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Defects in sulfate transport in chondrocytes lead to undersulfation of the cartilage extracellular matrix proteo-
glycans. Mutations in the diastrophic dysplasia sulfate transporter (DTDST ) gene have been linked to four
chondrodysplasias of varying severity. To characterize disease-causing mutations of DTDST, we expressed
DTDST-mediated sulfate transport in mammalian HEK-293 cells and determined that the wild-type protein is
glycosylated and localized to the cell plasma membrane. Four mutations, A715V, C653S, Q454P and R279W,
stimulated sulfate transport at rates only 39–62% of wild-type DTDST. These four mutations were expressed
on the plasma membrane of the cell, but the amount of expressed protein was reduced when compared with
wild-type DTDST. The Q454P mutant is unique in that it is not properly glycosylated in HEK cells. There was
no difference in sulfate transport activity between cells transfected with either the DV340 or the G678V
mutations and control HEK cells. Furthermore, the G678V mutation is not expressed along the plasma mem-
brane, but is trapped within the cytoplasm. When comparing the sulfate transport capacity of each DTDST
mutation with the chondrodysplasia in which it has been identified, we find that individuals with severe achon-
drogenesis 1B phenotype have null mutations on both DTDST alleles. Heterozygotes for both a null mutation
and a partial-function mutation result in either atelosteogenesis type 2 or DTD, whereas the milder, recessive
multiple epiphyseal dysplasia phenotype is homozygous for partial-function mutations. In contrast to previous
studies in Xenopus laevis oocytes, we find a strong correlation between the severity of the phenotype and the
level of residual transport function in mammalian cells.

INTRODUCTION

The diastrophic dysplasia sulfate transporter (DTDST ) gene
was first described by Hästbacka et al. (1), and is a member
of the SLC26A family of anion transporters (SLC26A2).
The gene encodes a sulfate transporter that accepts chloride
and possibly bicarbonate as substrates, and is inhibited by
anion exchange inhibitors, including 4,40-diisothiocyanostil-
bene-2,20-disulfonic acid (DIDS) (2). Since its first descrip-
tion, over 30 mutations in DTDST have been described in
four recessively inherited chondrodysplasias (reviewed in 3).
Achondrogenesis 1B (ACG-1B) is the most severe form of
these chondrodysplasias, resulting in skeletal underdevelop-
ment and death preceding or shortly after birth (4). Atelosteo-
genesis type II (AO-II) can be lethal in the neonatal period (5),
whereas diastrophic dysplasia (DTD) and autosomal recessive

multiple epiphyseal dysplasia (rMED) are considered to
be the least severe forms (6–9). McAlister dysplasia has
been described as a variant of AO-II (10), and broad bone-
platyspondyly is a variant of DTD (11).

Reduced sulfate transport in chondrocytes of individuals
with DTDST mutations results in undersulfation of proteogly-
cans and abnormal cartilage formation. Correlations between
mutations in the DTDST gene and clinical phenotypes have
been described (3,12). One possible explanation for the vari-
ations in disease severity between the chondrodysplasias is
that the differences in residual sulfate uptake via the mutated
DTDST sulfate transporter influence the severity of the pheno-
type (5). To test this hypothesis, several investigators have
examined tissues from individuals with ACG-1B, AO-II and
DTD (4,5,10,13–15). When compared with normal controls,
a reduction in either sulfate uptake or proteoglycan sulfation
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has been detected in cells from every individual with a chon-
drodysplasia; however, a correlation between the severity of
the disease and the level of sulfate transport or proteoglycan
sulfation has not been found. Interpretation of these types of
studies is difficult due to the availability of small number of
patients with each phenotype and by the fact that pathways
other than transport via DTDST may contribute to the
sulfate pool in chondrocytes (10,16,17).

In a previous study, we expressed 11 different disease-causing
DTDST mutations in Xenopus laevis oocytes and correlated
the functional sulfate transport capacity at the molecular level
with known genotype/phenotype relationships (18). When the
sulfate transport function of the different DTDST mutations
was grouped according to phenotypes, individuals with the
most severe form (ACG-1B) tend to be homozygous for null
mutations, individuals with the moderately severe AO-II have
at least one allele with a loss of function mutation and indivi-
duals with the milder forms (DTD and rMED) typically are
homozygous for mutations with residual sulfate transport func-
tion; however, the correlation between the residual transport
function and the severity of phenotype was not absolute. For
example, compound heterozygotes with a null mutation on one
allele and a mutation with near-normal function in oocytes on
the other allele have been identified in chondrodysplasias of all
levels of severity. The inconsistent correlation between the resi-
dual transport function and the disease severity may be related to
the fact that X. laevis oocytes process mutant proteins differently
when compared with mammalian cells. In the present study, we
have expanded upon these earlier results by determining the func-
tional activity and cellular location of DTDSTmutations follow-
ing the expression in human cultured cells. The results presented
here offer an explanation as to why some mutations have near-
normal function in oocytes but result in clinical disease.

RESULTS

To test whether mutant DTDST proteins have similar func-
tional activity when expressed in mammalian cells when
compared with X. laevis oocytes (18), six DTDST mutants
with partial function in oocytes, and four null mutations,
were expressed in HEK-293 cells, and the rate of DIDS-inhi-
bitable, sodium-independent sulfate transport was determined.
HEK-293 cells were chosen for these studies because prelimi-
nary experiments showed that DTDST is not expressed in these
cells, and they have a low level of endogenous DIDS-inhibita-
ble, sodium-independent sulfate transport activity.

As shown in Figure 1, HEK cells transfected with wild-type
DTDST had a rate of sulfate uptake five-fold greater than the
control HEK cells transfected with vector minus the DTDST
insert. This is consistent with the functional expression of a
sulfate transport protein. Four mutations that had partial func-
tion in oocytes, A715V, C653S, Q454P and R279W, also have
partial function in mammalian cells, with sodium-independent
sulfate transport significantly greater than the controls. In con-
trast, two mutations with partial function in oocytes, DV340
and G678V, had sulfate uptake in HEK cells that was not
significantly different than that in controls, demonstrating
that DV340 and G678V are non-functional in HEK cells.
We also tested four mutations, L483P, R178X, Da1751 and

N425D, that had no transport activity in oocytes. For each
of these four mutations, sulfate transport activity following
transfection in HEK cells was not significantly different than
that in controls (data not shown), demonstrating that null
mutations in oocytes are non-functional in mammalian cells
as well.

To determine whether there are differences between the
amount and the cellular location of expressed mutant DTDST,
we generated monoclonal antibodies against intact, purified
DTDST protein. As shown in Figure 2, immunoblots of
homogenates of HEK cells transfected with DTDST show two
broad bands with a molecular mass between 110 and 120 kDa.
These bands are not detected in HEK cells transfected with
vector alone, demonstrating the specificity of the antibodies
for the DTDST protein. Treating homogenates of HEK cells
expressing DTDST with N-glycosidase F to remove N-linked
oligosaccharides results in a band �80 kDa in size, which is
similar to the estimated size of the core DTDST protein (1).

Figure 3 shows the pattern of immunofluorescent labeling
of HEK cells expressing the wild-type and mutant DTDST
proteins. No immunofluorescent staining was identified in
HEK cells transfected with vector alone (data not shown). In
cells transfected with wild-type DTDST, immunofluorescence
was observed along the plasma membrane of the cell, with no
cytoplasmic or nuclear staining detected (WT in Fig. 3). This
is consistent with its role as a transmembrane sulfate trans-
porter. The mutations A715V, C653S, Q454P and R279W
demonstrated plasma membrane immunofluorescent staining
similar to wild-type DTDST. In contrast, immunofluorescence
of the G678V mutation was detected in relatively few cells
and was observed only within the cytoplasm, as demonstrated
by the two examples shown in Figure 3. Immunofluorescent
staining was not detected in any of the cells following trans-
fection with the DV340 mutation.

The preceding experiments demonstrate that four disease-
causing mutations, A715V, C653S, Q454P and R279W, are
expressed properly along the plasma membrane of mammalian
cells but have reduced rates of transport when compared with
wild-type DTDST. One possible explanation for the reduction
in sulfate transport is that these mutations are expressed at
a lower level than the wild-type protein. To test this, the
amount of expressed mutant protein was compared with
wild-type DTDST by performing immunoblots on whole hom-
ogenates of transfected HEK cells, and measuring the relative
amount of expressed DTDST by scanning densitometry. The
data in Figure 4 demonstrate that the amount of mutant
protein in the cell homogenates is reduced for each of the
mutations when compared with cells expressing wild-type
DTDST. Wild-type DTDST and each DTDST mutation were
co-transfected in HEK cells with a vector containing the
Rluc reporter gene. Two days after transfection, luciferase
activity was measured in the cell homogenates. There was
no significant difference between luciferase activity in cells
co-transfected with Rluc and wild-type DTDST when com-
pared with cells co-transfected with Rluc and each DTDST
mutation (data not shown). This demonstrates that the
reduced protein expression for each of the mutations is not a
result of inefficient transfection.

For two of the mutants in Figure 4 (G678V and DV340),
very little protein was detected by immunoblots analysis.
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This is in agreement with both the lack of function observed
with these two mutants in HEK cells and the minimal detec-
tion of expression by immunofluorescent microscopy.
Similar results were obtained when a second anti-DTDST
monoclonal antibody was used (data not shown), making
it unlikely that the lack of expression of these two mutants
is the result of alterations in the antibody recognition site.
As shown in Figure 4, expression of the Q454P mutant is
not only reduced when compared with wild-type DTDST,

but it also appears as an �80 kDa band, which probably rep-
resents the unglycosylated form of DTDST (compare with
Fig. 2). In examining four different immunoblots performed
under conditions similar to the experiment shown in
Figure 4, the amount of the Q454P mutant that is present in
the unglycosylated form was variable, ranging from 50 to
100% of the expressed mutant protein.

DISCUSSION

Individuals with disease-causing mutations in the DTDST gene
present with at least four chondrodysplasias with different
levels of severity. The underlying defect in each is abnormal
sulfate transport, which results in the undersulfation of
cartilage proteoglycans. In a previous study, the rate of
sulfate uptake by various DTDST mutations was determined
in X. laevis oocytes (18). Of the 11 mutations examined in
oocytes, four mutations, A715V, C653S, Q454P and G678V,
had rates of sulfate transport nearly equal to that of wild-
type, whereas two mutations, DV340 and R279W, transported
sulfate at rates 17 and 32%, respectively of wild-type DTDST.
When the sulfate transport function of the different DTDST
mutations were grouped according to phenotypes, there were
inconsistencies in terms of correlating the severity of the
phenotype with the residual transport function in oocytes.
For example, compound heterozygotes with a null mutation
on one allele and a mutation with near-normal function in
oocytes on the other allele were identified in chondrodyspla-
sias of all levels of severity.

In general, post-translational processing is performed accu-
rately when mammalian proteins are expressed in X. laevis
oocytes (19); however, in some cases, mutant proteins that
are functional in oocytes have been found to be non-functional
in mammalian cells. This can be explained by the fact that
some mutant proteins are assembled properly at the lower
incubation temperatures required for X. laevis oocytes
(178C), but are processed abnormally at 378C in mammalian
cells (20–22).

Figure 2. Expression of DTDST in HEK-293 cells. Each lane contains 35 mg
of solubilized HEK cell protein after transfection with either vector without
insert (Vector) or with DTDST (second and third lanes). DTDST-transfected
cells were treated either with (þNGF) or without (2NGF) N-glycosidase F.
A monoclonal antibody directed against the DTDST protein was used to
probe the immunoblots.

Figure 1. Sulfate uptake in HEK-293 cells transfected with wild-type DTDST (open bar), vector without insert (gray bar) or various DTDST mutations (closed
bars). Each experiment represents the mean uptake of four, 35 mm plates and at least three experiments were performed for each mutation. �P , 0.05 compared
with cells transfected with vector alone.
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To test whether the type of expression system influenced the
function of DTDST mutations, in the present study, we trans-
fected mammalian HEK-293 cells with six DTDST mutations
that were shown to have partial function when expressed in
oocytes (18). In contrast to the residual sulfate transport
detected in oocytes for the DV340 and the G678V mutations,
the amount of sulfate uptake in mammalian cells by these two
mutations was not significantly different than that in cells
transfected with vector alone. Consequently, in mammalian
cells, the DV340 and the G678V mutations should be classi-
fied as null mutations; however, the cause of the loss of func-
tion for each of these two mutations appears to be different. In
HEK cells transfected with the DV340 mutant, the protein is
not detected by either immunoblot analysis or confocal immu-
nofluorescent microscopy, suggesting that this mutation
is either poorly expressed or the protein is rapidly degraded
in mammalian cells. In contrast, the G678V mutant is detected
in a few cells by immunofluorescent microscopy, but is
trapped within the cell cytoplasm, most likely as a result of
a defect in protein processing.

The mutations A715V, C653S, Q454P and R279W all have
significant sulfate transport function when expressed in
mammalian HEK cells, ranging from 39 to 62% of wild-type
DTDST (Fig. 1); therefore, these four mutations demonstrate
partial function in both X. laevis oocytes and mammalian
cells. In addition, each of these four mutations is expressed
on the cell membrane in a pattern similar to wild-type
DTDST; however, the amount of protein expressed on the
cell surface is significantly less than wild-type protein. It is
unclear whether the reduced quantity of expressed protein rep-
resents decreased synthesis or increased turnover of the mutated
protein.

For each mutation examined in this study, Table 1 lists
the residual sulfate transport capacity according to the

chondrodysplasia in which it has been identified. In contrast
to the results in oocytes, there is a strong correlation
between the severity of the phenotype and the lack of
sulfate transport activity in mammalian cells. For example,
as seen in Table 1, a null mutation on both alleles is always
found with the severe ACG-IB phenotype and never
found with the less severe phenotypes. In addition, the moder-
ately severe AO-II phenotype always has a null mutation on
one allele and a partial-function mutation on the opposite
allele. Interpretation of the less severe phenotypes is more
complex.

Homozygotes for partial-function mutations have been
described for R279W, Q454P and C653S. A recent report
identified 18 individuals with rMED, who were homozygous
for the R279W mutation (23). Abnormal clinical findings
were present at birth only in a minority of the subjects and
short stature was not a frequent finding. In another study,
rMED was described in three patients homozygous for the
C653S mutation (24). All three individuals had normal
stature, double-layered patellae and hip dysplasia. The mild
clinical presentation of individuals homozygous for either
C653S or R279W is consistent with the residual transport
function, proper glycosylation and plasma membrane tar-
geting of these two mutations. On the other hand, homozygo-
sity for the partial-function Q454P mutation has been
described in a single individual, who presented with a ‘broad
bone-platyspondylic’ variant of DTD (11). Clinical and radio-
graphic features included macrocephaly, severe platyspon-
dyly, malformed fingers, wide metaphyses and fibular
overgrowth. It is possible that the unique features of this
case are related to the fact that the Q454P mutant protein is
not properly glycosylated in mammalian cells (Fig. 4).

On the basis of these observations, our data suggest that
individuals with partial-function mutations on both alleles

Figure 3. Confocal immunofluorescent microscopy of HEK cells transfected with either wild-type DTDST (WT) or various mutations. The immunofluorescent
staining with an FITC-conjugated goat–anti-mouse secondary antibody labels the DTDST protein green. Nuclear staining was performed with ethidium bromide,
which stains the nucleus red. The merged images reveal that the DTDST and the mutations A715V, C653S, R279W and Q454P are expressed solely along the
plasma membrane and not within the cytoplasm or nucleus. Two images of the G678V mutation (G678V-a and G678V-b) show that this mutant is found within
the cell cytoplasm and is not targeted to the plasma membrane. No immunofluorescent labeling of the DV340 mutant was detected.
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will present with either the mild rMED phenotype, or in the
case of Q454P, a chondrodysplasia variant. Individuals with
either ‘classic’ DTD or AO-II typically have a partial-function
mutation on one allele and a loss of function mutation on the
opposite allele, demonstrating that some residual sulfate trans-
port function is required to produce either the DTD or the AO-
II phenotype. This also suggests that factors other than
residual sulfate transport can influence disease severity in indi-
viduals with AO-II and DTD. Similar inconsistencies have
been found in other chondrodysplasias. For example, the
same M202V mutation of the FLNB gene can result in both
autosomal dominant atelosteogenesis type I and atelosteogen-
esis type III (25).

These general assumptions do not take into consideration
the common ‘Finnish’ DTDST mutation (DTDSTFin), which
is a GT . GC transition in the splice donor site and leads to
reduced levels of DTDST mRNA. DTD has been described
with both the DTDSTFin/DTDSTFin and the DTDSTFin/
R279W genotypes (26,27), whereas rMED has been described
in individuals with the DTDSTFin/R279W and the DTDSTFin/
C653S genotypes (23). As the DTDSTFin/R279W genotype
has been identified in both DTD and rMED, there is clearly
an overlap in the phenotype with this mutation. It has been
estimated that the level of correctly spliced mRNA in patients
homozygous for the DTDSTFin mutation is �5% of the wild-
type allele (26); however, the amount of functional DTDST
protein that is produced in the cells of these patients is
unknown. As a consequence, the fact that the DTDSTFin/
R279W genotype can result in either DTD or rMED may
reflect differences in the quantity of functional protein found
in these individuals.

The location of each mutation within the DTDST protein
clearly influences the relative amount of residual protein

function. A715V, C653S, G678V and H665P are four
known disease-causing, single amino acid substitutions
found in the 30-cytoplasmic putative STAS domain of
DTDST (28). We tested three of these mutations and found
that A715V and C653S are partial-function mutations,
whereas G678V has no measurable sulfate transport activity
in mammalian cells; however, the G678V mutation retains
partial function when expressed in Xenopus oocytes. The
loss of function of the G678V mutation in mammalian cells
is probably due to its inability to be properly targeted to the
plasma membrane. From this data, it appears that amino
acid substitutions in the 30-cytoplasmic putative STAS
domain of DTDST can contribute to cellular sulfate uptake if
the mutated protein is able to reach the plasma membrane.
In contrast, the DV340, N425D and L483P mutations are
found in the predicted transmembrane domains of DTDST,
whereas the R178X and the Da1751 mutations result in
premature stop codons. These types of mutations are expected
to result in severe alterations in protein structure, and it is
consistent with the fact that these mutations do not have
significant sulfate transport function when expressed in
mammalian cells.

In summary, we find that certain disease-causing mutations
of the DTDST gene are processed differently in Xenopus
oocytes and mammalian cells; however, in mammalian cells,
there is a strong correlation between the amount of residual
sulfate transport activity and the severity of the phenotype.
It should be noted, that nearly 40 different mutations of the
DTDST gene have been described, and we have examined
10 of these in mammalian cells. With the analysis of
additional mutations, further insight will be gained into the
structure of the DTDST protein and its relation to DTDST
function and regulation.

Figure 4. (A) Mutant protein expressed as a percent of wild-type DTDST. Data represent the mean +SE of seven scanned immunoblots. (B) Representative
immunoblot with 75 mg solubilized protein in each lane.
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MATERIALS AND METHODS

Generation of anti-DTDST monoclonal antibodies

The preparation of the DTDST clone in pSPORT has been
described previously (18). The DTDST insert, containing a
C-terminal six-histidine tag, was digested from the pSPORT
vector with EcoR I and Not I, and ligated into a pVL1393 bacu-
lovirus transfer vector (Pharmingen). Following the expression
in Sf9 cells, purification of the His-tagged DTDST protein was
performed using methods described previously (29). Purified
DTDST protein was concentrated by dialysis against 20% poly-
ethylene glycol (20 000), 100 mM NaCl, 0.2% SDS, 20 mM

Tris–HCl (pH 7.5) and was used as an antigen for antibody
production. Hybridoma supernatants were screened against
purified DTDST protein, and seven hybridomas producing
anti-DTDST antibodies were selected. Immunoblots on hom-
ogenates of Sf9 cells not expressing DTDST were not different
than background, confirming the specificity of the antibodies
for the DTDST protein. For the majority of the studies
described here, antibody I-G2 was used.

Expression in HEK-293 cells

HEK-293 cells were maintained at 378C, 5% CO2, and grown
in Alpha Minimal Essential Media (Gibco) supplemented with
10% fetal bovine serum, 3.5 mM L-glutamine, 100 u/ml peni-
cillin and 100 mg/ml streptomycin. Full-length human
DTDST cDNA (minus the histidine tag) was cloned into the
pcDNA3 vector (Invitrogen). The appropriate DTDST
mutations were introduced with the Quick-Change Site-
Directed Mutagenesis kit (Stratagene). The inclusion of the
correct mutation was confirmed by sequence analysis. The
numbering for the various nucleic acid and amino acid muta-
tions is based on the sequence already published (1). HEK
cells were transiently transfected with 4 mg cDNA/20 ml
Polyfect reagent according to the manufacturer’s instructions
(Qiagen). For immunoblot analysis, HEK cells were cultured
at 6 � 105 cells per 35 mm cell culture dish and used 48 h fol-
lowing transfection with wild-type DTDST, vector alone or
mutated DTDST. Following the treatment with trypsin for
5 min at room temperature, the cells were transferred to a
15 ml centrifuge tube, rinsed with 1 ml culture media to inacti-
vate trypsin and centrifuged at 790g for 5 min. The cells were
washed once with 5 ml phosphate buffered saline (PBS) and
treated with 100 ml Complete-Mini, EDTA-free protease inhibi-
tor (Roche). Cells were solubilized with 1% SDS in PBS and
sheered through a 22 gage needle. For deglycosylation, 35 mg
of solubilized HEK cell protein was treated with 50 mM 2-mer-
captoethanol and boiled for 5 min. Triton X-100 was added

(0.75% v/v), and the mixture was treated with 5 U N-glycosi-
dase F (Calbiochem) for 3 h at 378C. DTDST was detected
on immunoblots with anti-DTDST mouse monoclonal anti-
bodies at a 1:400 dilution and goat, anti-mouse horseradish per-
oxidase-conjugated secondary antibody at a 1:20 000 dilution
(Roche or Rockland). Chemiluminescence was performed
with Pierce SuperSignal West. For comparison of protein
expression, immunoblots containing equal amounts of solubil-
ized protein in each lane were scanned with the Kodak
Digital Science 1D program and expressed as the percent of
wild-type DTDST. Transfection efficiency for each mutant
was determined by co-transfection with the Promega Dual-
Luciferase Reporter Assay System according to the manufac-
turer’s instructions. Luminescence was corrected for protein
concentration and expressed as the percent luminescent signal
compared with cells co-transfected with wild-type DTDST.

Sulfate uptake in HEK cells

To measure the rate of sulfate uptake, HEK cells were cultured
at 6 � 105 cells per 35 mm cell culture dish and used 48 h
following transfection with wild-type DTDST, vector alone or
mutated DTDST. Culture medium was aspirated and each
plate of cells was washed with 3 ml wash buffer (240 mM man-
nitol, 2.5 mM potassium sulfate, 2.8 mM calcium gluconate,
1.2 mM magnesium sulfate, and 10 mM HEPES/Tris pH 7.5)
at 378C. To initiate uptake, 1.0 ml uptake solution containing
6.0 mCi [35S]sulfate/ml wash buffer was added to each plate
and incubated for 1 min at 378C. The uptake solution was aspi-
rated and the cells rinsed twice with 3 ml wash buffer at 58C.
Cells were lysed for 1 h with 1.0 ml 1% SDS in 0.1 N
sodium hydroxide. An aliquot of the lysed cells was used for
protein assay (30,31), and the remainder transferred to 4 ml
Biosafe II counting cocktail for scintillation spectroscopy.
Sulfate uptake is expressed as DIDS-inhibited uptake per
milligram protein and is calculated by subtracting sulfate
uptake in the presence of 0.5 mM DIDS from sulfate uptake
in the absence of DIDS. Each experiment represents the
mean uptake of four, 35 mm plates for each condition tested.

Immunofluorescent confocal microscopy

HEK cells were plated at a density of 3 � 105 on a Lab-Tek
chamber slide pre-treated with 0.1 mg/ml poly-L-lysine, and
transfected 24 h later as mentioned earlier. Forty-eight hours
following transfection, the cells were washed twice with
1.0 ml PBS, incubated 5 min in 1.0 ml methanol and washed
five times with 1.0 ml PBS. Subsequently, the cells were
incubated for 1 h with anti-DTDST antibodies at a 1:400

Table 1. Functional activity of DTDST alleles in ACG-IB, AO-II, DTD and rMED

ACG-IB AO-II DTD rMED

L483P/L483P (2/2) R279W/Da1751 (þ/2) C653S/R178X (þ/2) R279W/R279W (þ/þ)
DV340/DV340 (2/2) R279W/N425D (þ/2) R279W/DV340 (þ/2) C653S/C653S (þ/þ)
G678V/R178X (2/2) R279W/R178X (þ/2) Q454P/Q454P (þ/þ) [DTD variant]
N425D/R178X (2/2)

Activity: (þ) partial function; (2) null mutation.
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dilution in 1.0 ml PBS plus 10% fetal bovine serum, washed
twice with PBS, then treated with FITC-conjugated goat-
anti-mouse secondary antibody (Rockland) at a 1:1000
dilution. For nuclear staining, the cells were incubated for
5 min in 1.0 ml ethidium bromide (1.0 mg/ml) and washed
three times with PBS. A drop of Vectashield mounting
medium is added to the chamber slide prior to placement of
the coverslip. Immunofluorescent staining was visualized on
a Bio-Rad 1024 confocal microscope and the images collected
with LaserSharp 2000 data acquisition software and sub-
sequently transferred to Confocal Assistant 4.02.
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