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SUMMARY

 

The structural integrity of the Golgi complex is essential to its functions in the
maturation, sorting, and transport of plasma membrane proteins. Previously, we demon-
strated that in pancreatic duct CFPAC-1 cells, which express 

 

�

 

F508 CFTR (cystic fibrosis
transmembrane conductance regulator), the intracellular trafficking of carbonic anhydrase
IV (CA IV), a membrane protein involved in HCO

 

3

 

�

 

 secretion, was impaired. To determine
whether these abnormalities were related to changes in the Golgi complex, we examined
the ultrastructure and distribution of Golgi compartments with regard to the microtubule
cytoskeleton in CFPAC-1 cells transfected or not with the wild-type CFTR. Ultrastructural
and immunocytochemical analysis showed that in polarized CFPAC-1 cells, Golgi stacks
were disconnected from one another and scattered throughout the cytoplasm. The colocal-
ization of CA IV with markers of Golgi compartments indicated the ability of stacks to
transfer this enzyme. This Golgi dispersal was associated with abnormal microtubule distri-
bution and multiplicity of the microtubule-organizing centers (MTOCs). In reverted cells,
the normalization of Golgi structure, microtubule distribution, and MTOC number was ob-
served. These observations suggest that the entire biosynthetic/secretory pathway is dis-
rupted in CFPAC-1 cells, which might explain the abnormal intracellular transport of CA IV.
Taken together, these results point to the fact that the expression of 

 

�

 

F508 CFTR affects
the integrity of the secretory pathway.

 

(J Histochem Cytochem 53:1539–1552, 2005)

 

C

 

ystic fibrosis

 

 (CF), the most common lethal inher-
ited disease among Caucasians, is caused by mutations
in the gene encoding the cystic fibrosis transmembrane
conductance regulator (CFTR). CFTR is a cAMP-acti-
vated low-conductance chloride channel localized in
the apical plasma membrane of secretory epithelial
cells (Crawford et al. 1991). The most frequent muta-
tion in the CFTR protein is a deletion of the phenylal-
anine at position 508 (

 

�

 

F508). This mutation belongs
to a class of mutation in which CFTR protein fails to
be properly processed and trafficked to plasma mem-

brane (Cheng et al. 1990; Kartner et al. 1992). 

 

�

 

F508
CFTR is retained in the endoplasmic reticulum–Golgi
intermediate compartment (ERGIC) (Gilbert et al.
1998), then degraded by the ubiquitin–proteasome
pathway (Jensen et al. 1995). The severe reduction or
absence of CFTR in the apical plasma membrane of
epithelial cells impairs several intracellular processes,
including ionic exchange, in particular with enhanced
Na

 

�

 

 absorption (Boucher et al. 1988) and reduced
HCO

 

3

 

�

 

 secretion in the intestine (Pratha et al. 2000)
and pancreas (Kopelman et al. 1988; Smith and Welsh
1992; Lebenthal et al. 1993; Choi et al. 2001). Vari-
ous studies using CF cells have demonstrated changes
in the expression and/or intracellular trafficking of se-
creted or membrane proteins, including MRP8 and
MRP14 (migration inhibitory factor–related proteins)
(Fanjul et al. 1995), the Na

 

�

 

/H

 

�

 

 exchanger (NHE3)
(Ahn et al. 2001), Cl

 

�

 

/HCO

 

3

 

�

 

 exchangers, such as the
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downregulated in adenoma (DRA) or the putative an-
ion transporter (PAT1) (Greeley et al. 2001), and the
carbonic anhydrase IV (CA IV) (Fanjul et al. 2002).
Regarding CA IV, usually transported to plasma mem-
branes via the Golgi complex (Mairal et al. 1996), we
showed a large reduction in its expression in the apical
plasma membrane of human CF pancreatic duct cells
(CFPAC-1 line), suggesting abnormalities in its intra-
cellular trafficking (Fanjul et al. 2002).

The Golgi complex plays an important role in the
maturation, sorting, and transport of newly synthe-
sized secreted lysosomal and plasma membrane pro-
teins. In mammalian cells, this organelle is built up of
stacks of flattened cisternae grouped together in the
pericentrosomal region. Adjacent stacks are connected
to each other by lateral tubules, forming a continuous
ribbon-like structure (Rambourg and Clermont 1990).
Each stack has a polarized structure and may be con-
sidered to be composed of at least three compartments:
the 

 

cis

 

-Golgi network (CGN)/

 

cis

 

-Golgi, the medial-Golgi
cisternae, and the 

 

trans

 

-Golgi/

 

trans

 

-Golgi network
(TGN). The CGN/

 

cis

 

-Golgi, which receives newly syn-
thesized proteins from the ERGIC, is where the first
Golgi-specific glycosylation reactions occur. Each me-
dial-Golgi cisterna contains specific enzymes that se-
quentially act to allow the addition or trimming of
carbohydrate moieties. The 

 

trans

 

-Golgi/TGN ensures
the final glycosylation reactions and the sorting of
proteins to the plasma membrane and lysosomes. The
structural integrity of the Golgi complex is indispens-
able in the accurate sorting and transport of proteins
to their final destination. Thus, during mitosis, the
Golgi complex breaks down into small vesicles and
the protein transport along the secretory pathway is
arrested (Lowe et al. 1998; Thyberg and Moskalewski
1998). Various drugs, such as brefeldin A and okadaic
acid, have a profound effect on the integrity of Golgi
stacks, causing perturbations in protein maturation,
sorting, and trafficking (Fujiwara et al. 1988; Lucocq
et al. 1991; Tamaki and Yamashina 2002). Microtu-
bule-disrupting agents, such as nocodazole, also in-
duce dispersal of Golgi stacks (Rogalski and Singer
1984; Thyberg and Moskalewski 1985; Cole et al.
1996), often leading to a retardation in the transport
of secreted and plasma membrane proteins (Matter et
al. 1990; Robin et al. 1995; Cole et al. 1996).

To determine whether the perturbations of CA IV
traffic observed in CF cells result from changes in the
Golgi complex, we analyzed the structure and distri-
bution of this organelle with regard to the microtubule
network in the pancreatic duct cell line CFPAC-1. We
found a dispersal of Golgi stacks associated with dis-
organization of the microtubule cytoskeleton and an
increase in the number of microtubule-organizing cen-
ters (MTOCs). Moreover, the reversion of CF cells by
the wild-type CFTR led to the restoration of Golgi

complex and microtubule distribution that allowed
the correct trafficking of CA IV.

 

Materials and Methods

 

Cell Lines

 

We conducted this study using the cancerous human pan-
creatic duct cell lines CFPAC-1, CFPAC-PLJ-CFTR6, and
CFPAC-PLJ6. The CFPAC-1 cell line was established from a
hepatic metastasis in a 26-year-old Caucasian male bearing
a pancreatic adenocarcinoma and with CF (homozygote

 

�

 

F508) (Schoumacher et al. 1990). The CFPAC-PLJ-CFTR6
and CFPAC-PLJ6 cell lines correspond to the CFPAC-1 cell
line transfected, respectively, with the PLJ vector containing
the wild-type CFTR and the mock vector (Drumm et al.
1990).

 

Antibodies

 

Tight junctions were visualized using rabbit polyclonal anti-
serum against occludin from Zymed Laboratories (San Fran-
cisco, CA). To visualize membrane compartments, we used
mouse monoclonal antibody against ERGIC-53 protein,
kindly provided by Dr. Hans-Peter Hauri (Department of
Pharmacology, Biocenter of the University Basel, Basel,
Switzerland), mouse monoclonal antibody to 58K protein
(clone 58K-9) from Sigma (St Louis, MO), and mouse mono-
clonal antibody to 

 

�

 

-adaptin (clone 88) from Transduction
Laboratories (Lexington, KY). Anti-

 

�

 

-tubulin (clone DM1A)
and anti-

 

�

 

-tubulin (clone GTU-88) monoclonal antibodies
were purchased from Sigma. The rabbit polyclonal anti-
serum raised against the COOH terminal of human CA IV
has been previously described (Fanjul et al. 2004). FITC-
labeled goat anti-rabbit IgG antibodies and TRICT-labeled
goat anti-mouse IgG antibodies were from Nordic Laborato-
ries (Tilburg, The Netherlands).

 

Cell Culture and Growth Assay

 

The CFPAC-1, CFPAC-PLJ-CFTR6, and CFPAC-PLJ6 cell
lines were maintained in Iscove’s modified Dulbecco’s me-
dium containing 10% fetal calf serum (Gibco BRL; Grand
Island, NY), without antibiotics, except G418 (1 mg/ml)
(Sigma) for the transfected lines (CFPAC-PLJ-CFTR6 and
CFPAC-PLJ6). Cell cultures were maintained by successive
passages using trypsin (0.05%)-EDTA (0.02%) (Gibco BRL)
and were seeded at a concentration of 2 

 

�

 

 10

 

5

 

 cells/ml in
25-cm

 

2

 

 flasks (Nunc; Roskilde, Denmark) and on glass cov-
erslips coated with collagen I prepared from rat tail. Myco-
plasma contamination was checked regularly using cultures
in selective media and PCR (Mycoplasma PCR Primer Set;
Stratagene, La Jolla, CA).

For growth assays, cells were seeded in Petri dishes at
1.7 

 

�

 

 10

 

5

 

 cells/ml. Media was changed daily. Cell prolifera-
tion was measured every day (day 1 to day 7) by counting
cells with a Malassez hemocytometer (Marienfeld Labora-
tory Glassware; Lauda-Koenigshofen, Germany). Mitotic in-
dex was estimated on 4-day-old cultures fixed with Bouin’s
solution (Sigma) and stained with hemalum-eosin. For each
cell line, the mitotic index was calculated on three 1,000-cell
samples from three separate experiments. The percentage of
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multipolar mitoses (number of multipolar mitoses/total num-
ber of cells) was also established.

 

Osmium Impregnation

 

Golgi complexes were visualized by light microscopy after
osmium impregnation. Cells grown for 4 days were rinsed
with phosphate buffered saline (PBS), then fixed in situ (24
hr; 

 

�

 

4C) with Champy’s mixture: osmium tetroxide (1%)-
chromic acid (1%)-potassium dichromate (3%). After sev-
eral rinses with distilled water, cells were treated with 1%
osmium tetroxide for 7 days at 

 

�

 

37C, then dehydrated and
mounted with Depex mounting medium (EMS; Fort Wash-
ington, PA).

 

Transmission Electron Microscopy

 

To determine the ultrastructure of the Golgi complex, cells
were fixed with glutaraldehyde (2.5%)-paraformaldehyde
(2%) in cacodylate buffer (0.1 M; pH 7.2) for 1 hr at 

 

�

 

4C,
postfixed with 1% osmium tetroxide (45 min; 

 

�

 

4C), dehy-
drated, and embedded in epon-araldite resin. Ultra-thin sec-
tions were stained with uranyl acetate and lead citrate, then
observed in a Hitachi H600 electron microscope (Hitachi;
Tokyo, Japan).

 

Staining with Fluorescent Dyes

 

Mitochondria were labeled using the MitoTracker Red
CMXRos probe (Molecular Probes, Inc.; Eugene, OR). Briefly,
4-day-old cultures were incubated with 1 nM MitoTracker
Red CMXRos in culture medium for 1 hr at 37C. Cells were
then washed and fixed with paraformaldehyde (3%; 20 min).
Samples were examined using a confocal laser microscope
(LSM 410; Carl Zeiss, Iena, Germany) with helium laser ex-
citation (543 nm).

 

Immunofluorescence

 

Immunofluorescence reactions were carried out on cells
maintained for 4–6 days on glass coverslips coated with col-
lagen I.

 

Tight Junctions

 

To check the polarized state of CFPAC-1, CFPAC-PLJ-CFTR6,
and CFPAC-PLJ6 cells, tight junctions were revealed using
antibody to occludin. Cells were fixed in a 95% methanol/
5% acetic acid mixture for 10 min at 

 

�

 

20C. After rinsing
and blocking nonspecific antibody binding sites with 1%
bovine serum albumin (BSA) in PBS, cells were incubated
successively with polyclonal rabbit immune serum directed
against occludin (1:50; 1 hr) in PBS:BSA followed by goat
anti-rabbit IgG serum coupled with FITC (1:400; 45 min).

 

Golgi Compartments

 

CFPAC-1, CFPAC-PLJ-CFTR6, and mock cells were fixed
in paraformaldehyde (3%; 20 min; 

 

�

 

4C), then permeabi-
lized in baths with increasing concentrations of alcohol. Af-
ter rinsing and blocking of nonspecific antibody binding
sites in PBS:BSA, cells were incubated overnight at 

 

�

 

4C,
either with the mouse monoclonal antibody to ERGIC-53
(1:800), the mouse monoclonal antibody to 58K protein
(1:50), or the mouse monoclonal antibody to 

 

�

 

-adaptin

(1:50), diluted in PBS:BSA. After rinsing, cells were incu-
bated with TRITC-labeled goat anti-mouse IgG antibodies
(1:100; 45 min). The distribution of Golgi compartments
was also analyzed in cells treated with nocodazole, a micro-
tubule-disrupting agent. Four-day-old cell cultures were
treated for 2 hr with nocodazole (50 

 

�

 

M) dissolved in DMSO,
or with DMSO (5 

 

�

 

l/ml) for controls. After rinsing, they
were fixed, permeabilized, and processed for immunofluo-
rescence staining with antibody to the 58K protein as de-
scribed above.

 

CA IV

 

To detect CA IV in the various membrane compartments,
double-labeling reactions of CA IV/ERGIC-53, CA IV/58K
protein, and CA IV/

 

�

 

-adaptin were performed. Briefly, cells
were fixed in paraformaldehyde (PFA) (3%; 20 min), perme-
abilized in baths with increasing concentrations of alcohol,
and then incubated, first with the rabbit polyclonal CA IV
immune serum (1:100), then with mouse monoclonal anti-
body directed against ERGIC-53 (1:800), 58K protein (1:50)
or 

 

�

 

-adaptin (1:50). The antigen–antibody complexes were
revealed after incubation with anti-rabbit IgG coupled with
FITC (1:200) and with anti-mouse IgG coupled with TRITC
(1:100).

 

Microtubules

 

The microtubule cytoskeleton was visualized using antibody
to 

 

�

 

-tubulin. Cells fixed in PFA (3%, 30 min) and permeabi-
lized in baths with increasing concentrations of alcohol were
incubated with mouse monoclonal anti-

 

�

 

-tubulin antibody
(1:50). The antigen–antibody complexes were revealed after
incubation with anti-mouse IgG coupled with TRITC (1:100).
Some reactions were also performed on cells previously
treated with nocodazole to check for microtubule depoly-
merization.

MTOCs were detected using mouse monoclonal anti-
body to 

 

�

 

-tubulin (1:50) according to the method described
above for the detection of 

 

�

 

-tubulin.

 

Controls

 

The specificity of the immunocytochemical reactions was de-
termined by incubating cells solely with the anti-rabbit IgG
coupled with FITC or anti-mouse IgG coupled with TRITC.

Immunofluorescence samples were mounted in Fluo-
rostab medium (ICN Biomedicals; Aurora, OH) and exam-
ined by confocal microscopy with an argon laser (488 nm)
for FITC excitation and a helium laser (543 nm) for TRITC
excitation. Serial optical sections were collected in the Z axis
at 1-

 

�

 

m intervals.

 

Results

 

Growth of CFPAC-1 and CFPAC-PLJ-CFTR6 Cells

 

CFPAC-1 and CFPAC-PLJ-CFTR6 cells displayed dif-
ferences in their morphology and their growth in cul-
ture. In both lines, confluence was reached by day 5
and dome-like structures were observed. CFPAC-1
cells exhibited heterogeneous morphology. Two types
of cells were observed: (a) epithelial cells (the major-
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ity) with an average diameter of 29 

 

�

 

m; and (b) fibro-
blast-like cells grouped in rows. On average, the latter
measured 57 

 

�

 

m in length and 12 

 

�

 

m in width. In the
CFPAC-PLJ-CFTR6 line, whole cells exhibited epithe-
lial morphology, with a diameter ranging from 10 

 

�

 

m
to 21 

 

�

 

m. For both cell lines, occludin immunoreac-
tivity was seen as a border around the cells in the api-
cal regions (Figures 1a and 1b), confirming the polar-
ized state. CFPAC-1 and CFPAC-PLJ-CFTR6 cells, plated
at a concentration of 1.7 

 

�

 

 10

 

5

 

 cells/ml, both presented
a doubling time of 18 hr. However, cell density on day
7 differs between the two cell lines: 3.4 

 

�

 

 10

 

6

 

 cells/ml
for CFPAC-1 and 6 

 

�

 

 10

 

6

 

 cells/ml for CFPAC-PLJ-
CFTR6 cells. By day 4, the mitotic index was not sig-
nificantly different between CFPAC-1 (4.8%) and
CFPAC-PLJ-CFTR6 (4.6%) cells. The rate of multi-
polar mitosis, producing up to 4 mitotic spindles, was
similar in both CFPAC-1 (0.24%) and CFPAC-PLJ-
CFTR6 (0.29%) cells.

The morphology and growth of the CFPAC-PLJ6
cells were comparable to those observed on the CF-
PAC-1 cells.

 

Distribution of Golgi Complex

 

The different methods used to visualize the Golgi com-
plex showed variations in its distribution and ultra-
structure when compared in CFPAC-1 and CFPAC-
PLJ-CFTR6 cells. In polarized CFPAC-1 cells, osmium
impregnation revealed a large number of Golgi stacks
dispersed throughout the cytoplasm (Figure 2a

 

1

 

). Each
Golgi stack contained chromophilic (Figure 2a

 

2

 

, ar-

row) and chromophobic (Figure 2a

 

2

 

, arrowhead) re-
gions corresponding to the 

 

cis

 

 and 

 

trans

 

 faces, respec-
tively. They often appeared in groups of two or three
(Figure 2a

 

1

 

, arrows). Electron microscopic examina-
tion confirmed this dispersed stack distribution. Fig-
ure 2b shows a polarized CFPAC-1 cell containing
many small Golgi stacks disconnected from one an-
other and scattered throughout the cytoplasm (Figure
2b, arrows). These stacks were unusual in that they
were formed by dilated cisternae, often highly vesicu-
lated (Figure 2c). In polarized CFPAC-PLJ-CFTR6 cells,
Golgi stacks revealed by osmium impregnation were
mostly grouped in the supranuclear cytoplasm (Figure
2d, arrows). Ultrastructural analysis showed a well-
organized Golgi complex composed of large stacks
with flattened cisternae (Figure 2e). Confocal micro-
scopic examination of the immunocytochemical reac-
tions using anti-58K protein antibodies demonstrated
the presence of numerous Golgi stacks dispersed
throughout the cytoplasm in polarized CFPAC-1 cells:
(a) in focal planes passing through the bases of cells,
few Golgi stacks were present (Figure 3a

 

1

 

); (b) in me-
dial planes, a large number of stacks either isolated, or
in small clusters (Figures 3a

 

2

 

 and 3a

 

3

 

, arrows) ap-
peared throughout the cytoplasm; and (c) in supranu-
clear planes, there were very few or none at all (Figure
3a

 

4

 

). In polarized CFPAC-PLJ-CFTR6 cells, the distri-
bution of Golgi stacks was different: they were absent
in the basal cytoplasm (Figure 3b

 

1

 

), few in number in
the medial cytoplasmic regions (Figure 3b

 

2

 

), and nu-
merous and grouped in clusters in the supranuclear

Figure 1 Demonstration of the polar-
ized state of CFPAC-1 (a) and CFPAC-PLJ-
CFTR6 (b) cells by revealing the tight
junction using anti-occludin antibodies.
Focal planes passing through the apical
regions of cells show the presence of an
occludin-immunoreactive border around
all the cells. Bars: a � 20 �m; b �10 �m.

 

Figure 2

 

Characteristics of the Golgi complex in CFPAC-1 (

 

a–c

 

) and CFPAC-PLJ-CFTR6 (

 

d,e

 

) cells. (

 

a

 

1

 

) Dispersal of the Golgi complex revealed
by osmium impregnation. The arrows indicate the presence of associations between different Golgi stacks. Bar 

 

�

 

 5 

 

�

 

m. (

 

a

 

2

 

) High magnifica-
tion showing the chromophilic (arrow) and chromophobic (arrowhead) faces of a Golgi stack revealed by osmium impregnation. Bar 

 

�

 

 1

 

�

 

m. (

 

b

 

) Electron microscopic image showing the presence of numerous Golgi stacks, scattered in the perinuclear cytoplasm (arrows). Mi, mi-
tochondria. Bar 

 

�

 

 300 nm. (

 

c

 

) Detail of the structure of a Golgi stack (G). Note the strong dilation and vesiculation of Golgi cisternae. Bar 

 

�

 

100 nm. (

 

d

 

) Golgi stacks grouped in the supranuclear regions (arrows) and revealed by osmium impregnation. Bar � 5 �m. (e) Detail of
Golgi stacks (G) with numerous flattened cisternae. Bar � 300 nm.
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regions (Figures 3b3 and 3b4, arrows). We determined
the number of cells presenting dispersed, partially dis-
persed, or clustered Golgi stacks using immunofluo-
rescence images of different planes taken along the en-
tire height of cells. For each cell line, we carried out
counts of more than 200 cells per preparation (n�5).
Statistical analyses of these data were performed using
the non-parametric Mann-Whitney test. In the CF-
PAC-1 line, 90.1 	 1.5% of the cells exhibited a dis-
persed and 4.1 	 0.6% a clustered Golgi complex vs
12.4 	 2.5% and 73.5 	 4.1% in the CFPAC-PLJ-
CFTR6 cell line (p
0.0001). A partially dispersed
Golgi complex was observed in 5.7 	 1.1% of CF-
PAC-1 cells and 14 	 3% of CFPAC-PLJ-CFTR6
cells.

Our investigation of the Golgi complex was com-
plemented by determining the distribution of the
ERGIC and TGN. In polarized CFPAC-1 cells,
ERGIC-53 and �-adaptin immunoreactivity had the
same distribution as that for 58K protein. Figures 4a
and 4b show the dispersal in the perinuclear cyto-
plasm of the ERGIC and TGN, respectively. In polar-
ized CFPAC-PLJ-CFTR6 cells, these compartments were
clustered in a perinuclear or supranuclear cytoplasmic
region (Figures 4c and 4d, arrows).

We used double labeling to localize CA IV in the
different Golgi compartments. A dispersal of CA IV
immunoreactivity (Figure 5a) similar to that for 58K

protein (Figure 5b) was observed in polarized CFPAC-1
cells. Superimposing these two images showed that
CA IV was clearly localized at the Golgi complex (Fig-
ure 5c). In polarized CFPAC-PLJ-CFTR6 cells, double
labeling for CA IV (Figure 5d) and 58K protein (Fig-
ure 5e) indicated their colocalization in the supra-
nuclear cytoplasm (Figure 5f). We also observed the
colocalization of CA IV with ERGIC-53 and �-adap-
tin in the two cell lines.

In CFPAC-PLJ6 cells, we obtained results identical
to those for CFPAC-1 cells.

Microtubules and the Golgi Complex

Confocal microscopic examination of �-tubulin immu-
noreactivity showed differences in the distribution of
microtubules between CFPAC-1 and CFPAC-PLJ-
CFTR6 cells. In polarized CFPAC-1 cells, focal planes
passing through the basal and medial cytoplasms dis-
played a network of dispersed microtubules that ex-
tended from the perinuclear regions to the periphery
of cells (Figure 6a1). In polarized CFPAC-PLJ-CFTR6
cells, focal planes passing through the medial cyto-
plasms showed �-tubulin immunoreactivity located
along lateral plasma membranes (Figure 6b1). In su-
pranuclear cytoplasms of CFPAC-1 cells, �-tubulin
immunoreactivity appeared as a network of dispersed
filaments radiating from different focal points (Figure
6a2), whereas in CFPAC-PLJ-CFTR6 cells it appeared

Figure 3 Distribution of the Golgi complex in polarized CFPAC-1 and CFPAC-PLJ-CFTR6 cells. Immunofluorescence using anti-58K protein
antibody. (a1–a4) Focal series (2–8 �m from the base of the cells) showing the distribution of Golgi elements throughout the entire height of
CFPAC-1 cells. Note the larger number and their scattering in the medial cytoplasm (planes, 4–6 �m). (b1–b4) Focal series (2–8 �m from the
base of the cells) showing Golgi elements mainly clustered in a perinuclear or supranuclear region (planes, 6–8 �m, arrows) in CFPAC-PLJ-
CFTR6 cells. Bars � 20 �m.
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in the form of a dense, tangled, filamentous network
(Figure 6b2). The addition of nocodazole to CFPAC-1
and CFPAC-PLJ-CFTR6 cell cultures resulted in com-
plete microtubule depolymerization. The detection of
the Golgi complex with anti-58K protein antibody re-
vealed in CFPAC-1 cells treated with nocodazole a
larger dispersal of Golgi elements (Figures 7a1 and
7a2) than in control cells, in which the Golgi elements
often appeared in small clusters (Figures 7b1 and 7b2,
arrows). The treatment of polarized CFPAC-PLJ-
CFTR6 cells with nocodazole led to a dispersal of the
Golgi complex (Figures 7c1 and 7c2) comparable to
that obtained in treated CFPAC-1 cells. In untreated
CFPAC-PLJ-CFTR6 cells, Golgi components were
clustered in the supranuclear cytoplasm (Figures 7d1

and 7d2, arrows).
To complete the analysis of microtubule cytoskele-

ton in CFPAC-1 and reverted cells, MTOCs were de-
tected using anti-�-tubulin antibody (Figure 8). In
both cell lines, we observed �-tubulin immunoreactiv-
ity in the form of spots corresponding to MTOCs.
Their number was higher in the CFPAC-1 cells than in
the CFPAC-PLJ-CFTR6 cells. Superimposition of the
images of �-tubulin immunoreactivity in CFPAC-1
(Figure 8a1) and CFPAC-PLJ-CFTR6 (Figure 8b1) cells

onto those of the same fields observed by interference
microscopy (Figures 8a2 and 8b2) enabled the quanti-
fication of MTOCs per cell. Examination of images
from X-Y and X-Z optical sections demonstrated:
(a) several MTOCs per cell and their distribution
throughout the cytoplasm in the CFPAC-1 line (Fig-
ures 8a1–8a3); and (b) the presence of only one MTOC
per cell localized near the nucleus in polarized
CFPAC-PLJ-CFTR6 cells (Figures 8b1–8b3). We de-
termined the percentage of cells with more than three
MTOCs from images of different planes taken along
the entire height of the cells. For each cell line, more
than 200 cells per preparation (n�3) were counted. In
the CFPAC-PLJ-CFTR6 line, �12.5 	 3.1% of the
cells contained between 3 and 8 MTOCs, whereas in the
CFPAC-1 line, 63.1 	 12.4% of the cells contained an
abnormally elevated number of MTOCs (between 3
and 107 MTOCs per cell).

Distribution of Mitochondria

To investigate whether the distribution of other or-
ganelles was disrupted in CFPAC-1 cells, mitochon-
dria were visualized using a specific fluorescent probe.
Examination showed that the mitochondria in CFPAC-1
cells are distributed throughout the cytoplasm, with a

Figure 4 Distribution of the endoplas-
mic reticulum–Golgi intermediate com-
partment (ERGIC) (a,c) and trans-Golgi
network (TGN) (b,d) in CFPAC-1 (a,b) and
CFPAC-PLJ-CFTR6 (c,d) cells. Immunofluo-
rescence using anti-ERGIC-53 (a,c) and
anti-�-adaptin (b,d) antibody. The ERGIC
and TGN appeared dispersed throughout
all the cytoplasm of CFPAC-1 cells (a,b),
whereas they were clustered in supranu-
clear regions in CFPAC-PLJ-CFTR6 cells
(c,d, arrows). Bars: a,c � 20 �m; b,d �
10 �m.
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higher density around the nucleus (Figure 9a). In con-
trast, in reverted cells, they are clustered in a single
perinuclear or supranuclear area (Figure 9b, arrows)
and are relatively sparse elsewhere in the cytoplasm.

Discussion
In this study, we show a dispersal of the Golgi com-
plex associated with changes in the distribution of mi-
crotubules and an increase in the number of MTOCs
in CF pancreatic duct cells, causing perturbations in
the classic biosynthetic/secretory pathway.

The human CF pancreatic duct cells of the CFPAC-1
line have been described as polarized cells (Schou-
macher et al. 1990; Fanjul et al. 2002) in which �F508
CFTR is not targeted to the plasma membrane (Demo-
lombe et al. 1994; Bannykh et al. 2000; Fanjul et al.
2002). In a recent study, we demonstrated perturba-
tions in the intracellular trafficking of CA IV in
CFPAC-1 cells (Fanjul et al. 2002). CA IV is thought
to play a role in the pancreatic HCO3

� secretion (Mahieu
et al. 1994; Ishiguro et al. 1996; Fanjul et al. 2004), a
mechanism impaired in CF (Kopelman et al. 1988;

Smith and Welsh 1992; Lebenthal et al. 1993; Choi et
al. 2001). CA IV is localized in the luminal membrane
of normal human pancreatic duct cells (Fanjul et al.
2004) and is trafficked via the Golgi complex (Mairal
et al. 1996). Generally, the intracellular trafficking of
plasma membrane proteins involves spatial organiza-
tion and continuity of rough endoplasmic reticulum,
ERGIC, and Golgi compartments. In the first part of
this work, we analyzed the integrity of the biosyn-
thetic/secretory pathway in polarized CFPAC-1 cells
and in the same cells transfected with the wild-type
CFTR. Our different analyses demonstrated the dis-
persal of the Golgi complex associated with dilation
and vesiculation of cisternae in CFPAC-1 cells. Struc-
tural changes of the Golgi complex have previously
been described under various physiological, pathologi-
cal, and experimental conditions. This is most notably
the case in cells undergoing mitosis, in which Golgi
stacks are broken down into tubulovesicular clusters
(Lowe et al. 1998; Thyberg and Moskalewski 1998).
In CFPAC-1 cells, the dispersal of Golgi elements does
not concern exclusively cells undergoing mitosis, given
that the mitotic index did not surpass 5%, whereas

Figure 5 Demonstration of CA IV in the Golgi complex of CFPAC-1 (a–c) and CFPAC-PLJ-CFTR6 (d–f) cells. CA IV/58K protein double label-
ing. (a,d) CA IV immunoreactivity. (b,e) 58K protein immunoreactivity. (c,f) Superimposition of 58K protein and CA IV immunoreactivity,
showing their colocalization. Bars � 10 �m.
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�90% of the cells displayed changes in Golgi complex
distribution. Moreover, contrary to what occurs in
mitotic cells, the integrity of Golgi stacks in CFPAC-1
cells was maintained, as demonstrated by electron mi-
croscopy. These structural changes with preservation
of the Golgi stacks are similar to those described in
human cells subjected to intracellular pH changes,
such as those in colorectal cancer (Kellokumpu et al.
2002) or hepatoma (Yoshida et al. 1999). Further

experiments are nevertheless necessary to establish
whether disorganization of the Golgi complex in CF
cells—in which changes in intracellular pH have been
observed (Barasch et al. 1991; Elgavish 1991; Coakley
et al. 2000)—are actually due to alterations in intra-
cellular pH.

The structural integrity and positioning of the
Golgi apparatus are dependent on the microtubule cy-
toskeleton (Thyberg and Moskalewski 1993,1999;

Figure 6 Distribution of microtubules in CFPAC-1 (a1,a2) and CFPAC-PLJ-CFTR6 (b1,b2) cells. (a1,a2) Focal planes showing the dispersion of
microtubules throughout medial (plane, 4 �m) and supranuclear (plane, 6 �m) cytoplasms of CFPAC-1 cells. Bar � 20 �m. (b1,b2) Focal
planes showing the presence of microtubules along the lateral membranes (plane, 4 �m) and their clustering in supranuclear cytoplasms
(plane, 6 �m) of CFPAC-PLJ-CFTR6 cells. Bar � 20 �m.
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Marsh et al. 2001). The distribution of Golgi stacks
throughout the cytoplasm of CFPAC-1 cells could re-
sult from either a dysfunction in their attachment to
microtubules or a change in microtubule distribution.
With regard to the first possibility, the greater dis-
persal and fragmentation of Golgi elements observed
in the CFPAC-1 cells treated with nocodazole is an ar-
gument in favor of their attachment to microtubules.
However, this interpretation will require further ex-
perimental investigation. Regarding the second possi-
bility, we demonstrated by immuncytochemistry an
unusual distribution of the microtubule network in
CFPAC-1 cells compared with reverted cells. Although
in the reverted cells, microtubules extended from a su-
pranuclear region corresponding to the centrosomal
region and were also localized along the apico-basal
axis, in �F508 CFPAC-1 cells, microtubules displayed
a disorderly distribution and appeared to radiate from
different focal points, distributed in a seemingly ran-
dom fashion. This distinctive microtubule distribution
suggested the existence of several nucleation sites. To
test this hypothesis, we detected MTOCs using anti-
bodies directed against �-tubulin. Although most cells
in the reverted line contained one or two MTOCs,
63% of the CFPAC-1 cells exhibited an abnormally
large number of MTOCs, suggesting the presence of
supernumerary centrosomes. A multiplicity of cen-
trosomes often appears in cancerous cells and is asso-
ciated with multipolar mitoses (Sato et al. 2001; Gis-
selsson et al. 2002). In the present study, the number
of multipolar mitoses in CFPAC-1 cells was not signif-
icantly different from that in the reverted cells and
cannot, therefore, explain the abnormally elevated
number of MTOCs. The causes of the multiplicity of
MTOCs in CFPAC-1 cells and their nature, whether
they are centrosomes or other types of MTOCs, like
those described in polarized epithelial cells (Meads
and Schroer 1995), remain to be determined. A variety
of data, however, suggesting that the Golgi complex
plays a role in nucleation and the attachment of micro-
tubules, could shed light on these two points (Chabin-
Brion et al. 2001). These authors demonstrated the
association of a cytosolic fraction of �-tubulin with
Golgi membranes and their capacity to nucleate mi-
crotubules. In CFPAC-1 cells, the numerous MTOCs
could correspond to non-centrosomal nucleation sites
of microtubules associated with Golgi stacks. In this

case, the dispersal of the Golgi complex would be re-
sponsible for the large number of MTOCs and, conse-
quently, the unusual distribution of the microtubule
network.

The distinct distribution of mitochondria seen in
CFPAC-1 cells compared with that in reverted cells
may be related to disorganization of the microtubular
cytoskeleton. It is known that microtubules are in-
volved in mitochondrial distribution (Yaffe 1999)
and, in addition, the fact that their distribution is sim-
ilar to that of the Golgi complex in CFPAC-1 and CF-
PAC-PLJ-CFTR6 cells leads to the idea that they might
be localized around the Golgi stacks. There, they
would provide the energy needed for synthesis and se-
cretion, as suggested recently by Dolman et al. (2005)
in the case of acinar cells.

The structural integrity of the Golgi complex is es-
sential to its physiological functions with regard to
maturation and transport of proteins. Perturbations in
intracellular trafficking and sorting of proteins were
observed in rat parotid acinar cells in which the struc-
ture of the Golgi complex was disrupted by brefeldin
A and okadaic acid (Tamaki and Yamashina 2002). In
a similar way, the fragmentation of the Golgi complex
induced by microtubule-depolymerizing drugs is cor-
related with a drastic retardation in the transport of
membrane and secreted proteins (Matter et al. 1990;
Robin et al. 1995; Cole et al. 1996). Furthermore,
Graves et al. (2001) demonstrated that expression of
misfolded mutated growth hormone (mutation �32-
71) causes fragmentation of the Golgi apparatus and
interferes with the trafficking of other non-mutant
proteins. In the case of CFPAC-1 cells, the distur-
bances in the intracellular trafficking of CA IV to the
apical plasma membrane are probably due to disorga-
nization of the Golgi complex. The presence of CA IV
in ERGIC, Golgi cisternae, and TGN pointed to the
ability of Golgi stacks to transfer this protein despite
their scattering. On the other hand, their dispersal, as-
sociated with that of microtubules, probably perturbs
the formation and trafficking of transport vesicles car-
rying CA IV from the TGN toward the apical plasma
membrane. It is unlikely that CA IV would be the only
protein whose trafficking is perturbed. Dispersal of
Golgi components would lead to disruption of the
transport of other membrane or secretory proteins in
CF cells, as has already been documented for MRP8

Figure 7 Effect of nocodazole on the distribution of Golgi complex revealed with anti-58K antibody in CFPAC-1 and CFPAC-PLJ-CFTR6 cells.
(a1,a2,b1,b2) Distribution of the Golgi complex in nocodazole-treated (a1,a2) or untreated (b1,b2) CFPAC-1 cells. Note the homogeneous dis-
tribution of Golgi elements in the perinuclear cytoplasm observed from X-Y (a1) and X-Z (a2) optical sections. In untreated cells, observe the
presence of some associations between Golgi elements in the perinuclear cytoplasms (b1,b2, arrows). Bars: � 10 �m. (c1,c2,d1,d2) Distribution
of the Golgi complex in nocodazole-treated (c1,c2) or untreated (d1,d2) CFPAC-PLJ-CFTR6 cells. Note: (a) the homogeneous distribution of
Golgi elements throughout the cytoplasm of the treated cells observed from X-Y (c1) and X-Z (c2) optical sections; and (b) the clustering of
Golgi stacks (arrows) in the supranuclear cytoplasm of untreated cells from X-Y (d1) and X-Z (d2) sections. Bars � 10 �m.
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Figure 8 Microtubule-organizing centers (MTOCs) revealed with anti-�-tubulin antibody in CFPAC-1 cells (a1–a3) compared with CFPAC-PLJ-
CFTR6 (b1–b3) cells. (a1–a3) Immunofluorescence reaction revealing numerous MTOCs per cell in the CFPAC-1 line, as shown: (a) by the super-
imposition of the fluorescence image (a1) on that of the same field taken by interference microscopy (a2); (b) in X-Z optical section (a3). Bars �
5 �m. (b1–b3) Immunofluorescence reaction revealing one MTOC per cell in the CFPAC-PLJ-CFTR6 line, as shown: (a) by the superimposition
of the fluorescence image (b1) on that of the same field taken by interference microscopy (b2); and (b) in X-Z optical section (b3). Note the
presence of 2 centrosomes in a mitotic cell (b1,b2,arrows). N, nucleus. Bars � 5 �m.
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and MRP14 (migration inhibitory factor-related pro-
teins) in CFPAC-1 cells (Fanjul et al. 1995). Perturba-
tion of the secretory pathway could also explain why
NHE3 expression is reduced in the luminal membrane
of pancreatic duct cells from homozygote �F508
CFTR mice, as reported by Ahn et al. (2001). The fact
that in reverted cells, both the Golgi complex and mi-
crotubules have a distribution consistent with that
usually observed in polarized epithelial cells suggests
the importance of CFTR in maintaining the integrity
of the biosynthetic/secretory pathway. The molecular
mechanism through which CFTR acts remains, none-
theless, to be determined.

Taken together, our results suggest that the distur-
bances in CA IV trafficking causing abnormalities in
the pancreatic HCO3

� secretion in CF could result
from the disorganization of the microtubule network
associated with the dispersal of the Golgi complex.
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