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Plasma membrane resealing is a Ca?*-dependent process that
involves the exocytosis of intracellular vesicles next to the wound
site. Recent studies revealed that conventional lysosomes behave
as Ca2*-regulated secretory compartments and play a central role
in membrane resealing. These findings raised the possibility that
the complex pathology of lysosomal diseases might also include
defects in plasma membrane repair. Here, we investigated the
capacity for lysosomal exocytosis and membrane resealing of
fibroblasts derived from Chediak-Higashi syndrome (CHS) pa-
tients, or from beige-J mice. By using a sensitive electroporation/
fluorescence-activated cell sorter-based assay, we show that lyso-
somal exocytosis triggered by membrane wounding is impaired in
both human Chediak-Higashi and mouse beige-J fibroblasts. Ly-
sosomal exocytosis increased when the normal size of lysosomes
was restored in beige-J cells by expression of the CHS/Beige
protein. A similar effect was seen when the lysosomal enlargement
in beige-J cells was reversed by treatment with E64d. In addition,
the survival of Chediak-Higashi and beige-J fibroblasts after
wounding was reduced, indicating that impaired lysosomal exo-
cytosis inhibits membrane resealing in these mutant cells. Thus, the
severe symptoms exhibited by CHS patients may also include
defects in the ability of cells to repair plasma membrane lesions.
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he Chediak-Higashi syndrome (CHS) is an autosomal, re-

cessive disorder of humans that is caused by mutations in
CHS, a cytosolic protein of ~430 kDa. The same gene is
responsible for the mouse beige-J/ mutation. Cells from CHS
patients and beige-J mice contain abnormally large lysosomes,
melanosomes, and lysosome-related secretory granules (1, 2).
Although the function of the CHS/Beige protein is still poorly
understood, its expression in beige-J cells restores normal lyso-
somal morphology (3). CHS symptoms are very severe, with high
lethality resulting from infections or from a lymphocytic infil-
trate known as the accelerated phase. The accelerated phase has
been linked to defects in cytotoxic lymphocyte function (4, 5)
because it can be alleviated by replacement of the hematopoietic
system through bone marrow transplantation (6). However,
patients who have undergone transplantation show a progressive
neuropathy (7), indicating that the pathology of this disease is
complex, and may result from dysfunction in many different cell
types.

Recently, it became apparent that Ca?*-regulated exocytosis
is not an exclusive property of the specialized secretory
lysosomes of hematopoietic cells (8). Conventional lysosomes
in many cells types respond to elevations in cytosolic Ca?* by
fusing with the plasma membrane (9), in a process mediated by
specific soluble N-ethylmaleimide-sensitive factor attachment
protein receptor proteins (10), and regulated by the Ca?*-
binding protein synaptotagmin VII (11, 12). Modulation of
synaptotagmin VII function through dominant-negative or
gene knock-out approaches revealed a role for lysosomal
exocytosis in the repair of plasma membrane lesions (12, 13).
Given that most cells from CHS patients and beige-J mice have
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enlarged lysosomes (2), these findings suggested that lyso-
some-mediated plasma membrane repair might also be com-
promised in cells carrying this mutation. In this study, we
present evidence in support of this view by demonstrating that
lysosomal exocytosis and survival after wounding are impaired
in CHS and beige-J fibroblasts.

Materials and Methods

Cells. Fibroblasts from clinically normal (GM08148) or CHS
syndrome (GM02075A) human patients were obtained from the
NIGMS Human Genetic Cell Repository (Bethesda) and used at
passages 23 (GMO08148) and 22 (GMO02075A). Fibroblasts from
beige-J mice complemented with a yeast artificial chromosome
(YAC) carrying the Beige gene (YAC-bg'/bg’/Big24) or not
carrying the Beige gene (bg'/bg’/MCHS) were generated in
J.K’s laboratory at the University of Utah (14).

Immunofluorescence. Immunofluorescence with mAbs against
rat (LY1C6, provided by I. Mellman, Yale University, New
Haven, CT), human (H4A3), or mouse (Protein Data Bank ID
code 1D4B) lysosomal-associated membrane protein 1
(Lamp1l) (Developmental Studies Hybridoma Bank, Univer-
sity of Iowa, Iowa City) was performed as described for
attached cells (13). Electroporated cells in suspension were
incubated on ice for 30 min with anti-Lampl mAbs, washed
with ice-cold PBS, fixed in 2% paraformaldehyde, stained with
Alexa Fluor 488 secondary Abs (Molecular Probes) and
4’ 6-diamidino-2-phenylindole (Sigma), and viewed with a
Zeiss Axiovert 135 microscope equipped with a Hamamatsu
Orca II camera controlled by METAMORPH software (Universal
Imaging, Downingtown, PA).

Wounding by Electroporation, Surface Staining for Lamp1, and Flow
Cytometry. Monolayers were trypsinized and resuspended in
Hanks’ balanced salt solution containing 2% FBS and 10 mM
Hepes, pH 7.0, at 10° cells per ml. Four hundred microliters of
this cell suspension was added to an 0.2-cm electrode gene pulser
cuvette (Bio-Rad), subjected to electroporation at 200 V and
variable levels of capacitance, and incubated for 1 min at 37°C.
Cells were then washed with cold PBS, incubated with 100 wl
anti-Lamp1 hybridoma supernatant on ice for 30 min, washed,
fixed, quenched with PBS containing 10 mM NH4CI and 10
mg/ml BSA, and stained with Alexa Fluor 488 secondary Abs.
Flow cytometry on at least 10,000 cells per sample was per-
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formed with a FACS (FACSCalibur, Becton Dickinson) and
data were analyzed by using CELLQUEST software (Becton Dick-
inson). Windows were drawn on plots encompassing the region
outside of the background fluorescence, which was determined
by incubation with the secondary Ab alone. The total Lampl
content of cells was measured in the same manner after perme-
abilization with 0.1% saponin.

Cell Viability Assays. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) reduction: Immediately after elec-
troporation, cell suspensions were resuspended in DMEM con-
taining 10% FBS, plated in serial dilutions into 96-well tissue
culture dishes (100 ul per well), incubated for 12 h at 37°C in a
humidified 5% CO, incubator, followed by medium replacement
by100 ul of phenol red-free DMEM containing 10% FBS, and
10 pl of 12 mM MTT (Sigma). After 4 h at 37°C, 100 ul of 10%
SDS/10 mM HCI was added to each well, plates were incubated
overnight at 37°C, and the concentration of MTT reduced to
formazan was determined colorimetrically at 570 nM (15).
[3*S]Methionine incorporation: 12 h after electroporation and
replating, cells were incubated with 100 wCi/ml (1 Ci = 37 GBq)
[**S]methionine (ICN) in methionine-free DMEM and 10%
dialyzed FBS for 1 h. After precipitation with 10% trichloro-
acetic acid, the cell-associated radioactivity was measured in a
scintillation counter (Beckman). For assessment of viability
by direct microscopic counting, electroporated cell suspen-
sions were cultured for 12 h, trypsinized, and counted in a
hemocytometer.

Results

Exocytosis of Lysosomes Is Proportional to the Degree of Membrane
Injury. Ca?" influx through mechanically induced lesions on the
plasma membrane of fibroblasts triggers a resealing response
that involves the exocytosis of lysosomes (12, 13). It was not
previously determined, however, whether lysosomal exocytosis
was proportional to the degree of cell injury. Thus, to more
quantitatively assess the membrane repair capacity of CHS/
Beige cells, we first sought to develop an assay that would allow
us to quantify injury induced lysosomal exocytosis in a dose-
dependent fashion.

Several studies showed that hydrophilic pores large enough to
allow the entry of macromolecules can be generated in the
plasma membrane of mammalian cells by externally applied
electric fields. This method is widely used to introduce DNA or
protein into cells, a process that depends on the capacity of
mammalian cells to reseal their plasma membrane after elec-
troporation (16, 17). Increases in capacitance, which lengthens
the electric pulse duration, increases pore formation and mem-
brane disruption (18). This ability to modulate the degree of
membrane permeabilization provided us with a tool to deter-
mine directly whether the lysosomal exocytic response corre-
sponded to the amount of membrane damage. This methodology
was initially tested by using normal rat kidney epithelial (NRK)
cells, a cell line with a well characterized lysosomal secretory
response to injury and Ca?* influx (9, 13). Cells were electro-
porated under conditions of increasing capacitance, and lysoso-
mal exocytosis was immediately assayed by detection of a luminal
epitope of the abundant lysosomal glycoprotein Lamp1 on the
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Fig.1. Electroporation-mediated wounding triggers dose-dependent lysosomal exocytosis and cell resealing. (A) Immunofluorescence of Lamp1 on the surface
of NRK cells after electroporation at increasing capacitance. Anti-Lamp1 mAb is green and 4',6-diamidino-2-phenylindole DNA stain is blue. (B) Quantification
of surface Lamp1 in electroporated NRK cells by FACS. Red indicates background fluorescence and green indicates the amounts of surface-exposed Lamp1. FL1-H,
fluorescence intensity; FSC-H, forward scatter. (C) Viable NRK cells 12 h after electroporation at increasing capacitance levels were detected by using a MTT
reduction colorimetric assay. The data correspond to the mean and SD of triplicate samples.
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CHS fibroblasts show reduced lysosomal exocytosis after wounding. (A) Immunofluorescence of normal human fibroblasts (WT) or CHS patient

fibroblasts (CHS) with anti-Lamp1 mAbs. Enlarged lysosomes in the perinuclear area are evident in CHS cells. (B) Quantification of surface Lamp1in electroporated
WT or CHS fibroblasts by FACS. Red indicates background fluorescence and green indicates the amounts of surface-exposed Lamp1 triggered by increasing

capacitance. FL1-H, fluorescence intensity; FSC-H, forward scatter.

cell surface (9, 13). Analysis by fluorescence microscopy re-
vealed a gradual increase in surface-exposed Lampl, propor-
tional to the duration of the electric pulse applied to the cells.
The surface fluorescence pattern was punctate, similar to what
was previously observed in cells wounded by scraping (13) (Fig.
1A4). This surface-staining pattern was clearly different from the
pattern detected when NRK cells are permeabilized to reveal
intracellular Lamp1 (10). Quantification of Lamp1 exposed on
the cell surface by flow cytometry revealed a positive signal on
only ~3% of nonelectroporated cells (Fig. 1B). In contrast, when
cells were electroporated at 200, 400, and 500 wF, Lampl was
detected on the surface of 18%, 47%, and 60% of the cells,
respectively (Fig. 1B). Thus, this assay allowed us to demonstrate
for the first time, to our knowledge, that there is a direct
correlation between the degree of membrane damage and the
amount of lysosomal exocytosis.

The ability of cells to reseal their plasma membrane was
assessed by determining the number of viable cells 12 h after
electroporation. Under the more stringent electric field intensity
condition (500 uF), there was a small loss in the viability of NRK
cells (of =~24%), whereas under all other conditions, the majority
of the cells survived the wounding procedure (Fig. 1C). These
results show that electroporation induces plasma membrane
lesions in NRK cells, and that these lesions, similar to what was
shown previously for mechanical wounds (13), trigger lysosomal
exocytosis as a resealing mechanism.

Lysosomal Exocytosis Induced by Membrane Injury Is Reduced in
Fibroblasts from CHS Patients. Taking advantage of the dose-
dependent wounding assay described above, we investigated
whether the enlarged lysosomes of cells from Chediak—Higashi
patients (19) were capable of a normal exocytic response in
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response to membrane injury. Control (WT) and CHS primary
fibroblasts showed the expected lysosomal morphology after
immunofluorescence with anti-Lampl: normal for WT, and
markedly enlarged for CHS (Fig. 24). The fibroblasts were
subjected or not subjected to electroporation, and lysosomal
exocytosis was assessed by FACS detection of surface-exposed
Lampl. In nonelectroporated cells, only ~4-6% of both cell
types showed detectable surface Lampl (Fig. 2B, 0 uF). After
electroporation at 200 uF, ~42% of WT cells became positive
for surface Lampl. In contrast, under this condition, only 25%
of CHS fibroblasts showed detectable surface Lampl (Fig. 2B,
200 wF). When the capacitance was increased to 500 uF, 58% of
WT fibroblasts exposed Lampl on the surface, in contrast to
40% of CHS fibroblasts under the same conditions (Fig. 2B, 500
wF). Thus, lysosomal exocytosis in response to identical wound-
ing conditions appeared to be reduced by 30-40% in CHS
fibroblasts, when compared with normal cells.

Lysosomal Exocytosis Induced by Membrane Injury Is Reduced in
Fibroblasts from beige-J Mice. To be able to further investigate the
apparent defect in lysosomal exocytosis of cells lacking the
CHS/Beige protein in a homogeneous genetic background, we
examined fibroblast cell lines derived from beige-J mice. Previous
studies (20) showed that complementation with a YAC contain-
ing the full-length Beige gene restored the normal morphology
of lysosomes in beige-J fibroblasts. Immunofluorescence with
mAbs to Lampl confirmed that the size of lysosomes was
reduced in beige-J fibroblasts carrying the YAC (Fig. 34). In
nonelectroporated cells, only 3-6% of the cells had detectable
surface Lamp1 fluorescence on the cell surface (Fig. 3 B and C,
0 uF). After electroporation at 200 uF, 21% of the comple-
mented cells (YAC-bg’/bg’) were Lampl-positive. In contrast,
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Fig. 3. Beige-J fibroblasts show reduced lysosomal exocytosis after wound-
ing. (A) Immunofluorescence of fibroblasts from beige-J mice complemented
with a YAC carrying the Beige gene (YAC-bg’/bg’), or fibroblasts from beige-J
mice (bg’/bg’) with anti-Lamp1 mAbs. Anti Lamp1 mAb is green and 4',6-
diamidino-2-phenylindole DNA stain is blue. Enlarged lysosomes in the pe-
rinuclear area are evidentin beige-J cells. (B) Quantification by FACS of surface
Lamp1 in YAC-bg’/bg’ or bg’/bg’ fibroblasts not electroporated (0 uF) or
electroporated at 200 uF. (C) Quantification by FACS of surface Lamp1 in
YAC-bg’/bg’ or bg’/bg’ fibroblasts not electroporated (0 uF) or electropo-
rated at 400 uF. Red indicates background fluorescence and green indicates
the amounts of surface-exposed Lamp1 triggered by increasing capacitance.
FL1-H, fluorescence intensity; FSC-H, forward scatter.

only 10% of the noncomplemented beige-J cells (bg’/bg’) were
positive for surface Lamp1 under the same conditions (Fig. 3B,
200 wF). With a capacitance increase to 400 uF, 50% of the
YAC-bg'/bg’ cells had detectable Lampl on the surface, in
contrast to only 29% of bg’/bg’ cells (Fig. 3C, 400 uF). Similar
amounts of total Lamp1 were detected by FACS in detergent-
permeabilized YAC-bg’/bg’ and bg’/bg’ fibroblasts, indicating
that expression of the Beige protein does not affect the expres-
sion level of Lampl (see Fig. 6, which is published as supporting
information on the PNAS web site).

These results show that the enlarged lysosomes of beige-J
fibroblasts have a reduction of ~40% in their capacity to fuse
with the plasma membrane after injury, and that expression of
the Beige protein rescues this phenotype. Taken together with
the similar defect in lysosomal exocytosis observed in human
CHS fibroblasts (Fig. 2), these findings strongly indicate that the

16798 | www.pnas.org/cgi/doi/10.1073/pnas.0405905101

CHS/Beige mutation has an adverse effect not only on lysosomal
morphology but also on the capacity of lysosomes to respond to
Ca?" influx by fusing with the plasma membrane.

Lysosomal Exocytosis in Beige-J Fibroblasts Is Restored by Reducing
Lysosome Size. The results above showed that complementation
of the beige-J mutation restored both lysosome size and wound-
ing-induced lysosomal exocytosis (Fig. 3 4 and B). Next, we
investigated whether the defect in exocytosis could be attributed
directly to the abnormal size of lysosomes. For this investigation,
we took advantage of previous studies (21), showing that treat-
ment of beige-J cells with the protease inhibitor E-64d reduced
the size of the giant lysosomes in these cells. A reduction in
lysosome size after overnight treatment with E-64d was evident
in bg’/bg’ fibroblasts, after immunofluorescence with anti-
Lampl mAbs. There was no apparent adverse effect of E-64d
on the morphology of the complemented cell line, YAC-bg’/bg’
(Fig. 44).

Next, we determined whether reducing the size of the giant
lysosomes of beige-J cells with E-64d affected the exocytic
response of electroporated cells. Cells treated or not treated with
E-64d were subjected to electroporation-mediated wounding,
and surface exposure of Lamp1l was measured by FACS. Com-
plemented YAC-bg’/bg’ cells cultured in the presence of E-64d
did not show any significant alteration in their normal lysosomal
exocytosis pattern after electroporation at 200 uF (Fig. 4B Top,
compare with Fig. 3B Upper). In bg’/bg’ cells, however, signifi-
cantly higher fluorescence levels were detected in the population
pretreated with E-64d. Cells positive for surface-exposed Lamp1
rose from 12% (Fig. 4B Bottom) to 28% (Fig. 4B Middle), a level
comparable to what is observed in the complemented cell line,
YAC-bg'/bg’, after electroporation at 200 pF (Fig. 4B Top).
These results indicate that the giant lysosomes in beige-J cells
have a defective exocytic response to membrane wounding, and
that reduction in lysosome size can correct this defect.

CHS and beige-J Fibroblasts Have Reduced Viability After Wounding.
To determine whether the defective lysosomal exocytosis in
response to wounding observed in CHS and beige-J fibroblasts
affected their ability to reseal the damaged plasma membrane,
we performed viability assays. WT and CHS fibroblasts were
electroporated at 200 wF and 500 wF, plated out in serial
dilutions, and allowed to recover overnight before measuring the
numbers of viable cells by two methods: MTT reduction and
[**S]methionine incorporation. A 40-65% reduction in viabili-
ty/protein synthesis capacity was detected between WT and
CHS cells after electroporation at 500 wF. A smaller difference
was also observed after electroporation at 200 wF (Fig. 54 and
B). Similar to what was observed with the human fibroblasts, the
viability of the beige-J mouse cell line bg’/bg’, when compared
with the complemented cell line YAC-bg’/bg’, decreased more
significantly as the duration of the electric pulse increased (Fig.
5 C and D). This result is consistent with the reduced number of
adherent fibroblasts recovered from bg’/bg’ cultures 12 h after
electroporation, when compared with YAC-bg’/bg’ cells (Fig. 5
E and F). Both YAC/bg’'/bg’ and bg’/bg’ cells that survived
electroporation replicated at normal rates in the subsequent
96 h, and in subsequent passages (data not shown), indicating
that beige cells do not have an intrinsic survival/growth defect.
Thus, these findings demonstrate that there is a direct correla-
tion between the reduced levels of lysosomal exocytosis in
response to wounding and the capacity of CHS/Beige mutant
cells to repair their plasma membrane.

Discussion

In this study, we developed an assay that allows the quantifica-
tion of lysosomal exocytosis in whole populations of cells, after
simultaneous wounding of the plasma membrane in a dose-

Huynh et al.
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Fig. 4. Reduction in the size of lysosomes in beige-J fibroblasts restores

exocytosis in response to wounding. (A) Immunofluorescence with anti-
Lamp1 mAbs of fibroblasts from beige-J mice complemented with a YAC
carrying the Beige gene (YAC-bg’/bg’), or fibroblasts from beige-J mice
(bg’/bg’) treated or not treated with 1 uM E64d overnight. The enlarged
lysosomes in the perinuclear area of beige-J fibroblasts are reduced after E64d
treatment. (B) Quantification by FACS of surface Lamp1 in YAC-bg’/bg’ or
bg’/bg’ fibroblasts treated or not treated with E64d, and not electroporated
(0 wF) or electroporated at 200 uF. Red indicates background fluorescence and
green indicates the amounts of surface-exposed Lamp1 triggered by increas-
ing capacitance. FL1-H, fluorescence intensity; FSC-H, forward scatter.

dependent manner. This electroporation-based assay provided
us with a very useful tool to investigate the role of lysosomal
exocytosis in plasma membrane repair and revealed that fibro-
blasts from CHS human patients and from beige-J mice are
defective in this process.

Although the exact mechanism by which eukaryotic cells
reseal plasma membrane lesions is still unknown, the process
depends on the exocytosis of a population of intracellular
vesicles, triggered by Ca?" influx (22). Recent studies (23)
showed that lysosomes are the only intracellular vesicles detected
fusing with the plasma membrane in response to Ca?" in
fibroblasts. The involvement of lysosomes in membrane repair
was initially demonstrated through inhibition of lysosomal exo-
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Fig. 5. CHS and beige-J fibroblasts show reduced viability after wounding.
Viable WT or CHS human fibroblasts (A) or mouse YAC-bg’/bg’ or bg’/bg’
fibroblasts (B) 12 h after electroporation at increasing capacitance levels were
detected with an MTT reduction assay. Data are expressed as a percentage of
viable cells in nonelectroporated samples and correspond to the mean and SD
of triplicate samples. Incorporation of [3>S]methionine by WT or CHS human
fibroblasts (C) or mouse YAC-bg’/bg’ or bg’/bg’ fibroblasts (D) 12 h after
electroporation at increasing capacitance. The data are expressed as a per-
centage of the total amount of [3°S]methionine incorporated in nonelectro-
porated cells and it is representative of two independent experiments (the
variation between the independent experiments was <10-12%). The number
of YAC-bg’/bg’ (E) or bg’/bg’ (F) mouse fibroblasts recovered by trysinization
12 h after plating, with no electroporation (0 uF) or electroporation at 200 F
and 400 pF. The data correspond to the mean and SD of triplicate samples.

cytosis in fibroblasts lacking functional synaptotagmin VII, a
member of the synaptotagmin family of transmembrane Ca?*
sensors (12, 13). The present study further emphasizes the
important role that lysosomes play in plasma membrane repair
because lysosomal enlargement is a characteristic feature of all
CHS/Beige cell types (2). Our results point directly to the
abnormal enlargement of CHS/Beige lysosomes as the factor
interfering with normal lysosomal exocytosis. Reduction in
lysosome size by E-64d (21) allowed normal levels of surface
Lampl to be exposed on the cell surface after wounding (Fig. 4).
Although the exact mechanism involved in this size-dependent
defect remains to be determined, it is an intriguing possibility
that lysosome enlargement may deplete the peripherally located
lysosomal population, which is preferentially involved in Ca?*-
triggered exocytosis in fibroblasts (23, 24).

Our results showed lower recovery rates for normal human or
mouse primary fibroblasts after electroporation, when compared
with the NRK rat cell line. Whereas >90% of NRK cells survived
electroporation up to 400 uF, wounding conditions from 100 to
400 uF caused larger losses, from 20% to 50%, in primary human
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and mouse fibroblasts (Figs. 1C and 5 A and B). Although the
reason for this difference is not clear, a contributing factor may
be the distribution of the transmembrane pores formed in
primary cells after the electric pulse. It has been proposed that
irreversibility can result, if pores at adjacent sites coalesce into
larger lesions (25). Another intriguing observation was the
higher amount of surface Lampl detected in human CHS
fibroblasts both before and after electroporation (Fig. 2 B). This
difference was not observed between mouse fibroblasts express-
ing or not expressing the Beige protein (Fig. 3 B and C),
suggesting that it may be related to differences in genetic
background between patient cells.

Most previous studies of the CHS/Beige mutation have
focused on cells known to contain lysosome-related secretory
granules, such as melanocytes, platelets, or cells of the immune
system. Skin sections of CHS patients show abnormally large
melanosomes clustered in the perinuclear region, a defect linked
to the partial albinism of this syndrome (26). The same defect
occurs with beige-J mice, which have a lighter coat color due to
abnormal transfer of melanin from melanocytes to keratino-
cytes. A markedly increased bleeding time is another character-
istic of this syndrome, and it has been attributed to abnormalities
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