isolated from the cells and both 
compartments was quantitated by immunoprecipitation and densitometry for 
untransfected MDCK and N2A cells. Counts for each sample were normalized 
as the percent of total counts for each culture. Results are shown as the mean± 
the standard error of the mean (n=3). 
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Table III 

Endocytosis and transcytosis of [35S]-labeled secretory proteins by 
MDCKapoAIN2A cells grown on microporous supports. MDCKapoAIN2A cells 
were incubated in conditioned medium containing metabolically labeled 
secreted proteins. This was placed into either the Ap or Bl chamber of filter 
grown untransfected MDCK or MDCKapoAIN2A cells as indicated. After 60 min 
at 37° C, Ap and Bl media and cells were collected and the amount of labeled 
proteins in each was determined by liquid scintillation spectrometry (n=3). 

Placement Percent Radioactivicy 
of Label Cells/Conditions Apical Basal Cell 

Apical MDCK 93 1 6 

Apical ApoAIN2A 92 2 7 

Basal MDCK <l 84 15 

Basal ApoAIN2A <l 84 16 

Basal ApoAIN2A 
Excess cold apoA-I <l 84 15 

Basal No cells 5 85 10 
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Figure 14. Quantitation of apoA-I secretion by CaCo-2 and MDCKapoAIN2A 
cells. Serial dilutions of media from CaCo-2 and N2A cells were blotted onto 
nitrocellulose and screened for the presence of secreted human apoA-I with 
rabbit antiserum and alkaline phosphatase-coupled goat anti-rabbit IgG. A 
series of medium samples containing known amounts of apoA-I served as 
concentration standards. A: apoA-I standards (5; 8; 10; 30; 50; 80 ng). 
B: apoA-I standards (100; 300 ng); pro6B; dll3A3; L1148Bl; i1213B2. C: serum 
free DMEM; BSA (negative control); rabbit RNAse (negative control); MDCK 
(negative control). D: CaCo-2 (undiluted; 1:2; 1:5; 1:10; 1:20). E: N2A 
(undiluted; 1:2; 1:5; 1:10; 1:20). 
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which the media was removed were trypsinized and counted on a Coulter 

Counter. The amount of apoA-I secreted per cell was then calculated; the 

average amount of apoA-I secreted per N2A cell was calculated to be 1. 18 x 

10-4 ng/hr and 1.06 x 10-s ng/hr for CaCo-2. 

Induction of human apoA-1 synthesis and secretion in clone ApoAIN2A cells 
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Various factors, such as hormones and cations, are known to stimulate or 

enhance the synthesis and secretion of secretory protein. Earlier work done by 

this lab had shown an increase in secretion of human growth hormone for 

transfected MDCK cells that were cultured with low percentages of FBS (79). 

Untransfected MDCK cells and ApoAIN2A cells grown on filters were 

labeled overnight in serum free medium or in medium containing 2.0% PBS and 

media samples from both chambers were processed for immunoprecipitation 

and fluorography to test the effects of FBS on clone N2A cells (Figure 15). 

nelative signal strength for the bands corresponding to mature normal apoA-I 

were determined by measuring relative optical density (0.0. x pixel) for each 

band with a computer-assisted imaging system. Comparison of values 

obtained from either Ap or Bl media for the ApoAIN2A cells showed a relative 

increase in signal strength when cells were grown in the presence of FBS. 

The metallothionein promoter used to drive the expression of the 

pBMT3X cloning vector containing the human apoA-I gene has been shown to 

be induced by heavy metal ions (73). Cations such as Cd++, Zn++, and Cu+ act as 

inducers by elevating the transcription rate. To determine whether induction 

would lead to enhanced secretion of apoA-I by the N2A clones, cultures were 
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Figure 15. Induction by FBS of apoA-1 secretion by MDCKapoAIN2A cells. 
Untransfected MDCK and MDCKapoAIN2A cells were grown on filter supports 
in either serum free medium or in medium containing 2.0% FBS (2.0%). The 
cultures were labeled overnight with 250 µCi Tran[35S]-label applied to the Bl 
surface and apoA-1 in the media from both surfaces were immunoprecipitated 
using rabbit antiserum. Precipitates were analyzed by SDS-PAGE followed by 
fluorography. Lanes 1-4: immunoprecipitates from Bl media. Lanes 5-8: 
immunoprecipitates from Ap media. 
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metabolically labeled overnight in serum free medium, in medium containing 

2.0% FBS, or in serum free medium containing free divalent cations (100 µM 

Zn2+ & 80 µM Fe2+) (Figure 16). Optical density readings taken from 

fluorographs of immunoprecipitated apoA-I indicate that although secretion 

preferentially occurs from the Bl surface in ApoAIN2A cells cultured in the 

presence of divalent cations, that the amount of apoA-I secreted is not 

significantly different from the amount secreted by cells cultured in serum free 

medium (Figure 16D). Thus, the presence in culture of the two divalent cations 

Fe2+ and zn2+ alone is not sufficient to induce increased synthesis and 

secretion of apoA-I by ApoAIN2A cells. Since an enhanced secretion is seen for 

cells cultured in the presence of FBS, it might be possible that this effect is due 

to the presence of other divalent cations found in FBS alone or in conjunction 

with Fe2+ and zn2+. 

Photographic characterization 

Untransfected MDCK, CaCo-2, and ApoAIN2A cells were grown on 

coverslips and processed for phase-contrast microscopy. ApoAIN2A cells 

closely resembled CaCo-2 cells especially with regard to the presence of 

numerous vesicles that can be seen in the cytoplasm of both cell lines (Figure 

17). These same vesicles were either absent or greatly reduced in appearance in 

the untransfected MDCK cell line. Similar vesicles were also observed in three 

of the clones which express a mutant form of apoA-I, in ~113A3 and ~148B1, 

and, to a lesser degree, in 1.1213B2 (Figure 18). These vesicles presumably form 

in response to the synthesis and secretion of human apoA-I by the clone cell 
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Figure 16. Effect of divalent cations on apoA-1 secretion by MDCKapoAIN2A 
cells. Untransfected MOCK and MOCKapoA1N2A cells were analyzed as 
previously described in Figure 13. A third pair of filters was cultured in medium 
containing divalent cations (l00µM Zn2+ and 80µm Fe2+). A: Ap media. B: Bl 
media. C: lysed cells. 0: relative percent secretion of normal human apoA-1 by 
MOCK and N2A cells in response to nutritional factors. The relative amount of 
apoA-I from both compartments and the cells was quantitated by 
immunoprecipitation and densitometry for MOCK and N2A cells, as indicated. 
Results are shown as the mean± the standard error of the mean (n=3). 
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Figure 17. Phase contrast micrographs comparing untransfected MDCK, N2A, 
and CaCo-2 cells. All cells were grown to confluence on coverslips in complete 
medium before being fixed with 4% formaldehyde and viewed with a Zeiss 
Photomicroscope I (ll00x). A: untransfected MDCK cells. B: CaCo-2 cells. 
C: N2A cells. D: N2A cells (phase 1.6). 
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lines. Also of interest was the appearance of small opaque granules that could 

be seen in the cytoplasm of the ApoAIN2A cells and to a lesser degree in the 

CaCo-2 cells. These were rarely observed in untransfected MDCK cells (Figure 

17). These granules were also apparent in two of the mutant cell lines, pro6B 

and Li213B2 (Figure 18). 

ApoAIN2A cells were examined by transmission electron microscopy in 

order to further characterize the cells and to try to identify the origins of both 

the vesicles and granules. Examination of photographs taken of N2A cells 

revealed a striking resemblance to those of CaCo-2 cells (Figure 19), specifically 

the presence of large mottled non-membrane bounded areas and electron 

dense structures. These electron dense structures are likely to be the same seen 

under phase-contrast microscopy as the small opaque granules. Closer 

examination of the these structures in both cell lines revealed what appeared to 

be whorls of membrane. In addition, a particle, presumably HDL, could be 

seen to be sequestered in some ApoAIN2A intracellular vesicles. The 

identification of these structures, their origins, and their functions will require 

further investigation. 
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Figure 19. Transmission electron microscopy ofEpon-embedded untransfected 
MDCK cells, clone ApoAIN2A and CaCo-2 cells grown on microporous 
supports. Cells were treated with osmium and embedded in Epon. A: 
untransfected MDCK cell (ll,320x). B: clone ApoAIN2A cell (6,750x). C: higher 
magnification view of ApoAIN2A cell (71,000x). An enlarged portion is seen in 
the inset (125,BOOx). D: CaCo-2 cell (13,750x). E: higher magnification view of 
CaCo-2 cell (46,750x). g, large mottled open areas; m, electron dense structures; 
Ip, lipoprotein-like particles. 

A, B, and C: note the presence of various inclusions (g and m) in the clone 
apoAIN2A cell (B) that were absent from the untransfected cell (A). Two of 
these, g and m, are suggestive of glycogen and lipid accumulations, respectively. 
At higher magnification (C), the electron dense structures (m) were seen to 
contain whorls of membrane and other vesicles were observed to contain 
lipoprotein-like particles (Ip; see insert). 

D and E: CaCo-2 cells (D) had inclusions whose appearance resembled those of 
clone ApoAIN2A cells (m and g). Higher magnification (E) revealed the 
membranous nature of the electron dense structures (m). 



CHAPTER IV 

DISCUSSION 

Polarized epithelial cells that target secretory proteins into a specific 

secretory pathway (i.e. Ap or Bl) must have a mechanism(s) to sequester those 

proteins within a distinct set of membrane bounded vesicles which themselves 

are targeted for a specific plasma membrane domain. It has been suggested 

that targeting of the proteins themselves to the appropriate vesicles is due to a 

protein dependent signal and/ or a cell dependent pathway. Sorting may be the 

result of the cell recognizing a specific protein configuration much like the 

molecular recognition of antibodies or receptors for their target antigens or 

ligands, respectively. This structural motif would serve as a sorting signal and 

proteins bearing this signal would be sorted in the TGN to the appropriate 

pathway. Protein dependent signals would be of a generalized nature and all 

cells possessing comparable secretory pathways would be able to utilize these 

signals to sequester proteins to specific transport vesicles. Thus, a protein 

bearing a signal which targets it to the regulated pathway in its cell of origin 

would also be targeted to the regulated pathway when it is expressed in a 

transfected cell. Alternatively, sorting and targeting of secretory proteins, 

especially in polarized cells, might be strictly dependent on the way in which 

different cells utilize the different branches of the secretory pathway. Every cell 

might have an unique pattern of secretion. In one cell type, all secretory 

proteins might be released exclusively from the basolateral surface and only a 
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specific subset would be taken back up by receptor mediated endocytosis and 

transported across the cell to be secreted from the A p domain such as is 

apparently true for hepatocytes. Even though this cell might have a direct 

secretory pathway from the TGN to the Ap surface, all secretory proteins, 

endogenous or exogenous, would be secreted from the Bl surface. Thus, if a 

protein which is normally targeted to the Ap domain in its cell of origin were 

expressed in this cell, it would be secreted from the Bl surface regardless of any 

inherent Ap targeting signal it might have. 

Whether secretory targeting is due to either a protein dependent signal 

or a cell dependent pathway has been extensively studied using the polarized 

MDCK cell line. Early research which examined the pattern of secretion for 

endogenous proteins revealed that MDCK cells have two separate targeted 

pathways that proceed directly from the Golgi apparatus (GA) to the Ap and to 

the Bl membrane (e.g. gp80 is secreted apically and laminin is secreted 

basolaterally) (37, 51). These proteins presumably contain within their 

configuration a signal(s) which enables the cell to direct secretion via the Ap or 

Bl branch of the secretory pathway. A non-targeted or "default" pathway was 

defined by examining the secretion of endogenous lysosomal enzymes. These 

enzymes are normally sorted by a membrane bound receptor found in the TGN 

whose binding activity is dependent on pH. Enzymes bind to the receptors in 

the relatively neutral environment of the GA and then are released in pre

lysosomes as a result of an decrease in pH. When their sorting is disrupted by 

incubating the cells with agents that increase the pH of the endosomal 

compartment, lysosomal enzymes were shunted into the secretory pathway 

and secreted from both domains in roughly equal amounts (14, 33). In other 
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words, these proteins which presumably lack specific secretory targeting 

sequences enter the secretory pathway as a result of bulk flow and are secreted 

from both of its branches. The examination of secretion of several exogenous 

proteins supported the conclusion that targeting in MDCK cells is due to a 

protein dependent signal. These proteins are secreted from both domains in 

roughly equal amounts and it is suggested that this pattern of secretion is 

presumably due to their lacking a targeting signal. However, in these studies no 

consideration was given to types of cells in which the proteins are normally 

expressed. For example, in many cases, the proteins are secreted either via a 

regulated pathway in their cells of origin or they are secreted from a non

polarized cell which lacks a targeted constitutive pathway. Because MDCK cells 

do not have a regulated pathway, they do not have the cellular machinery 

necessary to recognized those types of signals; it would not be expected that 

proteins bearing a signal(s) for sorting to a regulated pathway would be targeted 

by MOCK cells. Proteins normally secreted in a non-polarized fashion might 

not have any targeting signals and thus, would be secreted in MDCK cells via 

the "default" pathway. Examining the secretion of these types of exogenous 

proteins does not provide sufficient data to accurately address the question of 

targeting in MOCK cells. 

Work in this laboratory has focused on the expression and secretion in 

transfected MOCK cells of three different protein molecules that originate from 

three different cell types. Human growth hormone (hGH) is secreted in vivo by 

the regulated pathway from non-polarized pituitary cells. Because hGH would 

bear no signal specifying Ap or Bl targeting, it would be expected to be secreted 

by "default" when expressed in MOCK cells. Analysis of transfected MDCK cells 
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(clone 3A) grown on microporous supports clearly demonstrated that hGH was 

secreted in nearly equal amounts from both surfaces (79). Pancreatic acinar 

cells are polarized and have both regulated and constitutive pathways. Proteins 

targeted to the regulated pathway are secreted through the Ap surface. It is 

presumed that secretion by the Ap branch of the secretory pathway is 

coincidental to targeting to the regulated pathway. In other words, proteins are 

targeted to the regulated pathway as the result of a protein signal that specifies 

that pathway. Thus, a protein that is secreted via the regulated pathway would 

not bear a signal for Ap secretion. The regulated pathway is the apical pathway. 

Ribonuclease is secreted from the regulated pathway by pancreatic cells and 

bears no signal that can be utilized by MDCK cells. Secretion from transfected 

MDCK cells would be expected to be like that of hGH, i.e. by "default" from both 

domains in equal amounts. Data from these experiments have not yet been 

obtained. 

The protein used in this study, apolipoprotein A-I (apoA-I), is secreted 

in vivo primarily by hepatocytes and by intestinal epithelial cells (28, 91). Both 

are polarized cells which only have constitutive Ap and Bl pathways. 

Comparisons of hepatocytes, MDCK, and CaCo-2 cells illustrate that each has a 

pattern of secretion that is cell dependent. This must be due, in part, to the 

different physiological functions of these cells. Early evidence indicated that 

hepatocytes secrete all proteins from the Bl surface and it was suggested that 

this was the result of bulk flow from the GA (3). In other words, hepatocytes do 

not target proteins for release from the basolateral surface. They were 

presumed not to have a direct pathway to the Ap surface and, therefore, any 

protein sorted to the secretory pathway was secreted by "default" from the Bl 



domain. Thus, secretory signals inherent in their secretory proteins were not 

necessary. Release from the Ap surface was presumably due to receptor 

mediated endocytosis and transcytosis of the BI secreted proteins. More 

recently, it has been suggested that hepatocytes do have a rudimentary direct 

secretory pathway to the apical surface but that it is relatively unused (82, 88). 

As shown earlier, MDCK cells can target protein secretion directly to both the 

Ap and Bl domain from the GA presumably due to intrinsic secretory protein 

signals which specify pathway. CaCo-2 cells are presumably similar to MDCK 

cells in that they have direct pathways to both surfaces from the GA (38, 44). 

Because MDCK cells are structurally and functionally similar to hepatocytes 

and enterocytes, it was reasoned that transfection of MDCK cells with the 

apoA-1 gene might provide a clue as to the mode of secretion for this protein. 
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ApoA-1 is secreted by hepatocytes and CaCo-2 cells constitutively from 

the basolateral surface (7 4, 93). As stated earlier, secretion from the Bl surface 

in hepatocytes is by bulk flow and not the result of targeting. Therefore, if 

secretion of apoA-1 in these cells is due to a cell dependent pathway and not an 

inherent protein signal, MDCK cells would not be expected to target apoA-1 and 

it would be secreted by the "default" pathway. This pattern of secretion was 

observed for MOCK cells transfected with the gene coding for the liver form of 

alpha-globulin, a serum protein which is secreted from hepatocytes into the 

perisinusoidal space (32). This is in contrast to the pattern of secretion 

observed in this study for apoA-I. Pulse-chase analysis of the transfected 

MOCK clone N2A which secretes normal human apoA-1 showed that apoA-I is 

secreted predominantly through the Bl domain. Of the metabolically labeled 

proteins, 100% of the total secreted protein was detected in the 131 medium 
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within 30 minutes. These results indicate that apoA-1 contains an intrinsic 

targeting signal which can be utilized by MDCK cells. This, in turn, supports thl 

hypothesis that targeting signals that direct proteins to specific branches of the 

secretory pathway are generic in nature and can be used by different cells, 

assuming those cells have similar types of secretory systems. Differences 

between this study and the one in which the secretion of alpha-globulin was 

examined may be due to differences in experimental protocol. Gottlieb and 

co-workers (1986) labeled their cells for 16 h before analyzing secreted alpha

globulin. Indeed, in studies in which N2A cells were continuously labeled for 

longer time periods, increasing amounts of apoA-1 could be detected in Ap 

medium samples. The appearance of apoA-1 in the apical medium was not due 

to leakage between the cells across the monolayer. These cultures and all 

subsequent cultures grown on porous supports were examined by light 

microscopy and transepithelial resistance was measured to insure that the cells 

were confluent. 

Two experiments were carried out to examine the possibility that MDCK 

cells might be able to take up basolaterally secreted apoA-1, transport it across 

the cell, and release it through the Ap surface. It has been shown that MDCK 

cells grown on microporous supports routinely engage in fluid phase 

endocytosis which results in the uptake of soluble molecules from the 

surrounding Bl medium. These can then be transported across the cell and 

released from the Ap surface where they can be detected within 20-30 min (80). 

Additional studies done by other investigators using MDCK cells, such as those 

examining receptor-mediated endocytosis and transcytosis of LDL particles 

which contain apolipoprotein B, have illustrated their ability to specifically 
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target proteins from the Bl to the Ap surface (62). Analysis of cultures grown on 

microporous supports detected no significant uptake of [35S]-labeled apoA-I 

from the basolateral medium by untransfected MDCK cells. No significant 

differences were noted between cells incubated in the presence or absence of 

excess unlabeled apoA-1 indicating that untransfected MDCK cells do not 

possess an endogenously expressed integral Bl membrane receptor for apoA-I 

resulting in specific uptake nor was transcytosis taking place after non-specific 

uptake by fluid phase endocytosis. In addition, regardless of whether N2A 

cultures were incubated in the presence of [35S]-labeled or [ 125I]-labeled 

apoA-I, no significant amounts of apoA-I were detected in the Ap medium by 

2.0 h, the time by which apoA-1 could be detected in Ap medium samples 

during metabolic labeling experiments. This was also true for N2A cells 

incubated at 4° Corin the presence of excess unlabeled apoA-I again indicating 

that no specific uptake of apoA-I occurred in N2A cells. Thus, the expression of 

apoA-I by N2A did not induce the expression of a cryptic gene coding for an 

apoA-I receptor and the appearance of radiolabeled apoA-I in Ap media 

samples from cultures of N2A cells grown on filter supports was not due to 

endocytosis of basolaterally secreted apoA-1 and its release from the Ap surface 

by transcytosis. 

The pattern of secretion of apoA-1 observed for CaCo-2 cells during 

continuous metabolic labeling experiments was contrary to that reported by 

other investigators. Past studies on targeting of apoA-1 in CaCo-2 cells have 

shown that this protein is secreted exclusively from the Bl domain; none was 

observed to be secreted from the Ap domain (20, 74). In those studies, cells 

were continuously labeled for 4-6 h before the amount of secreted apoA-I was 
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analyzed by immunoprecipitation. In the present report, CaCo-2 cells were 

continuously labeled for 24 hand media samples were only taken at that time 

to assay for secreted apoA-1. Although the majority of apoA-1 was detected 

basolaterally, approximately 15-20% of the total secreted apoA-1 was detected 

apically. The confluency of the cultures was confirmed, as described earlier, 

and so the presence of apoA-1 in the Ap medium was not due to leakage across 

the cell sheet. Differences between our results and those obtained by earlier 

investigators may be reconciled by taking into account the total time the 

cultures were labeled. Since no samples were taken at times less than 24 h in 

our study, the polarity of secretion over shorter periods of time could not be 

reported. It is possible that apoA-1 would not be detected in the Ap medium by 

6 h of continuous labeling, but would only be detected at later times. This 

conclusion is partially supported by work done on CaCo-2 cultures in which the 

polarity of secretion for several lysosomal enzymes, alpha-glucosidase and 

cathepsin D, was examined. Klumperman (1991) has shown that approximately 

20% of newly synthesized lysosomal enzymes are normally secreted into the 

medium. It was shown that the majority of secreted cathepsin D was detected 

in Bl media samples after a 1.0 h pulse. However, with longer chase times 

(4-8 h), increasing amounts of cathepsin D could be detected in Ap media 

samples (50). Although the reason for this pattern of secretion oflysosomal 

enzymes by CaCo-2 cells is unknown, it closely parallels the results obtained in 

the current study for secretion of apoA-1 by N2A cells. Because this pattern 

resembled that observed for CaCo-2, it suggests that apoA-I is being 

synthesized in and processed through the normal secretory pathway of 

N2A cells. 
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In this regard, MDCK, CaCo-2, and N2A cells were examined by 

immunofluorescence to determine the location of normal apoA-I within the 

cell. Although it had been shown in this and in earlier studies that MDCK cells 

do not synthesize and secrete an endogenous form of apoA-I, this finding was 

confirmed by the absence of any intracellular fluorescence. Perinuclear 

fluorescence was observed for both CaCo-2 and N2A cells consistent with the 

presence of apoA-I in the GA. In addition, some puntate fluorescence was 

observed in both cell types. This represent apoA-I either localized in other 

elements of the secretory pathway, probably in membrane bounded transport 

vesicles, or, as will be described later, complexed with lipids in precursor 

HDL particles. 

Secretion of several mutant forms of apoA-I was also examined. 

Investigators have previously examined the role of the NH2-terminal 

propeptide in the secretion of apoA-I by several different cell types. Both the 

mature form of apoA-I and a mutant form whose prosegment was not removed 

were sorted into the regulated pathway of a transfected murine pituitary cell 

line (AtT-20) (24). The signal responsible for this sorting behavior was not 

contained in the prosegment, since both pro- and mature apoA-I molecules 

exhibited similar rates of secretion. Also, in a study using baby hamster kidney 

cells, both pro- and mature apoA-I were secreted at the same rates (McLeod, 

unpublished). The vector containing the Gln-2, Gln- 1 to Arg-2, Arg- 1 

substitution mutation that was used in the present study had been used 

previously to transfect non-polarized mouse fibroblast Cl27 cells which 

secreted the pro-apoA-I (76). Kinetic analysis of secretion yielded similar rate 

constants for the normal and mutant apoA-I forms. In these three systems, the 
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presence of the pro coding sequence also did not disrupt the pattern of 

secretion as compared to that of normal apoA-I by these same cells. Patterns of 

secretion of normal apoA-I (clone N2A) and pro-apoA-I (clone pro6B) by 

transfected MDCK cells were comparable to each other and to those of earlier 

studies. Both N2A and pro6B secreted apoA-I predominantly through the Bl 

domain, 85% and 80%, respectively. Thus, the targeting of apoA-I to the Bl 

domain is not significantly altered by the presence of the pro coding sequence. 

Preliminary data also indicated that the amount of apoA-I secreted by the 

pro6B clone was not different from that secreted by N2A cells. The vectors 

containing the four deletion mutations had also been used to transfect Cl27 

cells in order to study structure-function relationships of apoA-I (63). Two of 

these mutations are internal deletions within the fourth exon (L\113-124; L\148-

186); the third mutation yields a protein with a C-terminal truncation 

(ll213-243). This exon, which encodes a series of alpha helices, has been 

identified as a lipid binding domain which confers biological function to 

apoA-I. Mutations in this exon disrupt the helical array and result in a major 

decrease in the ability of apoA-I to both bind lipid and to activate LCAT. In non

polarized fibroblasts, the rates of secretion of these mutant forms of apoA-1 

were not significantly altered, although the ability of each to bind lipids and to 

activate LCAT was reduced. Three clonal lines were analyzed for apoA-1 

secretion (L\113A3; lll48B1; ll231B2) to study what effects these mutations 

might have on targeting. These mutations did not alter the polarity of secretion, 

i.e. all three mutant forms of apoA-1 were secreted from the Bl domain. This 

suggest that these helical regions do not play a role in targeting apoA-1. 

However, the amount of apoA-I detected in cell lysates and Bl media samples 
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was reduced by approximately ten-fold for all three clones as compared to N2A 

cells. The reason for this is not known. The simplest explanation would be that 

these are low copy number clones and the coding vectors may not have been 

taken up efficiently by the MDCK cells resulting in synthesis occurring at very 

low levels. It is also possible that the truncated forms are unstable in that they 

do not fold properly and are degraded before leaving the ER. These mutations 

may alter the cells' ability to target these forms of apoA-I to the secretory 

pathway. Other investigators have suggested that the lipid binding capacities of 

apoA-1 may play a role in the entrance of the protein into the secretory system 

(24, 56). Since these mutations have been shown to alter the lipid binding 

properties of these forms of apoA-I, they may also disrupt the secretory process 

at some step. Studies are already underway which will help determine whether 

the decrease in the amount of apoA-1 secreted is due to disruption of the 

secretory pathway or to reduced synthesis of the protein. 

Various investigators have looked at the effects of different factors on the 

synthesis and secretion of apoA-I. Rudick and co-workers (1993) demonstrated 

that the secretion of human growth hormone (hGH) by transfected MDCK cells 

is enhanced several fold when cells are incubated in the presence of FBS (79). 

Other investigators have shown an increase in the amount of apoA-I secreted by 

the hepatoma HepG2 cell line as a result of the effects of oleate and other 

dietary fats on apolipoprotein production rates and cellular mRNA 

concentrations (18, 21, 40). Comparisons between N2A cells cultured in serum 

free medium or in medium containing 2.0% FBS clearly shows a 1.5-2.0 fold 

enhancement of apoA-1 secretion for cells cultured in FBS. This effect is 

probably due to the presence of numerous hormonal factors and nutrients 
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found in FBS. Also of interest was the possibility that the secretion of apoA-I 

could be enhanced by the presence of divalent cations. The normal and mutant 

apoA-I genes were placed under the control of the murine metallothionein 

(mMT-1) promoter in the expression vector pBMT3X as previously described by 

Zannis and co-workers (1988). This vector carriers the human metallothionein 

and mMT-1 genes (54). The apoA-I genes were cloned into an engineered Xho I 

restriction site which permitted the expression of the apoA-I gene sequences to 

be driven by the upstream murine metallothionein promoter. The mMT-1 

promoter can be induced by a number of mono- and divalent cations, e.g. zn2+, 

Cd2+, and Cul+ (73). The effects of zn2+ and Fe2+ were tested for their ability to 

enhance secretion of apoA-I presumably by increasing the rate of apoA-I gene 

transcription. There were no significant differences in the polarity or amount of 

apoA-I secreted by N2A cells cultured in serum free medium containing both 

100 µM Zn2+ and 80 µM Fe2+ compared to those cultures in serum free medium 

alone. When cell lysates from both culture conditions were examined, it 

appeared as if there was a slight increase in the amount of apoA-I detected in 

cells cultured with the divalent cations (data not shown). However, the 

difference was probably due to experimental variation. The degree of 

enhancement observed for apoA-I secretion by N2A cells was 

not as great as that of hGH by 3A cells. This gene was also placed under the 

control of the mMT-1 promoter in a different expression vector. Under 

defined medium conditions in the absence of FBS or other metal ions, 

secretion of hGH was reduced 15-fold over that observed in complete medium 

with FBS. Regardless, even though the effect was less than that for hGH, the 
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rate of secretion of apoA-I by N2A cells can be altered by manipulating medium 

components. 

As the major protein component of HDL, apoA-I is known to play an 

important role in cholesterol metabolism. However, the site of association of 

apoA-1 with lipids leading to the assembly of HDL is not precisely known. Early 

studies done on apolipoprotein synthesis by human hepatoma cells suggested 

that the major apolipoproteins including apoA-1 were secreted by these cells 

complexed with lipids (2). Howell and Palade (1982) were able to isolate 

heterogeneous lipoprotein particles from rat hepatic Golgi fractions which they 

believed to be immature precursors to VLDL and HDL particles (42, 43). Other 

model systems have now been used to investigate HDL synthesis including 

perfused monkey liver, human hepatoma derived cell lines, fibroblasts, and 

CHO cells (48, 90, 94). More recent work seems to indicate that, unlike other 

apolipoproteins such as apoB, the majority of apoA-1 is secreted as free protein. 

Only a small proportion of apoA-I produced by cells in culture is secreted with 

sufficient lipid to float in density gradients (46, 72). For example, in studies 

done with mouse Cl27 cells, only 11 % of secreted apoA-I floated in the absence 

of plasma, as assayed by density gradient centrifugation ( 46). Approximately 

25% of apoA-I secreted by 3T3 cells floated at d=l.21 g/mL, which is the density 

of circulating HDL (55). Presumably because of its more hydrophilic nature, 

apoA-I can be secreted in a "lipid-poor" form (29, 60). Even though the 

majority of secreted apoA-I is in a lipid free form, a significant fraction of apoA-1 

appears to be secreted in association with lipids and these complexes may 

represent nascent HDL particles. Thrift and Forte (1986; 1989) have 

characterized lipoprotein particles produced by HepG2 cells and have found 
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that the d= 1.063-1.21 g/ mL fraction contained a heterogeneous population of 

discoidal and small spherical particles containing apoA-I which were 

indistinguishable from HDL fractions isolated from clinical blood samples. 

Similar populations of apoA-I containing particles were isolated from the 

medium of transfected CHO cells. However, this did not provide any evidence 

for the site of assembly of the particles. Attempts to address that question have 

focused on post-secretory modifications of apoA-I containing particles, 

primarily on the interaction of apoA-I with plasma membrane lipids and 

exchange of lipids with other lipoprotein particles. There is no information on 

the assembly of percursor HDL particles which has been obtained by examining 

cellular ultrastructure. 

Characterization of N2A and CaCo-2 by light microscopy and 

transmission electron microscopy (TEM) suggest that assembly of lipid with 

newly synthesized apoA-I takes place within the cell, probably somewhere 

along the secretory pathway. In phase-contrast micrographs, differences could 

be seen between untransfected MDCK and N2A cells. N2A cells more closely 

resembled CaCo-2 cells. Numerous vesicles found in the cytoplasm of N2A cells 

were similar in size to those seen in CaCo-2 cells. This suggests that N2A and 

CaCo-2 cells may be engaged in similar types of cellular activity. N2A cells were 

further characterized byTEM and compared to CaCo-2 cells in an attempt to 

identify these and other structures. Large translucent "pools" were found in 

both N2A and CaCo-2 cells. These mottled areas, routinely seen in CaCo-2 cells 

and reported for several other cells (e.g. hepatocytes) (Rudick, 1995, personal 

communication), are believed to represent sites of glycogen storage which 

would indicate that both CaCo-2 and N2A cells are synthesizing and storing 
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large amounts of glycogen. A second structure of interest in the N2A cells are 

the dark stained whorls of membrane that probably correspond to dark 

granules seen in the cytoplasm of N2A cells by phase-contrast microscopy and 

are suggestive of increased membrane biogenesis in these cells. If this is the 

case, then it would be expected that these cells would also demonstrate an 

increase in lipid synthesis. Analysis of preliminary data indicates that lipid 

synthesis is increased two- to four-fold in N2A cells (Rudick, 1995, personal 

communication). Vesicles containing numerous small spherical particles could 

also be seen in N2A cells which closely resemble in size and shape particles 

which have been isolated from the medium of both HepG2 and transfected 

fibroblast cells and which have been identified as precursor HDL particles. 

Together, these data suggest that for expression of apoA-I by N2A cells, some of 

the apoA-I is incorporated into nascent HDL particles. Attempts have been 

made to detect HDL particles in the medium of N2A cells, but if the assembled 

HDL is secreted, it must constitute a very small proportion of exported apoA-I. 

The possibility that transfected MDCK cells expressing apoA- I are also 

synthesizing HDL precursors has implications concerning gene expression and 

the activation of other biochemical pathways. Nascent HDL has been shown to 

contain a high percentage of phospholipids and the synthesis of apoA-I by 

MDCK cells might stimulate phospholipid synthesis by an ER associated 

enzymatic apparatus. Increased glycogen production would provide the cell 

with a ready source of energy and substrate for lipid synthesizing enzymes at a 

time when the cell is apparently engaged in HDL assembly, an activity which 

does not normally occur in MDCK cells. Normal glycogen reserves might not be 

sufficient to keep up with the increased Jemands of HDL synthesis and 
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increased membrane biogenesis; N2A cells might store glycogen in order to 

maintain large pool(s) of cellular lipids which would be needed for both of these 

processes. Whether lipids would be produced to directly complex with apoA-I 

or to replace lipids removed from internal membranes that associate with the 

protein as it is processed within the secretory pathway remains to be 

determined. 

In summary, MDCK cells were transfected with either the normal 

human apoA-I gene or one of four mutant genes containing alterations in the 

propeptide coding sequence (Gln-2, Gln-1 to Arg-2, Arg- 1) or in the fourth 

exon (~113-124; ~148-186; ~213-243). Permanently secreting clones were used 

to study the patterns of secretion of normal and mutant forms of apoA-I. The 

secretion of apoA-I by N2A cells, which secreted normal apoA-1, was compared 

to the pattern of secretion of apoA-I by an endogenous cell source, CaCo-2. 

N2A clones synthesized and secrete normal human apoA-I apolipoprotein 

predominantly through the Bl surface as do CaCo-2 cells. The appearance of 

apoA-I with time in the Ap medium was not due to endocytosis and transcytosis 

of basolaterally secreted apoA-I, but may represent an "overflow" resulting from 

the saturation of the targeted Bl pathway. Mutations in the propeptide coding 

sequence or deletions in the fourth exon did not appear to disrupt the Bl 

targeting of apoA-I. Structures in N2A cells observed by TEM may be indicative 

of intracellular apoA-I complexed with lipids which are precursor HDL particles 

partially assembled intracellularly before being secreted. 

The work reported herein opens up interesting new avenues of 

investigation into apoA-I targeting and lipoprotein biogenesis. Future efforts 



will focus on: i) further characterization of the secretion of mutant forms of 

apoA-I by transfected MDCK cells; ii) characterization of lipid synthesis in 

MDCKapoAJ clones; iii) identification of the intracellular site of assembly of 

precursor lipoprotein particles; and iv) determination of the relationship 

between apoA-I synthesis and glycogen accumulation. 
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