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Summary. As attested by the chapters in this book, the past fifteen years have witnessed impressive progress
towards the understanding of the structure and function of the Golgi apparatus (GA) from yeast to the higher eu
karyotes. This progress has made possible the recognition and better appreciation of defects in the organelle which
are associated with disease. This review on the GA in disease will include the following topics:

Defects of the GA in diseases with abnonnal trafficking or processing of proteins and lipids.
- The phosphotransferase deficiency in I-cell disease and pseudo-Hurler polydystrophy.
- The deficiency of phosphatidylinositol 4,5-bisphosphate 5-phosphatase in the oculocerebrorenal syndrome of
Lowe.

- Cystic fibrosis and the hypothesis of defective acidification.
- Autosomal dominant polycystic kidney disease and the hypothesis of delayed proteoglycan synthesis.
- The block of enzyme transport in congenital sucrase-isomaltase deficiency.
- Congenital dyserythropoietic anaemia type II (HEMPAS), and a putative defect of alpha-mannosidase II or N-
acetylglucosarninyl-transferase II.

- Tangier disease and type-C Niemann-Pick disease; disorders involving the transport of lipids in the GA.

Autoimmune diseases and antibodies against the GA.
- Sjogren's syndrome and the p230 trans-Golgi protein.
- Systemic lupus erythematosus and the Golgin-95 and -160 kD proteins.

Fragmentation of the GA.
- MG160, a fibroblast growth factor and E-selectin binding sialoglycoprotein of the medial cisternae of the GA,
is a reliable marker of the organelle in nonnal and diseased tissues.

- Fragmentation of the GA of motor neurons in amyotrophic lateral sclerosis (ALS), and in transgenic mice ex
pressing mutant human CU,Zn superoxide dismutase I, an animal model of ALS.

- Fragmentation of the neuronal GA in Alzheimer's disease, and genetic and biochemical evidence for the in
volvement of the organelle in the pathogenesis of the disease.

Introduction

Throughout the eukaryotes the GA shows a high degree of conservation in morphology, molecu

lar structure and function. This review focuses on defects in the organelle which contribute to the

pathogenesis or which cause human disease. The study of disease often reveals important physio

logical concepts. Thus, the elucidation of the molecular mechanisms of two rare human diseases

caused by a defective phosphotransferase of the GA, I-cell disease and pseudo-Hurler polydys

trophy, has uncovered important general concepts and mechanisms of protein targeting, transport,

receptor endocytosis and recycling. Another recently described disease, the oculocerebrorenal

syndrome of Lowe, is caused by a deficiency of the Golgi enzyme phosphatidylinositol 4,5

bisphosphate 5-phosphatase which has been implicated in Golgi vesicular transport through its

role in the regulation of ADP-ribosylation factor, phospholipase D and cytoskeletal actin

assembly. Similar discoveries may emerge from future studies of diseases associated with defects
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of the GA. Conversely, the ever increasing infonnation on the physiological properties of the GA

should stimulate research into its role in disease.

One of the key functions of the GA is the processing and targeting of proteins and certain

lipids synthesized in the rough endoplasmic reticulum (ER). Therefore, it is not surprising that a

number of diseases of the GA are associated with defects in the intracellular trafficking and

processing of proteins and lipids.

Autoantibodies against antigens of the GA have been found in several autoimmune diseases.

Although the role of these anti-Golgi antibodies in the etiology and pathogenesis of disease is

enigmatic, two autoantibodies were important for the identification and characterization of three

novel proteins of the organelle.

For a number of years it has been known that microtubules are essential for the spatial orga

nization of the GA, and that their depolymerization by colchicine and similar drugs, and their

physiological disassembly during mitosis, are associated with fragmentation or dispersal of the

GA. The GA is also "fragmented" by a variety of agents such as the phosphatase inhibitor oka

daic acid, mutant fonns of the rab1 GTPase, and in certain viral infections. The considerable

amount of infonnation on and interest in the dynamics of the assembly and maintenance of the

GA justifies the inclusion of a discussion on the fragmentation of the neuronal GA in amyo

trophic lateral sclerosis (ALS) and in an animal model for ALS, a transgenic mouse expressing a

mutant Cu,Zn superoxide dismutase 1 (SODl), found in certain familial cases of ALS. The

finding of a fragmented GA in SOD1 transgenic mice during an early and asymptomatic stage of

the disease suggests that it plays an important role in the pathogenesis of the disease. Fragmen

tation of the neuronal GA, similar to that seen in ALS, was also found in certain at-risk neurons in

Alzheimer's disease (AD), and biochemical and molecular evidence implicating the GA in the

pathogenesis of the disease is discussed. Future research might elucidate the failure of a physio

logical mechanism supporting the structural integrity of the GA in the SOD1mutant, in ALS and

in AD.

A major challenge in studies of the GA in disease is to investigate further the potential involve

ment of the organelle in the pathogenesis of two common hereditary diseases, cystic fibrosis and

autosomal dominant polycystic kidney disease. Certain cases of cystic fibrosis may be caused by

the defective acidification of a Golgi compartment, while in autosomal dominant kidney disease, a

defect of the GA may be responsible for the delayed processing of extracellular matrix proteo

glycans. Studies of less common diseases, such as Tangier disease and type-C Niemann-Pick

disease, may introduce important infonnation on the relatively unexplored role of the GA in the

synthesis and transport of lipids.
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Defects of the GA in diseases of abnormal trafficking or processing of proteins and

lipids

Human diseases may be caused by a variety of defects of intracellular protein trafficking, such as

the failure of mutated proteins to exit from the endoplasmic reticulum (ER), the mistargeting of

proteins, or the defective endocytosis and/or recycling of plasma membrane receptors to extracel

lular ligands (Amara et al., 1992). In addition, the failure of a specific function of the GA causes

human disease by disrupting the physiological trafficking or processing of proteins and lipids

(Tab. I).

The GA has a virtual "monopoly" in the glycosylation, sulfation and proteolytic processing of

proteins synthesized in the rough ER, in the synthesis of glycosaminoglycans, in the phospho

rylation of lysosomal enzymes, and in the glycosylation of certain lipids (Farquhar and Palade,

1981; Farquhar, 1985). More than twenty Golgi glycosyltransferases from several species have

been cloned and sequenced, and at least thirteen of their genes have been assigned to human

chromosomes (Kleene and Berger, 1993). The glycosyltransferases of the GA play important

roles in the development of the organism and defects in these enzymes may not be compatible

with the life of the embryo. This hypothesis is supported by two reports that mouse embryos

lacking the medial-Golgi enzyme UDP-N-acetylglucosamine: a-3-D-mannoside ~-1-1,2-acetyl-

Table I. The GA in diseases with defective intracellular traffic of proteins or lipids

Disease Defect Reference

PhosphotransferaseI-cell disease and pseudo-Hurler
polydystrophy

Oculocerebrorenal syndrome of
Lowe

Cystic fibrosis

Kornfeld and Sly, 1995; Kornfeld,
1986; von Figura and Hasilik, 1986

Phosphatidylinositol 4,5 bisphosphate Olivos-Glander et aI., 1995
5-phosphatase

Proposed defective acidification of the Barasch and Al-Awqati, 1992
GA affecting the activities of several
enzymes

Autosomal dominant polycystic
kidney disease

Congenital sucrase-isomaltase
deficiency

Dyserythropoietic anaemia, type II
(HEMPAS)

Proposed delayed synthesis of proteo
glycans in the GA

Block of enzyme transport in the GA

Putative defects of a-mannosidase II
or N-acetylglycosarninyl transferase II

Liu et aI., 1992

Hauri et aI., 1985

Fukuda, 1993

Tangier disease

Type-C Niemann-Pick disease

Defective transport of lipids in the GA Robenek and Schmitz, 1991

Accumulation of cholesterol in the GA Blanchette-Mackie et aI., 1988
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glucosaminyltransferase I (GIcNac-TI), were dead by day 10.5, although embryonic development

was apparently normal until day 9 (Metzler et al., 1994; loffe and Stanley, 1994). Therefore, it is

not surprising that human diseases caused by a deficiency in Golgi glycosyltransferases are rare.

However, deficiencies of the Golgi phosphotransferase in I-cell disease and in pseudo-Hurler

polydystrophy, and of the Golgi enzyme phosphatidylinositol phosphatase in Lowe's syndrome,

are compatible with life; these patients, however, have shortened lifespans and suffer from serious

systemic debilitating symptoms.

The phosphotransferase deficiency in I-cell disease (mucolipidosis II, or ML-II), and in pseudo

Hurler polydystrophy (mucolipidosis III, or ML-III)

Both ML-II and ML-III are systemic disorders caused by a defective phosphotransferase of the

GA. They are multisystem diseases principally affecting the central nervous system (in the form

of psychomotor retardation), the skeleton, the liver, spleen, and the cornea (Kornfeld and Sly,

1995). In both ML-II and ML-III, the deficiency of multiple lysosomal hydrolases results in the

accumulation of undegraded mucopolysaccharides, glycolipids, and glycoproteins within Iyso

somes.

The elucidation of the molecular mechanism of ML-I1 and ML-III has revealed important

aspects of protein targeting, intracellular transport, and receptor-mediated endocytosis and

recycling. Research in these diseases led to the discoveries of the mannose 6-phosphate (M-6-P)

recognition signal of lysosomal enzymes, of the corresponding two M-6-P receptors (MPR 46

and MPR 300), and of the pathways mediating the translocation of lysosomal enzymes to the

Iysosomes. Comprehensive reviews on these topics have been presented elsewhere and their

detailed discussion here may seem superfluous. However, a review of the GA in disease is incom

plete without a brief but appropriate recognition of the major contributions to cell biology

provided by studies of these two human diseases.

Most lysosomal enzymes acquire the mannose 6-phosphate (M-6-P) recognition marker in the

GA, and subsequently bind to high affinity MPRs expressed in the trans-Golgi network (TGN)

and in the plasma membrane. The MPRs mediate the translocation of lysosomal enzymes carry

ing the M-6-P recognition marker into the lysosomes. To ensure the efficient targeting of lysoso

mal enzymes, cells are endowed with two MPRs with complementary binding properties for lyso

somal hydrolases (Pohlman et aI., 1995; Kasper et aI., 1996). The recognition marker M-6-P is

added to the lysosomal hydrolases by the sequential action of two enzymes of the GA. First, the

enzyme N-acetylglucosaminylphosphotransferase (phosphotransferase) transfers N-acetylglu

cosamine- I-phosphate from the nucleotide sugar UDP-N-acetylglucosamine to selected mannose
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residues of lysosomal enzymes. Subsequently, the second or "uncovering" enzyme, N-acetyl

glucosamine-1-phosphodiester a-N-acetylglucosaminidase, removes the N-acetylglucosamine

residue to expose the M-6-P recognition signal (Kornfeld, 1986; von Figura and Hasilik, 1986;

Kornfeld, 1992; Kornfeld and Sly, 1995). The lysosomal enzymes possessing M-6-P signals

encounter a high affinity MPR receptor in the TGN which mediates their transport and targeting

to the Iysosomes. Because the Go1gi phosphotransferase is deficient in ML-II and ML-ill the

lysosomal hydrolases cannot acquire the M-6-P signal in the GA, fail to be targeted to Iysosomes

and are secreted. Furthermore, the secreted lysosomal enzymes which lack the M-6-P signal

cannot be retrieved by the plasma membrane MPR through receptor-mediated endocytosis

(Kornfeld, 1992).

It should be pointed out that most deficiencies of lysosomal enzymes are due to a variety of

defects such as an abnormal gene structure, the synthesis of catalytically inactive polypeptides, or

the instability of catalytically active polypeptides (von Figura et aI., 1984). However, as stated

above, in the two human genetic diseases, I-cell disease and pseudo-Hurler polydystrophy, cata

lytically active lysosomal enzymes are synthesized but fail to acquire the M-6-P "tag" because

of a defective phosphotransferase of the GA. The cDNA and the gene encoding the Golgi phos

photransferase have not yet been cloned and the molecular defect(s) of the Golgi phosphotrans

ferase is not known (Kornfeld and Sly, 1995).

A defect of the second enzyme involved in the synthesis of the M-6-P "tag" of lysosomal

enzymes, the Golgi a-N-acetylglucosaminidase or "uncovering" enzyme, has been described

only in one clinically normal individual with abnormally high levels of lysosomal enzymes in the

plasma. Cultured fibroblasts from this individual were deficient in the activity of the uncovering

enzyme and secreted seven lysosomal hydrolases at rates twice as high as those measured from

two I-cell heterozygote fibroblast lines. The paradoxical association of a normal phenotype with

an apparent deficiency of the "uncovering" enzyme was attributed to the putative heterozygosity

of the gene in the patient's fibroblasts. A defect of the uncovering enzyme has not yet been

observed in patients homozygous for the defective enzyme (Alexander et al., 1986).

Lowe syndrome, a deficiency ofa phosphatidylinositoI4,5-bisphosphate 5-phosphatase in the GA

The oculocerebrorenal syndrome of Lowe (OCRL), is an X-linked multisystem disease character

ized by congenital cataracts, renal tubular dysfunction manifested by proteinuria, aciduria, phos

phaturia and metabolic acidosis, and a variety of neurological deficits such as neonatal hypotonia

with absence of deep tendon reflexes, psychomotor retardation and behavioral abnormalities

(Suchy et aI., 1995; Olivos-Glander et aI., 1995). Cultured fibroblasts from these patients were
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deficient in phosphatidylinositoI4,5-bisphosphate [PtdIns(4,5)P2l 5-phosphatase. The OCRL-I

gene responsible for Lowe syndrome was cloned and the gene product, a 105 kD protein associ

ated with PtdIns(4,5)P25-phosphatase activity, was found in the fibroblasts from a normal indivi

dual, but was absent in fibroblasts from a patient with OCRL syndrome lacking the OCRL-l

transcript. In normal fibroblasts the OCRL-1 protein was found in a perinuclear network and was

colocalized with ~-COP (Allan and Kreis, 1986; Olivos-Glander et aI., 1995). Although ~-COP

is not an intrinsic membrane protein of the GA, and therefore should not be considered as a mar

ker of the organelle, the double labelling of the OCRL-1 and ~-COP proteins in normal human

fibroblasts revealed an identical perinuclear network typical of the GA. However, the limited

resolution of the immunofluorescence method used did not allow the precise localization of the

OCRL-1 protein in the GA per se, in juxta-Golgi vesicles, or in both. The exact subcellular

localization of the OCRL-1 protein is an important issue to be resolved, as OCRL is the first

inborn error of phosphatidylinositol metabolism discovered in higher eukaryotes. Furthermore,

PtdIns(4,5)P2 5-phosphatase serves as a cofactor in the interaction between ADP ribosylation

factors (ARFs) and its GTPase activating protein, and may playa role in Golgi vesicular transport

(quoted by Suchy et aI., 1995).

Cystic fibrosis and the defective acidification hypothesis

Cystic fibrosis (CF) is a common and fatal autosomal recessive disease affecting Caucasian

populations with an incidence of 1 in 2,000 to 3,000 births (Welsh et aI., 1995). In CF an

epithelial cell chloride channel fails to respond to a cAMP-dependent protein kinase (Cheng et al.,

1990; Barasch and al-Awqati, 1992). As a result of the defective plasma membrane Cl

conductance, many epithelial cells secrete abnormally thick mucus which causes chronic

obstructive pulmonary disease and pancreatic dysfunction. The gene associated with CF encodes

a membrane glycoprotein referred to as CFTR, for cystic fibrosis transmembrane conductance

regulator. In patients with CF, four classes of mutations of the CFTR gene have been identified.

Class II mutations, including the most common, a deletion of phenylalanine 508 (M508-CFTR),

have been associated with defective protein trafficking (Cheng et aI., 1990; Welsh et aI., 1995).

The reasons for the failure of the normal traffic ofM508-CFTR and other mutant forms are not

understood (Welsh et aI., 1995). At least three hypotheses have been advanced to explain the

cases of CF associated with faulty protein trafficking. According to the first, the presumably

misfolded mutated CFTR either fails to exit from the ER and is degraded there or is transported

to Iysosomes and degraded. The second hypothesis proposes that mutant CFTR molecules reach

the GA, but the structurally defective polypeptides cannot be processed further and are degraded,
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probably in the GA (Cheng et aI., 1990). According to the third hypothesis, widespread defective

chloride conductances involve several membranes, including those of the GA. A defective chloride

conductance of Golgi membranes is associated with an elevated pH which is inhibitory to the

activities of certain sialyl-, fucosyl-, and sulpho-transferases, causing the numerous abnormal

glycosylations noted in CF. According to this hypothesis, an alkaline pH in the GA favors the

generation of cell surface asialoderivatives of gangliosides which bind to a number of respiratory

pathogens, including Pseudomonas which infect the respiratory tract of CF patients with high

frequency (Barasch and Al-Awqati, 1992).

The "defective organelle acidification hypothesis" relies on the accuracy of the assay used to

determine the pH of the GA and especially the trans-Golgi domain where most of the

sialyltransferases reside. This hypothesis was recently tested in a study using a novel method for

the determination of the intracellular pH, based on the selective delivery of liposomes containing

pH-sensitive fluorophores to the trans-Golgi and the subsequent determination of pH by ratio

imaging confocal microscopy. The study, conducted in stably transfected Swiss 3 T3 fibroblasts

expressing CFfR or &<508-CFfR, failed to detect any significant elevation of the trans-Golgi

pH in the &<508 transfectants (Sekserk et aI., 1996). Irrespective of the eventual confirmation or

invalidation of the "defective organelle acidification hypothesis", these experiments have again

raised a central issue in the cell and molecular biology namely whether the pH of the various

domains of the organelle is immutable, or whether subtle but measurable changes in the pH of

various domains of the GA affect the post-translational processing of proteins and lipids and give

rise to human disease.

Autosomal dominant polycystic kidney disease (ADPKD)

Autosomal dominant polycystic kidney disease (ADPKD) is a late-onset disease associated with

the development of multiple kidney cysts leading to renal failure. The disease occurs in III,OOO

individuals, a frequency approximately twice that of cystic fibrosis, and ten times higher than

Huntington's Disease (Harris et a!., 1995)

The gene

The gene for ADPKD, named PKDI, has been identified on chromosome 16 and its full-length

transcript, approximately 14 kb, is predicted to encode a 4303 amino acid protein named poly

cystin (Harris et a!., 1995). Homologies between the extracellular domains of polycystin, immu

noglobulin, and fibronectin type ill suggest that polycystin is a cell-cell or cell-matrix interactive

protein. Most mutations of the PKDl gene in ADPKD have been detected in the single copy, 3'
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end of the gene (Harris et a!., 1995). The expression of polycystin in developing, adult, and

ADPKD kidneys was studied with monoclonal antibodies to a recombinant protein containing the

C-terminal region of the protein, which is probably membrane-associated (Ward et aI., 1996).

This study revealed a diffuse cytoplasmic localization of polycystin in epithelial cells of cortical

tubules, loops of Henle and collecting ducts. It is noteworthy that the epithelial cells lining the

cysts from ADPKD kidneys contained higher levels of polycystin mRNA than normal cells, and

stained with antibodies against the protein; this observation was consistent with the conclusion

that the disease did not result from a "complete loss of protein" (Ward et aI., 1996).

The Golgi connection in ADPKD

Combined quantitative ultrastructural autoradiographic and biochemical studies in cultured

epithelial cells from cysts of patients with ADPKD showed a significant decrease in the synthesis

and processing of the sulfated glycoproteins heparan sulfate and chondroitin sulfate (Liu et aI.,

1992; Carone et aI., 1993). The pulse-chase autoradiographic studies of cells labelled with [35S]

sulfate disclosed significant delays in the disappearance of autoradiographic grains over the GA

of cultured cells from APDKD patients, and in the labelling of the extracellular matrix (Carone et

aI., 1993).

Polycystin, the GA, and the pathogenesis ofpolycystic kidney disease

The available evidence suggests that polycystin is a protein promoting cell-cell or cell-matrix

interactions, and that there is a significant delay of secretion of the extracellular matrix sulfated

proteoglycans, presumably due to their delayed processing in the GA. Therefore, it may be as

sumed that in ADPKD, mutated polycystins and defective extracellular matrices adversely affect

cell/cell or cell/matrix interactions in renal tubules. A possible link between a defective polycystin

and delayed processing and secretion of sulfated glycoproteins may explain the pathogenesis of

autosomal dominant polycystic kidney disease. Additional information on the localization and

other properties of normal and mutated polycystins will clarify the role of the GA in the

mechanism of the pathogenesis of ADPKD.

Congenital sucrase-isomaltase deficiency

The membrane of the brush border of the small intestine contains several glycosidases which

degrade oligo- and disaccharides to monosaccharides. Genetic deficiencies in one of these glyco

sidases, the heterodimeric sucrase-isomaltase, cause a digestive syndrome characterized by into

lerance to ingested sucrose, abdominal distension and diarrhea. The genetic deficiencies of
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sucrase-isomaltase are heterogeneous. In two types of this disorder, the intracellular transport of

the enzyme may be blocked in the GA, or the pro-enzyme may not undergo normal glycosylation

in the Golgi and subsequently be mistargeted to the basolateral membrane (Semenza and

Aurichio, 1995).

A combined morphological-biochemical study performed on an intestinal biopsy from a 5-year

old girl with congenital sucrase-isomaltase deficiency revealed a probable role of the GA in the

pathogenesis of the disease (Rauri et al., 1985). In the patient, the isomaltase activity in the muco

sal homogenate was one-eighth of that measured in an age-matched control. Furthermore, the two

normal subunits of the enzyme, Mr 145,000-155,000, were absent in the patient's homogenate

which contained only a major band, Mr 210,000, presumably representing the core-glycosylated

precursor of the enzyme. The enzyme was localized by immunoelectron microscopy over the

microvilli of normal intestinal mucosa, whereas in the patient prominent labelling was found over

two to three trans-Golgi cisternae, and none on the microvilli (Rauri et al., 1985). This study is

consistent with the conclusion that, in this patient, sucrase-isomaltase failed to be transported past

the GA and never reached the plasma membrane. A molecular explanation of this blockage may

shed light on the signals mediating the targeting of sucrase-isomaltase to the cell surface, and on

possible interactions between this enzyme and other luminal or Golgi membrane proteins.

Congenital dyserythropoietic anaemia type II (HEMPAS) and a putative defect of the Golgi

alpha-mannosidase II or N-acetylglucosaminyl-transferase II

The acronym REMPAS stands for a hereditary erythroblastic multinuclearity with positive

acidified serum lysis test (Fukuda, 1993). It is a rare autosomal recessive genetic anemia of hu

mans. About 30% of acidified sera from normal individuals lysed the erythrocytes from patients

with HEMPAS, while the patient's sera did not display lytic activity (Crookston et aI., 1969).

Bone marrow smears from HEMPAS patients revealed erythroid hyperplasia, multinucleated

erythroblasts and crenated erythrocytes. The multinuclearity of erythroblasts was attributed to a

failure of cell division, while nuclear divisions occurred normally.

A unique shift in the mobility of band 3 glycoprotein of erythrocyte membrane proteins from

patients with HEMPAS, which was not associated with abnormal peptide fragments, provided the

first clue that the basic defect in REMPAS might be insufficient glycosylation of the protein

(Mawbyet aI., 1983). Subsequently, studies from several laboratories established that polylactos

amine carbohydrates were barely detected on band 3 and band 4.5 glycoproteins of erythrocyte

membranes from patients with HEMPAS, and that these moieties were identified as polylactos

aminyl-ceramides (reviewed by Fukuda, 1993). These studies suggested that a genetic factor in
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HEMPAS shifted the glycosylation from protein to lipid substrates. Structural analyses of band 3

carbohydrates of erythrocyte membranes from patients with HEMPAS revealed unusually short

oligosaccharide structures of three to five mannose residues and an apparently lower activity of

N-acetylglucosaminyl-transferase II (GnT II). Another patient with HEMPAS showed normal

GnT II but defective a-mannosidase II. Freeze-fracture electron microscopy and immunoelectron

microscopy revealed clustering of the band 3 carbohydrates in the erythrocyte plasma membrane

from HEMPAS, suggesting that the uneven distribution of the underglycosylated protein caused

membrane instability and pathological lysis (Fukuda, 1993). It is clear that HEMPAS is a

fascinating disorder of the erythrocyte band 3 and band 4.5 glycoproteins and many questions

concerning the molecular genetic basis, tissue and cell distributions of the defect, and of the

various phenotypes of the disease remain to be answered.

Tangier disease and type-C Niemann-Pick disease: Disorders involving the translocation of

lipids in the GA

A familial high density lipoprotein deficiency (HDL), named Tangier disease after its initial

discovery in two siblings from Tangier island in Virginia, is a rare autosomal recessively-inherited

disease characterized by severe deficiency or absence of HDL in the plasma and by accumulation

of cholesteryl esters in many tissues including tonsils, peripheral nerve and cornea. Tangier

disease is believed to be caused by an imbalance of the homeostasis of cholesterol, resulting in

the overproduction of cholesteryl esters and triglycerides (Assmann et aI., 1995). The GA of

Tangier fibroblasts is hypertrophied and incorporates higher amounts of the fluorescent cerarnide

analogue C6-NBD-ceramide, a precursor of sphingomyelin synthesis (Pagano, 1990; Robenek

and Schmitz, 1991). The hypertrophy of the GA in macrophages and fibroblasts from Tangier

patients has been attributed to a combination of increased synthesis of lysosomal enzymes,

phospholipids and sphingomyelin, and of a defect in the translocation of lipids from the GA to

post-Golgi elements and the plasma membrane (Assmann et al., 1995).

A defect of the GA has also been implicated in the pathogenesis of Type-C Niemann-Pick di

sease (NP-C), an autosomal-recessive neurovisceral storage disorder which is not related to either

type-A or type-B Niemann-Pick disease, characterized by a primary deficiency of the lysosomal

enzyme sphingomyelinase (Blanchette-Mackie et aI., 1988). The metabolic defect in NP-C is not

known. Studies in cultured fibroblasts from NP-C patients showed that low density lipoprotein

(LDL)-cholesterol was abnormally sequestered in Iysosomes. This observation led to the hypo

thesis that in NP-C there is a generalized block in the efficient transfer and utilization of LDL

cholesterol by cellular membranes and subcellular organelles (Blanchette-Mackie et al., 1988).
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To explore further the intracellular site(s) of abnormal cholesterol accumulation in NP-C,

mutant fibroblasts were incubated with LDL and filipin which forms complexes with unesterified

cholesterol and is detectable by fluorescence. In mutant fibroblasts examined by fluorescence

microscopy, by thin section transmission electron microscopy, and by freeze-fracture replicas,

abnormal filipin-cholesterol accumulations were observed in Iysosomes and in dilated trans

Golgi cisternae as well as in the TGN (Blanchette-Mackie et aI., 1988). Thus in NP-C cells the

uptake of exogenous LDL apparently produced an enrichment of cholesterol in the GA; this

observation led to the notion that the GA functions as a "postlysosornal depot for the cellular

distribution of exogenously derived cholesterol" (Blanchette-Mackie et al., 1988). The studies in

NP-C again raise a central issue in the cell biology of the GA, namely the role of the organelle in

the processing and transport of lipids.

The insights provided by these two rare diseases, Tangier disease and type-C Niemann-Pick

disease, underscore the need for new information on the involvement of the GA in lipid biosyn

thesis. The original studies by Pagano and his colleagues have not only provided a vital stain of

the trans-Golgi cisternae, but have also raised the intriguing possibility that C6-NBD-ceramide

undergoes retrograde transport within the GA during the synthesis of sphingomyelin (1990).

Furthermore, the accumulation of cholesterol in the GA of fibroblasts from a patient with type-C

Niemann-Pick disease offers a rare opportunity to test the hypothesis that the Golgi "retention

signal" for membrane proteins of the GA depends on interactions between the lipid bilayer of the

Golgi membranes, especially cholesterol, and the membrane-spanning domains of the Golgi

proteins (Bretscher and Munro, 1993).

Antibodies against the GA in human autoimmune diseases

A wide spectrum of autoantibodies against nuclear, nucleolar, nuclear pore and cytoplasmic pro

teins has been found in the sera of patients with autoimmune diseases such as systemic lupus

erythematosus, Sjogren's syndrome, and rheumatoid arthritis. The mechanisms leading to the

production of these autoantibodies and their clinical significance are not understood. Among the

hypotheses advanced to explain the emergence of autoantibodies are: a breakdown of immune

tolerance, molecular mimicry, i.e. the development of an immune reaction against an exogenous

antigen sharing epitope similarities with endogenous antigens, and autoantibody responses driven

entirely by endogenous antigens (Fritzler and Salazar, 1991).

It has been proposed that T cells may be activated by higher amounts of released endogenous

antigens in diseases associated with increased cell lysis. The released antigens may become more

immunogenic by association either with each other or with exogenous antigens. The activation of
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T cells may then be followed by a polyclonal stimulation of autoreactive B cells and the subse

quent production of various autoantibodies. Autoantibodies in human disease may be generated

by mechanism(s) similar to those governing the physiological production of natural autoantibo

dies (Avrameas and Ternynck, 1993). Of the wide spectrum of autoantibodies found in autoim

mune diseases, only a few were directed against antigens of the GA (Renier et al., 1994). Autoan

tibodies against the GA were identified in the sera of patients with systemic lupus erythematosus,

Sjogren's syndrome, systemic rheumatic diseases, in patients suffering from idiopathic cerebellar

ataxia, in patients with paraneoplastic cerebellar degeneration, and in individuals infected with

Epstein-Barr virus (EBV), and with type I human immunodeficiency virus (HIV) (quoted by

Fritzler et al., 1993).

Because of the low abundance and poor immunogenicity of the highly conserved resident pro

teins of the GA, human sera with autoantibodies against antigens of the GA have been exploited

for the discovery and characterization of novel proteins of the organelle. Three of these proteins

which have been completely or partially characterized at the molecular level will be reviewed here.

The 230 kD peripheral membrane protein (p230), of the cytosolicface of the trans-Golgi

The p230 protein probably represents the best-studied Golgi protein which was identified and

characterized by an autoantibody in the serum from a patient with Sjogren's syndrome (Kooy et

al., 1992). The protein was localized by immunofluorescence and immunoelectron microscopy to

the trans-Golgi. Molecular cloning and sequence analysis of p230 revealed a highly hydrophilic

polypeptide with 17- 20% homology with many proteins containing coiled-coil domains; p230

contains two proline-rich domains and frequent heptad repeats, characteristic of a-helices form

ing dimeric coiled-coil structures. The protein contains the ESLALEELEL sequence, a motif

found in the granin family of acidic proteins of secretory granules of neuroendocrine cells. The

p230 protein does not contain any known motifs involved in microtubule binding. The gene of

p230 was assigned to chromosome 6p12-22 (Erlich et al., 1996). The structural characteristics of

p230 suggest that it plays a role in the vesicular transport from the trans -Golgi.

The Golgin-95 and -160 kD proteins

Autoantibodies from patients with systemic lupus erythematosus were used to screen a HepG2

AZap cDNA library, and clones encoding two different proteins were identified and sequenced

(Fritzler et al., 1993). A complete sequence analysis of Golgin-95 revealed a leucine zipper and
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glutamic acid and proline-rich domains. The protein shares sequence similarities with human

restin, and the heavy chains of kinesin and myosin. Partial sequence analysis of the Golgin- I60

protein demonstrated sequence similarities with the heavy chain of myosin, the USOI yeast

transport protein, and the 150 kD cytoplasmic dynein-associated polypeptide. The Golgin-95 and

Golgin-160 proteins share 43% sequence similarity, suggesting that they are functionally related.

The sequence similarities between the two Golgins and kinesin, dynein, the myosin family of pro

teins, and the USOI yeast protein required for protein transport from the ER to the GA, suggest

that the two Golgins belong to a unique set of motor proteins of the organelle (Fritzler et aI.,

1993). Clearly, many important questions on the structure and function of these two proteins

remain to be answered and studies on similar proteins are needed to develop further the concept

of Golgi-specific motor proteins.

MG160, a conserved membrane sialoglycoprotein of the medial cisternae of the GA, is a

reliable marker of the organelle in normal and diseased tissues

Antibodies against MGI60, a conserved membrane sialoglycoprotein of the medial cisternae of

the GA, have been used as markers of the organelle in studies of amyotrophic lateral sclerosis

(ALS), in a transgenic animal model of ALS, and in Alzheimer's disease (see below, and in

Gonatas et aI., 1989; Croul et aI., 1990). The rat MGI60 and its human homolog have been

sequenced. In both species, the polypeptide has an identical thirteen amino acid carboxy-terminal

cytoplasmic tail, a single transmembrane domain, and a large luminal domain containing sixteen

cysteine-rich repeats and five potential Asn-linked glycosylation sites (Gonatas et aI., 1995;

Mourelatos et al., 1996a). The human gene for MG160, named GLGI, has been assigned to

chromosome 16q22-23 (Mourelatos et aI., 1995). MG160 appears in the GA of most cells of

chicken embryos very early during development (Stieber at al., 1995).

An intriguing property of the MGI60 protein is its identity with two proteins which bind

several fibroblast growth factors (FGF), or E-selectin (Burrus et aI., 1992; Stieber et aI., 1995;

Steegmaier et al., 1995; Mourelatos et aI., 1996a). This suggests that MGI60 may regulate the se

cretion of FGFs possessing signal sequences (Gonatas et aI., 1995). The identity of MG160 with

the E-selectin ligand ESL- I, which has been found on the surface of myeloid cells, suggests that

in certain cells the protein may migrate from the GA to the plasma membrane (Steegmaier et aI.,

1995).
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Fragmentation of the GA in amyotrophic lateral sclerosis (ALS)
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Amyotrophic lateral sclerosis (ALS) is an invariably fatal disease; the principal clinical manifesta

tions are progressive weakness and atrophy of skeletal muscles, due to denervation caused by the

progressive degeneration of motor neurons. The majority of ALS cases are sporadic, but, in a sig

nificant number of patients the disease displays patterns offarnilial inheritance (Rowland, 1991).

In patients with sporadic ALS, the immunostained GA of spinal cord motor neurons is dis

persed or fragmented into numerous small isolated elements, which replace the continuous net

work of cisternae that characterizes the normal organelle (Fig. 1) (Mourelatos et aI., 1990;

Gonatas, 1994). The fragmentation of the GA in ALS cannot be dismissed as a common nonspe

cific reaction to injury, since it has not been observed in rat hypoglossal neurons after axonotorny,

,

Figure 1. Fragmentation of the GA of a spinal cord motor neuron from a patient with sporadic amyotrophic lateral
sclerosis. The section was immunostained with an organelle-specific antiserum raised against purified MG160
(Gonatas et aI., 1989; Croul et aI., 1990). To the left, an apparently normal motor neuron contains numerous irre
gular immunostained profiles of the GA. To the right, a motor neuron contains fragmented GA in the form of
numerous small, round and apparently disconnected elements of the organelle. Morphometric studies revealed a
highly significant decrease in the size of the fragmented organelle. (Gonatas et aI., 1992; courtesy Am. J. Parko!.
145: 751-761, 1994.) Magnification x 1,800.
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in an axonopathy induced by p,po-iminodipropionitrile (IDPN), or in cats after deafferentation

(Gonatas, 1994).

Until recently, the etiology and pathogenesis of ALS were poorly understood. However, two

recent discoveries have provided important directions in ALS research. These are: (i) the

discovery that mutations in the Cu,Zn superoxide 1 gene (SODl) are associated with certain cases

offarnilial ALS, and (ii) that transgenic mice expressing the G93A mutation of the human SODl

developed degeneration of motor neurons and symptoms which were virtually identical to the

human disease (Deng et aI., 1993; Rosen et al., 1993; Gurney et aI., 1994). Furthermore, the GA

of spinal cord motor neurons was fragmented in asymptomatic transgenic mice expressing the

G93A mutation of the SODl gene, months before the onset of clinical symptoms usually

occurred. The fragmentation of the GA in these transgenic animals was identical to that found in

humans with sporadic ALS (Figs 2 and 3) (Mourelatos et aI., 1996b). These findings strongly

suggest that, in both the SODl transgenic mice and in sporadic ALS, the GA plays an important

pathogenic role during the early stages of the disease.

In neurons, all proteins destined for fast axoplasmic transport are processed through the GA

(Hammerschlag et al., 1982). A significant decrease in synaptic transmission has been reported in

animals treated with microtubule depolymerizing drugs which disperse the GA (Perisic and

Cuenod, 1972). Therefore, an early injury to the neuronal GA causing its fragmentation might

produce a significant impairment of neuronal function, specifically in axons, synaptic vesicles and

presynaptic membranes which depend on Golgi-derived components of fast axoplasmic trans

port. In that regard it is noteworthy that the accumulation of neurofilaments and the protein

324bp ..
236bjl"

Figure 2. Transgenic mice, carriers for the G93A mutation of the human SOD] gene, were selected by PCR geno
typing. Mice were bought from the Jackson Laboratory (Bar Harbor, ME). DNA, extracted from a segment of
mouse tail, was subjected to PCR using two pairs of oligonucleotide primers amplifying a 324 bp segment of the
endogenous murine interleukin 2 (/L2) gene, and a 236 bp product from exon 4 of the human SOD] gene within
the transgene construct (Gurney et aI., 1994). The SOD mutant displayed both the 324 bp product of the endoge
nous lL2 gene and the 236 bp product of the SOD gene, while the normal mouse (NM) showed only the IL2
product. MT: mutant; WT: wildtype.
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peripherin in axons in patients with ALS was attributed either to reduced axoplasmic transport or

to regenerating axon terminals (Migheli et al., 1993).

It has been suggested that a gain of function of the mutated SOD1 enzyme, rather than a

deficiency of its enzymatic activity, causes the neuronal degeneration and death in familial ALS

cases with mutations of the SOD] gene and in the corresponding transgenic mice (Borchelt et al.,

1995). Therefore, it is important to determine if the mutated SOD1 proteins have affinities with

proteins responsible for the structural integrity and spatial organization of the GA.

The availability of an animal model for ALS, the transgenic mouse which expresses the G93A

and other mutants of the human SOD] gene, will allow an examination of the ultrastructural and

immunocytochemical features of the dispersion or fragmentation of the GA which is not possible

in human tissues obtained at autopsy (Mourelatos et aI., 1996b). Certain features of the "frag

mentation" or dispersion of the neuronal GA in both human sporadic ALS and the mutant mice

deserve brief comment. First, in both ALS and the G93A mutant mice, the ER and nuclear enve

lope were not labelled with the antiserum against MG160, as was the case in cells treated with

3A

Figure 3. Fragmentation of the GA of a spinal cord motor neuron from a 3-month-old asymptomatic transgenic
mouse carrier of the G93A mutation of the human SOD] gene. The mouse was selected by PCR genotyping as
described in Figure 2. The sections were immunostained for the GA with the organelle-specific antiserum against
the MGI60 protein as in Figure 1. A: The GA of two normal motor neurons display the characteristic network of
immunostained irregular profiles. B: The motor neuron at the top of the figure shows fragmentation of the GA. C:
Consecutive section of the neuron in Figure B shows fragmentation of the GA, a thin initial segment of the axon
(arrowhead), identified by the absence of GA, followed by a focal enlargement of the axon (arrow). Similar
changes of proximal neurites have been found in sporadic ALS (Nakano and Hirano, 1987). All photomicrographs
are at an identical magnification of 600 x.
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BFA (Johnston et aI., 1994). Therefore, the mechanism involved in the fragmentation of the GA

in ALS and in SOD] transgenics is not related to the redistribution of Golgi proteins into the ER

seen in cells treated with BFA. Second, the fragmentation of the GA in ALS resembled the

dispersion of the organelle in HeLa cells treated with colchicine and other drugs which depoly

merize microtubu1es (Robbins and Gonatas, 1964b; Turner and Tartakoff, 1989). This similarity

suggests that in ALS and in the SOD] transgenes, the primary event may involve the stability of

the neuronal microtubules or proteins mediating linkages between microtubules and membranes

of the GA. Third, several of the isolated Golgi "ministacks", as well as the vesicular clusters

found in the motor neurons of the G93A transgenic mice, resemble similar configurations of ele

ments of the GA found in cells microinjected with two mutant forms of rab 1a, a GTPase asso

ciated with the vesicular traffic from the endoplasmic reticulum to the GA and with intra-Golgi

trafficking (Fig. 4 and Wilson et aI., 1994). It is therefore tempting to speculate that the mutated

SOD1 protein interferes with the physiological function of rab1a GTPase.

Fragmentation or dispersion of the GA has also been observed in three experimental and one

physiological set of conditions: (i) the phosphatase inhibitor okadaic acid induced fragmentation

Figure 4. Ultrastructural immunocytochemistry for MG160 was performed with the pre-embedding immunoperoxi
dase method in spinal cord sections from transgenic mice carriers of the G93A mutation of SODJ. A: Asympto
matic mouse. MG160 is localized in the medial cisternae of the GA of a motor neuron; arrowhead points to an
axosomatic synapse. B: Fragmentation of the GA in a paralyzed mouse. Immunostained MGI60 is seen in a
shortened cisterna of a disorganized and reduced GA. Compare with Figure 4A. C: Motor neuron from a paralyzed
mouse. Arrowhead shows an aggregate of vesicles resembling those found in cells microinjected with arabi
mutant (Wilson et aI., 1994).



The Golgi apparatus in disease 265

of the GA in interphase Hela cells (Lucocq et aI., 1991); these resembled "Golgi clusters" found

in mitotic Hela cells, as well as in motor neurons of transgenic mice with the G93A mutation of

the human SOD] gene of human familial ALS. (ii) Fragmentation of the GA was observed in

Vero monkey cells and HEp-2 human epidermoid carcinoma cells infected with herpes simplex

virus 1. This coincided with the assembly of virions, the glycosylation of viral proteins, the exocy

tosis of virus, and the huge influx of viral glycoproteins and membranes which probably caused a

disequilibrium between anterograde and retrograde Golgi membrane transports, resulting in the

apparent fragmentation of the organelle (Campadelli et al., 1993). (iii) The GA was fragmented in

the syncytia of L2 murine fibroblasts infected with the coronavirus mouse hepatitis virus, MHV

A59 (Lavi et al., 1996). The formation of syncytia was not obligatory for the fragmentation of the

GA, since the organelle was also dispersed in cells infected with two fusion-deficient mutants of

MHV-A59. Furthermore, experiments with BFA revealed that an intact GA must be present for a

period of 4-16 h postinfection for MHV replication and syncytia formation to occur (Lavi et aI.,

1996). (iv) Earlier ultrastructural and cytochemical studies showed that the GA "disappeared"

during prophase and "reappeared" in late telophase of HeLa cells during mitosis (Robbins and

Gonatas, 1964a).1t was subsequently shown that during mitosis the Golgi stacks are replaced by

clusters of vesicles, which bear considerable resemblance to elements of the "fragmented" GA

seen in the SOD] transgenic mouse (Fig. 3). For a review of the molecular mechanisms involved

in the disassembly and reassembly of the GA during mitosis, see Misteli, 1996, and the chapter

by Rabouille and Warren in this volume. Taken together, these results indicate that different

Table 2. Fragmentation or dispersion of the GA in disease, experimental, or physiological conditions

Disease or other condition

Amyotrophic lateral sclerosis

Transgenic mouse expressing mutant CU,Zn
superoxide dismutase

Alzheimer's disease

Microtubule depolymerizing drugs

Okadaic acid

rab I mutation

Herpes simplex virus I

Coronavirus mouse hepatitis virus (MHV)

Mitosis

Reference

Mourelatos et aI., 1990; Gonatas, 1994

Mourelatos et aI., 1996b

Salehi et aI., 1995; Stieber et aI., 1996

Robbins and Gonatas, 1964b; Turner and Tartakoff, 1989

Lucocq, Warren and Pryde, 1991

Wilson et aI., 1994

Campadelli et aI., 1993

Lavi et aI., 1996

Misteli, 1996; Rabouille and Warren, this volume
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mechanisms produce fragmentation of the GA. The challenge in the next few years will be to

identify which of these or other mechanisms are involved in the fragmentation of the GA in ALS

and in the transgenic animal models of the disease (Tab. 2).

The neuronal GA in Alzheimer's disease

Alzheimer's disease is a devastating dementia which afflicts a large number of individuals

throughout the world. The disease is characterized by progressive loss of learning and memory,

which has been attributed to a severe loss of neurons from several at-risk areas of the brain. The

etiology and pathogenesis of Alzheimer's dementia are unknown. It is widely believed that one or

both of the principal histopathological findings in the disease, the neurofibrillary tangles and the

amyloid-containing senile plaques, are associated with the pathogenesis and/or etiology of

Alzheimer's disease (Kosik, 1994; Selkoe, 1996). The bundles of intermediate filaments within

neurons and their processes are referred to as neurofibrillary tangles, while the deposition in

extracellular spaces of masses of amyloid fibrils which are surrounded by degenerating axons

and dendrites, are referred to as senile plaques (Terry et aI., 1964).

It should be emphasized that both neurofibrillary tangles and senile plaques are found in

normal individuals, albeit in smaller numbers than in patients with Alzheimer's disease.

A possible association between neurofibrillary tangles, amyloid, and the etiology and/or patho

genesis of the dementia may now be investigated in animal models of Alzheimer's disease, which

manifest not only certain histopathological lesions but also the characteristic impairment of learn

ing and memory of the human form of the disease (Hsiao et al., 1996). Among the many ques

tions that still need to be answered is whether indeed the intraneuronal neurofibrillary tangles and

the extracellular amyloid are early events which initiate the neuronal degeneration, or whether

these two histopathological abnormalities represent late and relatively inconsequential features of

the disease.

Notwithstanding the uncertainties as to the cause of Alzheimer's disease, data from independent

studies, using different approaches, have implicated the neuronal GA in the pathogenesis of this

dementia.

A leading hypothesis for the etiology of Alzheimer's disease proposes that neuronal degene

ration and death are caused by the abnormal processing of the amyloid precursor protein (APP),

which results in the accumulation of extracellular aggregates of beta-amyloid peptides (A~) of

approximately 4 kD, a principal component of the amyloid deposits found in the brains of

patients with Alzheimer's disease. The APP protein occurs in different isoforms arising from

alternative splicing of transcripts from a single gene. Two of these isoforms are expressed exclu-
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sively in neurons. The APP protein undergoes extensive post-translational modifications and

displays complex patterns of intracellular trafficking. Most of the full-length APP molecules

remain inserted into internal membranes, particularly in the GA, and relatively few APP molecules

undergo cleavages by putative "secretases". One of the post-translational modifications of APP,

involving the proteolytic cleavage of APP by a putative "p-secretase", gives rise to the Ap

fragments which are toxic to neurons in vitro. The function of the APP protein is unknown, and

mice with both APP alleles deleted develop and reproduce normally (Selkoe, 1996). Three inde

pendent studies have linked the neuronal GA with the processing of APP and the production of

abnormal metabolites.

In the first study, Caporaso et aI. (1994) reported a prominent localization of APP in the

neuronal GA in rat brain sections and in a variety of cultured cell types. Furthermore, combined

morphological-metabolic studies in cells treated with BFA or with the "lysosomotropic" drug

chloroquine showed that APP was concentrated in the GA before it was secreted or transported to

lysosomes for degradation (Caporaso et al., 1994).

The second study implicating the GA in the pathogenesis of the disease resulted from the

discovery of missense mutations in two novel related genes, the S182 gene encoded on chromo

some 14q24.3 and the E5-1 gene encoded on chromosome I, in early-onset familial Alzheimer's

disease (Sherrington et al., 1995; Rogaevet aI., 1995). The S182 and E5-1 genes showed 67%

amino acid sequence similarity, implying similar functions (Kovacs et aI., 1996). It was then

proposed that these two genes probably belonged to a family of genes which were renamed

presenilins; the gene on chromosome 14 was named presenilin 1 (PSI), while the gene on chro

mosome 1 was named presenilin 2 (PS2) (Rogaev et aI., 1995). These two genes are predicted to

encode similar polypeptides with seven transmembrane domains and with the putative glycosyla

tion and most of the phosphorylation sites located on the same membrane face, which also

includes the N-terminal and acidic hydrophilic domains. Following the discovery of these two

mutated genes in early-onset familial Alzheimer's disease, the wild type and mutated gene pro

ducts of PSI and PS2 were localized by immunofluorescence in the endoplasmic reticulum (ER)

and the GA of transfected H4 human neuroglioma cells (Kovacs et aI., 1996). This finding

suggests that the mutated PS1 and PS2 proteins may affect the normal processing of a number of

polypeptides, including APP, as they are transported through the GA. A causal relationship

between a malfunction of the mutated PS 1 and PS2 proteins in the ER-GA and Alzheimer's

disease has not yet been proven. However, the linkage between cases of familial Alzheimer's and

the localization of the mutated PS1 and PS2 proteins into the ER-GA raise the intriguing possibi

lity that a primary malfunction of these two proteins in the ER-GA precedes the nonphysiological

processing of APP, and perhaps of other proteins in affected neurons. Clearly, many important

questions on the structure and function of PS1 and PS2 clearly remain to be answered before the
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molecular mechanisms involved in these subtypes of familial Alzheimer's disease can be

elucidated.

The third study showed that the GA is involved in the production of the 4 kD beta-amyloid

peptide (A~), which is the principal constituent of amyloid deposits in Alzheimer's disease (Thi

nakaran et aI., 1996). The normal human amyloid precursor protein (APP-695), and an APP-695

containing the Swedish double mutation associated with familial early-onset Alzheimer's disease,

were expressed in mouse N2a cells. Cells transfected only with the mutated APP secreted high

levels of A~ peptides, as well as derivatives of soluble APP generated by ~-secretase digestion.

Furthermore, an examination of the rate of the appearance of the specific APP metabolites gener

ated by ~-secretase cleavage was consistent with the "unequivocal" conclusion that the mutated

APP was cleaved by ~-secretase within the GA (Thinakaran et aI., 1996). This study places the

GA at the center stage of processes involved in the generation of the amyloidogenic peptides

which are suspected to be toxic to neurons.

In addition to the above three molecular genetic and cell biological studies implicating the GA in

Alzheimer's disease, two histopathological studies in the hippocampus from patients with Alzhei

mer's disease revealed fragmentation and/or atrophy of the organelle in a population of at-risk

neurons which did not contain the presumed pathognomonic neurofibrillary tangles in their

perikarya (Salehi et aI., 1995; Stieber et aI., 1996). This observation has led to the proposal that

the GA in Alzheimer's disease may be affected by a mechanism not necessarily related to the

accumulation of the abnormal intermediate filaments (Stieber et al., 1996).

The similarity between the fragmented neuronal Golgi in ALS and in Alzheimer's disease, and

the GA during mitosis, has been discussed previously. Since the neurons containing fragmented

Golgi are committed to a post-mitotic state, it is unlikely that "mitotic" mechanisms are respon

sible for the dispersion of the GA observed in these two diseases. Nevertheless, an intriguing

recent observation suggests that "mitotic mechanisms" may be involved in the pathogenesis of

Alzheimer's disease. According to this study, an antibody marker for mitotic phospho-epitopes

reacted strongly with neurofibrillary tangles, neuritic processes and neurons in Alzheimer's

disease but failed to stain neurons in normal human brain (Vincent et aI., 1996). A logical con

clusion from this original and provocative observation is that in Alzheimer's disease neurons may

be undergoing abortive attempts towards regeneration.

In summary, several independent studies have implicated the GA in the pathogenesis of Alzhei

mer's disease. The answers to important questions on the structure and function of the PS 1 and

PS2 proteins, on the molecular linkages between the neuronal GA and the "cytoskeleton", and

on the temporal sequences and mechanisms involved in the generation of abnormal metabolites of

APP and other proteins, will greatly facilitate the understanding of the etiology and pathogenesis

of Alzheimer's disease. The recent information on the GA in Alzheimer's disease suggests that
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the organelle plays unanticipated roles in the pathogenesis of the disease. This deserves greater

attention.

Conclusions

The GA has not yet been associated with as wide a spectrum of diseases as have lysosomes, mito

chondria and peroxisomes. Many of the functions of the organelle are probably indispensable

during development so that their failure is not compatible with survival of the embryo.

In this review we discussed diseases caused by proven defects of the GA, as well as diseases in

which the association between their etiology and/or pathogenesis and a primary failure of a Golgi

function is still unproven. Among the former is the phosphotransferase deficiency in I-cell

disease and in pseudo-Hurler polydystrophy, and the deficiency of phosphatidylinositol 4,5

bisphosphate 5-phosphatase in the oculocerebrorenal syndrome of Lowe. Among the diseases in

which the principal involvement of the GA is suspected but still unproven are cystic fibrosis, auto

somal dominant polycystic kidney disease, amyotrophic lateral sclerosis (ALS) and Alzheimer's

disease.

Clarification of the role the GA plays in the pathogenesis of disease may depend on progress in

advancing our understanding of a number of physiological Golgi functions such as the regulation

of the pH within the GA (cystic fibrosis); the molecules linking the organelle with the "cytoske

leton" (amyotrophic lateral sclerosis, SOD! transgenics, Alzheimer's disease); Golgi "proces

sing" of proteoglycans (polycystic kidney disease) and amyloid precursor protein (Alzheimer's

disease); and the role of the organelle in the biosynthesis and trafficking of lipids (Tangier

Disease and type-C Niemann-Pick disease).

A review of the GA in disease would be incomplete without the recognition that antibodies

against the organelle appear during the course of several autoimmune diseases in the human. The

mechanism for the production of these autoantibodies and their significance in the pathogenesis

of the disease are unknown. However, these autoantibodies have been useful in the identification

and characterization of novel proteins of the organelle.

The challenge for the future is to apply to disease research the rapidly evolving concepts and

techniques derived from studies on the physiological functions of the GA; conversely, studies in

certain diseases may shed new light on unanticipated functions of the GA and its involvement in

pathological states.
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