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Abstract
The clinical utility of cisplatin to treat human malignancies is
often limited by the development of drug resistance. We have
previously shown that cisplatin-resistant human KB adenocarcinoma cells that are cross-resistant to methotrexate and
heavy metals have altered endocytic recycling. In this work,
we tracked lipids in the endocytic recycling compartment
(ERC) and found that the distribution of the ERC is altered in
KB-CP.5 cells compared with parental KB-3-1 cells. A tightly
clustered ERC is located near the nucleus in parental KB-3-1
cells but it appears loosely arranged and widely dispersed
throughout the cytoplasm in KB-CP.5 cells. The altered
distribution of the ERC in KB-CP.5 cells is related to the
amount and distribution of stable detyrosinated microtubules
(Glu-A-tubulin), as previously shown in Chinese hamster
ovary B104-5 cells that carry a temperature-sensitive GluA-tubulin allele. In addition, B104-5 cells with a dispersed
ERC under nonpermissive conditions were more resistant to
cisplatin compared with B104-5 cells with a clustered ERC
under permissive conditions. We conclude that resistance to
cisplatin might be due, in part, to reduced uptake of cisplatin
resulting from an endocytic defect reflecting defective
formation of the ERC, possibly related to a shift in the
relative amounts and distributions of stable microtubules.
(Cancer Res 2006; 66(4): 2346-53)

Introduction
Cisplatin is widely used in the treatment of solid tumors (1). The
mechanism of cisplatin entry into the cell and its intracellular
transport from the cytosol to the nucleus are complex. Recent
studies suggest that entry requires interaction with membrane
proteins (2) and that endocytic recycling is defective in cisplatinresistant cells (3). After entry, cisplatin becomes aquated and f1%
of the total cellular cisplatin can then interact with macromolecules like DNA to form intrastrand or interstrand adducts (4).
The aquated platinum species binds preferentially to the highly
nucleophilic N-7 positions of guanine and adenine (5). Apart from
DNA and RNA, cisplatin also interacts with intracellular proteins
and polypeptides (6) and with negatively charged phospholipids in
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intact human erythrocytes and tumor cells (7–9). Despite the
obvious interactions of cisplatin with membrane components, few
studies have been done on entry of cisplatin into target cells and
its facilitated transport (10, 11). Because many cisplatin-resistant
cells show decreased uptake of cisplatin, the identification of
specific transport pathways responsible for drug resistance should
provide targets for therapy aimed at circumventing or decreasing
cisplatin resistance.
We have previously shown that cisplatin-resistant human KB
adenocarcinoma cells have altered endocytic recycling, shown by
the mislocalization of membrane proteins (12). To study the
recycling pathway, the transferrin receptor and its ligand,
transferrin, have been extensively used (13). Within early
endosomes, Fe3+ dissociates from transferrin and the transferrin
receptor-transferrin complexes either return directly to the
plasma membrane or reach a network of tubular membranes,
called the endocytic recycling compartment (ERC), before
returning to the plasma membrane. Transferrin is a bona fide
marker of the ERC and, at steady state, a majority of the
internalized transferrin localizes to this compartment (14). The
ERC is concentrated in the perinuclear region of many cell types
and most membrane components pass through it along their
endocytic recycling itineraries. Some evidence indicates that the
ERC has sorting abilities of its own and is involved in the
delivery of membrane proteins to the trans-Golgi network (13).
The ERC has been confirmed to be involved in receptor and lipid
recycling (13, 15) and is characterized by its tubulovesicular
morphology and dependence on intact microtubules for localization (16).
In this study, we use fluorescently labeled transferrin, as well
as fluorescent lipid analogues, to show an abnormal morphology
of the ERC in cisplatin-resistant cells. Instead of being
concentrated in the perinuclear area, as in the parental cells,
the ERC tubules in cisplatin-resistant cells are distributed
throughout the cytoplasm. Our results further show that this
altered distribution of the ERC is similar to that seen with
increased stable, detyrosinated microtubules (Glu-a-tubulin).
Interestingly, mutant Chinese hamster ovary (CHO) B104-5 cells
with this microtubule defect are cisplatin resistant under nonpermissive conditions compared with mutant cells under
permissive conditions or to parental CHO TRVb-1 cells under
conditions nonpermissive for the mutant. These ERC tubules
with abnormal distribution in cisplatin-resistant cells also show
an altered intraorganellar pH, as well as a change in the rate of
metabolism of a lipid species (i.e., sphingomyelin). Furthermore,
fluorescently labeled methotrexate and cisplatin colocalize with
the ERC structure labeled by transferrin. We conclude that
cisplatin resistance and cross-resistance to methotrexate in our
cisplatin-resistant cells may be due to a defect in the formation
and distribution of the ERC.
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Materials and Methods
Cell lines and culture conditions. KB-3-1 was originally derived from
human KB epidermoid carcinoma cells (a variant of HeLa) after two
subclonings from the parental cells (17). The cisplatin-resistant KB-CP.5
cells were selected for resistance to 0.5 Ag/mL cisplatin in a single step and
they were maintained in medium containing 0.5 Ag/mL cisplatin for these
experiments (12). B104-5 cells, a temperature-sensitive mutant CHO cell
line, were isolated from parent TRVb-1 cells that lack the endogenous
transferrin receptor and stably express the human transferrin receptor.
B104-5 cells, unlike the parental TRVb-1 cells, do not grow well at the
nonpermissive temperature of 39jC. They are normally grown in Ham’s F12
medium containing bicarbonate, 5% fetal bovine serum, 2% penicillinstreptomycin, and 200 Ag/mL G418 (Geneticin) at the permissive
temperature of 32jC. The mutant TRVb-1 cell line (B104-5) is frequently
used to study the function of Glu-a-tubulin (18).
Endocytic compartments labeled with various markers. The KB-3-1
and KB-CP.5 cells were labeled for 1 minute at 37jC with NBDsphingomyelin, DiIC16, DiIC12, or Alexa 488-transferrin, rinsed, and chased
for 30 minutes at 37jC. All lipid analogues (NBD-sphingomyelin, DiIC16,
and DiIC12) were added from stocks previously loaded on fatty acid–free
bovine serum albumin (BSA) to ensure efficient transfer of monomers to
the plasma membrane (19). Cells labeled with DiIC16, DiIC12, or Alexa 488transferrin were imaged live using wide-field microscopy. Cells labeled with
NBD-sphingomyelin were chilled by washing with ice-cold medium (f0jC)
and held on ice for 10 minutes for equilibration. Then, the NBDsphingomyelin on the plasma membrane was extracted by incubating the
cells on ice with medium containing 5% w/v fatty acid–free BSA, a method
known as ‘‘back exchange.’’ This was done four times, 10 minutes each for a
total of 40 minutes (20, 21). NBD-sphingomyelin–labeled cells were then
fixed with 3% paraformaldehyde for 15 minutes at room temperature and
imaged using wide-field microscopy.
NBD-sphingomyelin to NBD-ceramide conversion assay. Parental
KB-3-1 and the cisplatin-resistant KB-CP.5 cells were grown in six-well
tissue culture plates. Three wells were pooled for each sample. Cells were
labeled with NBD-sphingomyelin, chased, and excess plasma membrane
NBD-sphingomyelin was back exchanged as described in the previous
section. After back exchange, cells were washed again with chilled medium
and the total cell lipids were extracted with two changes of hexane/
isopropanol (3:2, v/v) for 30 minutes each.
Lipids were dried under Argon and further dried by overnight storage
under vacuum. The NBD-sphingomyelin and any converted NBD-ceramide
were separated by TLC using a previously reported solvent system
(chloroform/methanol/water/ammonium hydroxide at 72:48:9:2, v/v/v/v;
ref. 22). Because the NBD-ceramide ran very close to the solvent front, the
plates were first pre-run in pure chloroform to remove hydrophobic
impurities. After the pre-run, the TLC plates were air-dried and the samples
spotted in 20-AL chloroform each. NBD-sphingomyelin and NBD-ceramide
standards were run on each plate to ascertain the position of the spots in
the cell extracts.
After the TLC run, the plates were dried and the spots quantified using
a Molecular Dynamics (Sunnyvale, CA) densitometer. The intensities of the
spots were quantified using MetaMorph (Molecular Devices, Downingtown,
PA) image analysis software. The images from the densitometric scans were
first background corrected, and then integrated intensity was measured in
a defined area covering the whole spot or a larger area (the same size area
was chosen to measure all spots and its size was chosen so as to completely
include the largest spot). All further calculations were done using the
Microsoft Excel program.
Immunoblotting detection of Glu-A-tubulin and Tyr-A-tubulin.
Cells were grown in 75-cm2 cell culture flasks until 80% confluence and
washed thrice with ice-cold PBS buffer. Using a rubber policeman, cells
were scraped into 1 mL of radioimmunoprecipitation assay lysis buffer
(1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 0.004% sodium azide in
TBS) and passed 30 times through a ball-bearing homogenizer. The
cellular fractions were separated as previously described (12). The
samples were separated on a 4% to 20% Tris-Gly gradient gel and
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transferred onto nitrocellulose membranes. Subsequently, membranes
were subjected to immunostaining with antibodies against Glu-a-tubulin,
diluted 1:1,000, for 1 hour at room temperature (Chemicon, Inc.,
Temecula, CA) and against Tyr-a-tubulin under the same conditions
(Novus Biologicals, Littleton, CO). Enhanced chemiluminescence reagents
were used for developing signals as described by the manufacturer
(Pierce Biotechnology, Rockford, IL).
Distribution of Glu-A-tubulin and Tyr-A-tubulin detected by
immunohistochemistry. B104-5 cells were incubated at 32jC or 39jC
individually for 3 days before fixation. The cells (KB-3-1, KB-CP.5, and B104-5
at 32jC or 39jC) were cultured on 18-mm glass coverslips, fixed in 3.3%
paraformaldehyde freshly diluted in PBS for 15 minutes, and then
permeabilized with 70% ethanol in PBS at 20jC for 10 minutes. Cells were
subsequently washed with PBS and preblocked in 3% bovine serum albumin
in PBS for 30 minutes, then incubated for 1 hour with a primary antibody
against Glu-a-tubulin (Chemicon) and Tyr-a-tubulin (rat monoclonal YL1/2,
Novus Biologicals), which was followed by 1-hour incubation with a
rhodamine-conjugated secondary antibody (1:50; Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA) before being mounted on slides with
fluorescence mounting medium. Controls with nonimmune immunoglobulin
G (IgG) were negative. Cells were processed at room temperature and
photographed by immunofluorescence under a laser scanning confocal
microscope (MRC-1024 confocal scan head; Bio-Rad, Hercules, CA) at 600
magnification. Background fluorescence was determined by applying only
the second antibody, a rhodamine-conjugated AffiniPure goat anti-rat IgG.
In vitro colony formation assay. Briefly, an in vitro colony-forming
assay was used to obtain IC50 values for B104-5 and TRVb-1 cells to
cisplatin. B104-5 and TRVb-1 cells were seeded at 400 cells per 60-mm
dish at 32jC or 39jC. At the time of seeding, different concentrations of
individual drugs (0.05-5 Ag/mL) were added to the dishes. The medium
with different concentrations of drugs was changed every week. After
incubation for f4 weeks, the colonies formed at each concentration of
drug were stained with 0.5% methylene blue in 50% methanol and
counted. The IC50 for each cell line was calculated based on the drug
concentration that reduced the number of colonies to 50% of those in
the control, drug-free medium. The values are means of triplicate
determinations.

Results
Trafficking of lipid analogues to late endosomes/lysosomes
is normal in cisplatin-resistant KB-CP.5 cells. It has been
previously reported that cisplatin-resistant cells exhibit an
alteration in endocytosis (23), and more specifically, that their
lysosomes exhibit an elevated pH. We thus wanted to determine
whether this alteration affects lipid trafficking into late endosomes/lysosomes. Toward this purpose, we labeled both parental
KB-3-1 cells and the cisplatin-resistant KB-CP.5 cells with DiIC16,
which is a lipid analogue containing long saturated alkyl chains.
We have previously shown that this lipid analogue is efficiently
trafficked to late endosomes/lysosomes in CHO cells (19). As
shown in Fig. 1A, after a half hour of chase, cell-associated DiIC16
is observed on the plasma membranes and in dispersed punctate
structures throughout the cells. These punctate structures are late
endosomes/lysosomes because they also contain internalized high
molecular weight dextrans.3 Furthermore, there is no significant
difference in the distribution patterns between the parental KB-3-1
and the cisplatin-resistant KB-CP.5 cells, indicating that at least
bulk membrane trafficking from the plasma membranes to late
endosomes/lysosomes is not severely affected in cisplatin-resistant
cells.
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Transferrin is a bona fide marker of the endocytic recycling
pathway and its primary intracellular localization at steady state is
in the ERC. Figure 1C shows that in KB-CP.5 cells, the transferrin
distribution is punctate as well and the spots containing DiIC12
and transferrin colocalize rather well in these cells (see Fig. 1C).
This suggests that in KB-CP.5 cells, DiIC12 is still trafficked to the
ERC, just like the parental cells, but the morphology and
distribution of this organelle are altered in these cells.
The structurally altered ERC in KB-CP.5 cells sequesters
fluorescently labeled cisplatin. As shown in Fig. 1B and C, the
ERC tubules in the KB-CP cells no longer accumulate at the cell
center but instead are now dispersed throughout the cells. A
similar distribution was previously observed for fluorescently
labeled MRP1 and cisplatin (12, 24). We next asked whether such a
change in ERC distribution had a functional consequence for
cisplatin resistance. Toward this end, we double labeled KB-CP
cells with fluorescently labeled transferrin and cisplatin to test
where they would localize inside the cells. Interestingly, we found
that the intracellular cisplatin accumulated inside these dispersed
ERC tubules, which also contained transferrin (see Fig. 2). This
observation suggests that there is something about the properties
of these altered ERC tubules that sequester cisplatin, possibly
restricting its delivery to other intracellular and nuclear targets,

Figure 1. Altered ERC structures in cisplatin-resistant cells as shown by
labeling with lipid probes. A, DiIC16 labeling of KB-3-1 cells and KB-CP.5
cells. The cells were labeled for 1 minute at 37jC with DiIC16 loaded on fatty
acid–free BSA, rinsed, and chased for 30 minutes at 37jC. Cells were imaged
live using wide-field microscopy. Bar, 10 Am. B, DiIC12 labeling of KB-3-1
cells and KB-CP.5 cells. DiIC12 labeling is similar to that of DiIC16 mentioned
above. Bar, 10 Am. C, colocalization of Alexa 488-transferrin and DiIC12 in
KB-CP.5 cells. The cells were labeled for 5 minutes at 37jC with 10 Ag/mL
Alexa 488-transferrin, rinsed, labeled for 1 minute with DiIC12, loaded on fatty
acid–free BSA, rinsed, and chased for 30 minutes at 37jC. Cells were imaged
live using wide-field microscopy. Arrows, individual endosomes or clusters of
endosomes, which are colocalized. Bar, 10 Am.

Lipid analogues that are normally trafficked to the ERC
show altered distribution in cisplatin-resistant KB-CP.5 cells.
Because our results, presented in Fig. 1A, suggested that trafficking
from the plasma membrane to the late endosomes/lysosomes was
relatively unaffected in cisplatin-resistant cells, we then decided to
investigate the fate of lipid analogues that normally traffic via the
other arm of endocytosis (i.e., lipid analogues that are recycled to
the cell surface via the ERC). For this, we carried out experiments
identical to those presented in Fig. 1A, except that the lipid
analogue used was DiIC12, an analogue containing a short alkyl
chain that has been previously shown to recycle efficiently via the
ERC in CHO cells (19). The results presented in Fig. 1B show that
unlike DiIC16, DiIC12 exhibits a very different distribution in the
cisplatin-sensitive versus cisplatin-resistant KB cells. In the normal
parental (cisplatin-sensitive) KB-3-1 cells, the ERC distribution is
similar to that of CHO cells. The ERC tubules are collected at the
center of the cells near the microtubule organizing center and
appear as a bright patch of fluorescence at the cell center (Fig. 1B).
In contrast, in KB-CP.5 cells, the intracellular DiIC12 appears as
discrete punctate structures that are more peripherally distributed
through the cells (Fig. 1B).
To further explain our observations, we double labeled KB-CP.5
cells with DiIC12 and the green fluorescent Alexa 488-transferrin.
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Figure 2. Indirect fluorescence to localize transferrin with fluorescently labeled
cisplatin. Cells were labeled with Texas red-transferrin (red) and Alexa
488-cisplatin (green ) as described in Materials and Methods. Labeled cells were
excited at 488 and 568 nm, provided by a krypton laser as indicated, and
fluorescence emissions at 520 and 598 nm were used for collecting green and
red fluorescence, respectively, whereas differential interference contrast
microscopy images of the same cells were collected in the third channel using
a transmitted light detector. After sequential excitation, red and green
fluorescent images of the same cells were merged for colocalization analysis.
Colocalization of Texas red-transferrin (red ) and Alexa 488-cisplatin (green ) is
shown in yellow.
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thereby reducing cell killing and making the cells resistant to
cisplatin. We have since made the observation that these
transferrin-containing ERC tubules also sequester fluorescently
labeled methotrexate, another chemotherapeutic agent to which
these cells are cross-resistant.
The structurally altered ERC in KB-CP.5 cells exhibits rapid
sphingomyelin metabolism. To test whether the altered distribution observed with the normal recycling endocytic markers
(i.e., DiIC12 and transferrin) extended to other lipid analogues that
normally recycle as well, we chose C6-NBD-sphingomyelin (NBDsphingomyelin) as another model lipid. NBD-sphingomyelin has
one short (six-carbon) acyl chain, which is conjugated at the
terminal position with the fluorescent label, NBD. We and others
have previously shown that this lipid analogue recycles efficiently
in CHO cells (20, 21). Indeed, this is what was observed when the
parental KB cells were labeled with NBD-sphingomyelin and
chased for a half hour to reach steady state (Fig. 3A). These cells
show only the intracellular NBD-sphingomyelin because the NBDsphingomyelin on the cell surface, which normally interferes with
the observation of intracellular distribution, has been back
exchanged using excess fatty acid–free BSA, using established
procedures (20, 21).
However, when the same experiment was carried out in the KBCP.5 cells, we found that the distribution of the NBD fluorescence
in these cells was rather unusual, and although located at the cell
center, this distribution did not resemble that of the ERC. As
shown in KB-CP.5 cells, the distribution of Alexa 546-transferrin
shows no overlap with that of NBD-sphingomyelin (compare
Fig. 3C and D). In fact, the distribution of NBD-sphingomyelin is
very similar to that obtained when these cells were directly labeled
with NBD-ceramide (data not shown).
Lipsky and Pagano (25, 26) have shown that NBD-sphingomyelin
can be metabolized to NBD-ceramide, which then localizes in
the trans-Golgi network. We therefore postulated that this
change of distribution of cells labeled with NBD-sphingomyelin
in the KB-CP.5 cells was due to a very fast metabolism of NBDsphingomyelin such that NBD-sphingomyelin in the ERC was
rapidly being converted to NBD-ceramide, which was what we
observed to accumulate at the cell center, inside the trans-Golgi
network. To test this hypothesis, we labeled cells with NBDsphingomyelin, chased for 30 minutes, and back exchanged excess
plasma membrane NBD-sphingomyelin in a manner identical to
experiments shown in Fig. 3. We then extracted the whole-cell
lipids using organic solvents and ran them out on TLC plates.
These plates also contained NBD-sphingomyelin and NBDceramide standards for comparison. We quantified the fluorescent
bands from the parental KB-3-1 and KB-CP.5 cells (see Fig. 3G) and
found that the KB-CP.5 cells were indeed metabolizing NBDsphingomyelin to NBD-ceramide more rapidly (f1.7-fold faster).
Thus, the altered distribution of the ERC also seems to
accompany a change in its properties, which leads to a more
rapid sphingomyelin metabolism as compared with the parental
cells.
The abnormally distributed ERC tubules in KB-CP.5 cells
have lower internal pH compared with parental KB-3-1 cells.
As shown above, our results indicate that the abnormal
distribution of the ERC tubules in the KB-CP.5 cells has functional
consequences, both in terms of abnormal metabolism of lipids
such as sphingomyelin and in terms of the enhanced sequestration
of labeled cisplatin. We next attempted to address the mechanism
behind these observations. We reasoned that a change in pH inside
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Figure 3. Sphingomyelin trafficking and metabolism measured in KB-3-1
and KB-CP.5 cells. A and B, NBD-sphingomyelin labeling of KB-3-1 (A )
and KB-CP.5 (B) cells. The cells were labeled with NBD-sphingomyelin at
37j for 1 minute, chased for 30 minutes to achieve steady-state distribution,
back exchanged on ice to remove excess cell surface label, and then imaged
using wide-field microscopy. Bar, 10 Am. C and D, KB-CP.5 cells double
labeled with Alexa 546-transferrin (C ) and NBD-sphingomyelin (D ). Negligible
colocalization is observed. Bar, 10 Am. E, ratio of NBD-ceramide to
NBD-sphingomyelin in KB-3-1 cells (black columns ) and KB-CP.5 cells
(white columns ) after excess NBD-sphingomyelin on the plasma membrane has
been removed by back exchange. The NBD-lipid ratio thus represents
primarily the NBD-lipid proportions in the ERC (because most of the
NBD-sphingomyelin from the plasma membranes is removed by the
back-exchange procedure). The protocol used for the NBD-lipid ratio assay is
explained in Materials and Methods. The first three sets of columns in the figure
show three independent measurements whereas the fourth set of columns
shows the average of these measurements along with the SD.

the ERC tubules could account for both observations. A lowered
intra-ERC pH could change the protonation status of cisplatin,
thereby making it more hydrophobic. Similarly, a lowered pH
would make acid sphingomyelinases more active, thereby increasing sphingomyelin metabolism and its conversion to ceramide.
To test this possibility, we labeled human transferrin simultaneously with both Alexa 546 and fluorescein. The idea was to have
both red (Alexa 546) and green ( fluorescein) labels on the same
transferrin molecule. Fluorescein fluorescence intensity is pH
sensitive with the intensity decreasing with the lowering of pH. On
the contrary, Alexa 546 fluorescence is pH insensitive. Thus, when
cells are labeled with the double-labeled transferrin and the
transferrin is allowed to chase into the ERC, its green fluorescence
intensity will be indicative of the pH within the compartment,
whereas the red fluorescence will provide an internal control of the
degree of loading of the particular tubule. We labeled both KB-CP.5
cells and the parental KB-3-1 controls with the double-labeled
transferrin and let them reach steady state. We then imaged these
cells in both the red and the green channels and determined the
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red/green fluorescence intensity ratio (Fig. 4). We found that the
ERCs of cisplatin-resistant KB-CP cells exhibited an increased R/F
ratio as compared with parental KB cells, indicating thereby that
KB-CP cells, on average, have lower pH in the ERC tubules relative
to parental controls. This observation points to a possible mechanism by which the KB-CP ERCs are able to sequester cisplatin as
well as have increased sphingomyelin metabolism.
The altered distribution of the ERC tubules in cisplatinresistant cells is dependent on the expression of GluA-tubulin. We next addressed the molecular mechanism that
might cause the abnormal distribution of the ERC tubules in
KB-CP.5 cells. Another cell line that has been extensively studied
in our laboratory, and has dispersed the ERC under specialized
conditions, is B104-5. Under normal permissive conditions, this
cell line behaves identically to its parental cell line, TRVb-1, a CHO
cell line that lacks endogenous transferrin receptors and instead
expresses transfected human transferrin receptors. The B104-5
cells have a temperature-dependent increase in the level of Glua-tubulin (27). The cells were incubated at two different temperatures, 32jC (permissive) and 39jC (nonpermissive), for 3 days
before fixation, then permeabilized and immunostained for Glua-tubulin. B104-5 cells incubated at 32jC have relatively low levels
of stable Glu-a-tubulin, which is found as a network aggregated in
linear, polygonal, or irregular-shaped plaques of high fluorescence
density near the nuclei of the cells (Fig. 5A). An elevated level of
Glu-a-tubulin, which appeared loosely arranged and spread
throughout the cytoplasm, is detected in the B104-5 cells after 3
days at 39jC, the nonpermissive temperature (Fig. 5A). However,
the expression level of Tyr-a-tubulin in B104-5 cells grown at 39jC
was not significantly different from that in cells incubated at the
permissive 32jC (Fig. 5A). No alterations in the structural
appearance of the Tyr-a-tubulin could be detected and the overall
appearance was fairly similar in B104-5 cells cultured at both
temperatures. This is consistent with previous results indicating
that the elevated expression of Glu-a-tubulin at the restrictive
temperature could return to the lower level of Glu-a-tubulin by
lowering the temperature of B104-5 cells (18, 27).

Figure 4. Frequency distribution of the ratios of Alexa 546 to fluorescein
(R/F ratio ) in transferrin-labeled KB-3-1 cells (black columns ) and KB-CP.5
cells (gray columns ). The cells were labeled for 30 minutes at 37jC with
transferrin double labeled with Alexa 546 (red fluorescence; pH insensitive) and
fluorescein (green fluorescence; pH sensitive). They were then rinsed and
chased for an additional 10 minutes at 37jC in the presence of deferroxamine
(an iron chelator) and 10-fold excess unlabeled transferrin to prevent rebinding
of labeled transferrin. The cells were then fixed with 3% paraformaldehyde for
2 minutes at room temperature and imaged using wide-field microscopy. The
Alexa 546/fluorescein ratio was measured after background correction.
Increasing Alexa 546/fluorescein ratio indicates increasing pH values.
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Figure 5. Expression of Glu-a-tubulin and Tyr-a-tubulin by Western blotting
and confocal microscopy. A, expression of Glu-a-tubulin and Tyr-a-tubulin in
B104-5 cells under permissive and nonpermissive conditions. B104-5 cells were
incubated under permissive (32jC) and nonpermissive (39jC) conditions for
3 days in 5% CO2; then cells were fixed and permeabilized as described
in Materials and Methods. Several fields of cells were captured and one
representative field of each is shown. Bar, 20 Am. B, detection of Glu-a-tubulin
and Tyr-a-tubulin in isolated fractions of KB-3-1 and KB-CP.5 cells. Fractions
(W, whole-cell lysis; M, plasma membrane enriched fraction; C, cytosol fraction)
were isolated by different types of ultracentrifugation as described in Materials
and Methods. C, immunofluorescence pictures of KB-3-1 and KB-CP.5 cells
stained with antibodies against Glu-a-tubulin and Tyr-a-tubulin. A pronounced
aggregation of Glu-a-tubulin near the nuclei in KB-3-1 cells is observed
compared with KB-CP.5 cells. No changes in the cytoplasmic distribution pattern
of the Tyr-a-tubulin are detectable. Representative of at least six images.

The distribution of the ERC and Glu-a-tubulin was then
examined in KB-3-1 and KB-CP.5 cells. The expression of Glua-tubulin was found to be increased in KB-CP.5 cells compared
with parental KB-3-1 cells as detected by Western blotting. As
shown in Fig. 5B, there is a higher level of Glu-a-tubulin expression
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in KB-CP.5 cells compared with parental KB-3-1 cells. We did not
detect any major difference in the expression of Tyr-a-tubulin
between the cisplatin-resistant KB-CP.5 and cisplatin-sensitive
KB-3-1 cells. Based on immunohistochemistry, parental KB-3-1
cells have a relatively clustered distribution of down-regulated,
stable Glu-a-tubulin near the nuclei of the cells. An elevated level of
Glu-a-tubulin was also detected in the cisplatin-resistant KB-CP.5
cells but with a dispersed distribution of Glu-a-tubulin throughout
the cytoplasm (Fig. 5C). However, there was no significant
alteration in the appearance or expression level of Tyr-a-tubulin
in the resistant KB-CP.5 cells (Fig. 5C), which was similar to the
results with B104-5 cells mentioned above. The results indicate that
there is a correlation between the levels of stable Glu-a-tubulin and
the appearance of the ERC and suggest that stable microtubules
containing elevated levels of Glu-a-tubulin might play a role in
vesicle recycling or transportation.
B104-5 cells are relatively resistant to cisplatin under
nonpermissive conditions. To determine whether the formation
of an irregular ERC might lead to cisplatin resistance, we
compared the cisplatin toxicity of B104-5 cells at permissive and
nonpermissive temperatures. B104-5 cells were incubated with
various cisplatin concentrations at 32jC (permissive) or 39jC
(nonpermissive) for 4 weeks. Based on a colony-forming assay,
there was a 2.0-fold difference in cisplatin resistance between the
B104-5 cells at the nonpermissive temperature (0.31 Ag/mL) and
B104-5 cells incubated at the permissive temperature (0.15 Ag/mL;
Fig. 6A). Similar results were found using a 72-hour cell
proliferation assay with f4-fold resistance to cisplatin at the

Figure 6. Cytotoxicity of cisplatin measured in cells with different ERC
structures. A, the cytotoxicity of cisplatin in B104-5 cells incubated at permissive
or nonpermissive temperature was determined by colony-forming assays
4 weeks after continuous exposure to cisplatin at different concentrations. The
results are expressed as the percent of viable cisplatin-treated cells compared
with untreated cells. Points, mean of triplicate measurements; bars, SE.
B, colony-forming assay to measure the cisplatin resistance of parental TRVb-1
CHO cells. After the cells were incubated in medium with various concentrations
of cisplatin, cells were treated and counted as described in Materials and
Methods.
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nonpermissive temperature. However, there was no significant
difference in cisplatin resistance between the TRVb-1 CHO
parental cells at the permissive temperature (32jC) and nonpermissive temperature (39jC; Fig. 6B). Therefore, temperaturesensitive B104-5 cells with overexpressed Glu-a-tubulin were more
resistant to cisplatin at the nonpermissive temperature compared
with parental TRVb-1 CHO cells.

Discussion
Cellular resistance to cisplatin is multifactorial and may
consist of mechanisms limiting the formation of DNA adducts,
repair mechanisms and alterations that promote cell survival
(28, 29). The formation of DNA adducts by cisplatin can be
limited by reduced drug accumulation, enhanced drug efflux,
sequestration of drugs within the cytoplasm, and inactivation of
platinum drugs by coordination of sulfur-containing compounds
(30). Details of the mechanisms underlying the antitumor activity
of cisplatin or resistance to this drug are not entirely understood
despite intensive research in this area (31). However, reduced
accumulation of cisplatin seems to be a common mechanism of
resistance (32). In this work, we monitored the trafficking of the
bona fide ERC marker, transferrin, bound to its receptor, as well
as several fluorescent membrane lipid analogues, through the
ERC. Our previous study and the work of others have shown
that altered uptake of cisplatin occurs because of reduced
membrane-binding/transport proteins and reduced endocytosis
(2, 33). Here, we show that there is a defect in the localization
and probably the function of the ERC, consistent with a shown
alteration in the level of Glu-a-tubulin (in stable, detyrosinated
microtubules).
In most cell types, f95% of endocytosed membrane is recycled
to the plasma membrane. This recycling is important for the
maintenance of membrane composition and for cell-surface
expression of receptors involved in nutrient uptake as well as for
several other cellular processes (34, 35). We used fluorescently
labeled transferrin to study the lipid recycling pathway and found
that the ERC is altered in KB-CP.5 cells compared with KB-3-1
cells. This was confirmed by other known ERC markers. A tightly
clustered ERC is located near the nucleus in parental KB-3-1 cells
but it appears loosely arranged and widely dispersed throughout
the cytoplasm in KB-CP.5 cells. The overall distribution of the ERC
in these cells is related to the amount and distribution of stable
detyrosinated microtubules. The structural and functional integrity
of the ERC in part depends on the cytoskeleton, which seems to be
involved in regulating molecular sorting and vesicular transport of
the ERC with microtubules (36). In this work, we found that B104-5
cells sensitive to temperature are more resistant to cisplatin, with
an altered ERC due to stable Glu-a-tubulin–containing microtubules, at nonpermissive temperature than at permissive
temperature.
There are only a few hints to a possible influence of the
cytoskeleton on cisplatin resistance. Cisplatin can affect cytoplasmic actin filaments as seen in qualitative histologic and
ultrastructural findings (37). Biochemical studies done with
isolated tubulin molecules showed that cisplatin was able to
inhibit irreversibly the polymerization of microtubules by covalent
binding to sulfhydryl groups in tubulin dimers (38). Most
mammalian cells possess two subsets of microtubules: dynamic
microtubules with a half-life of 5 to 10 minutes and stable
microtubules with a half-life of hours (39). Dynamic microtubules
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contain mainly tyrosinated tubulin (Tyr-a-tubulin). Stable microtubules contain various modified tubulins, including detyrosinated tubulin (Glu-a-tubulin), which accumulate in stable
microtubules but do not cause microtubule stabilization (40).
The best-characterized modification of tubulin is detyrosination,
which involves the reversible removal of the COOH-terminal Tyr
residue from a-tubulin, exposing a Glu residue as the new COOH
terminus (41, 42). Stable microtubules are important in the
distribution of the ERC (27).
We chose B104-5 cells to study the effects of the distribution and
expression pattern of tubulin on cisplatin resistance. B104-5 has a
striking temperature-induced alteration of Glu-a-tubulin associated with the morphology of its ERC. Under permissive conditions,
a tightly clustered ERC is located near the Golgi complex in B104-5
cells cultured at 32jC. Under nonpermissive conditions at 39jC,
this compartment appears fragmented and widely dispersed.
Surprisingly, this alteration in the morphology of the recycling
compartment has no effect on the kinetics of receptor internalization and recycling (18). The wild-type endocytic compartment is
closely aligned with the microtubule-organizing center and the
Golgi apparatus, and like the Golgi, its clustered appearance is
dependent on intact microtubules. Lin et al. (27) found that
treatment with taxol could increase expression of stable Glu-atubulin in the B104-5 cells, which resulted in a dispersed ERC
structure similar to when cells were incubated at 39jC. In this
work, we show that B104-5 cells with a dispersed ERC incubated
under nonpermissive temperature were more resistant to cisplatin
compared with B104-5 cells with a more clustered ERC structure
under incubation at permissive temperature. It is very possible that
resistance to cisplatin is due to the formation of the ERC, which
accumulates active cisplatin inside its vesicles, reduces trafficking
of cisplatin from the cell surface into the cell, and limits the
possibility of cisplatin forming DNA adducts in the nucleus.
It should, however, be noted that B104-5 cells have been
previously shown to overexpress certain heat shock proteins (see
discussion in ref. 18). It is thus possible that increased cisplatin
resistance of B104-5 cells under nonpermissive conditions is more
related to a general up-regulation of heat shock type response than
to a direct effect of the altered ERC. Could the increased cisplatinresistant of KB-CP.5 cells also be due to some other phenomenon
which may be upstream from the ERC defect? Although this is a
possibility, the finding of cisplatin and methotrexate colocalized
with the altered ERC structures argues in favor of a direct effect of
the altered ERC on cisplatin resistance.
It is well established that organelles along both the secretory
and endocytic pathways experience a gradient of decreasing pH
(13). We found that the pH of the ERC is more acidic in cisplatinresistant KB-CP.5 cells compared with parental KB-3-1 cells. This
was determined by directly measuring the pH of late endosomes/
lysosomes by ratio fluorescence imaging. Acidification of endosomes is necessary for a variety of essential eukaryotic cellular
functions (13). However, the mechanisms that regulate pH in
these organelles are complex and not yet completely understood.
In general, endosomal acidity is generated by the membranebound ATP-dependent proton pump (vacuolar H+-ATPase) and
the degree of acidification is modulated by a complex interplay of
this pump and several other pumps or transporters, including the
Na+-K+-ATPase and chloride channels (13). Further investigation
will be required to pinpoint precisely which of these protein(s) is/
are affected in the KB-cisplatin–resistant cells.
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pH changes in the ERC in the cisplatin-resistant cells might
cause cisplatin to be ‘‘trapped’’ in the ERC due to the low
permeability of the charged cisplatin to vesicular membranes,
which would diminish the toxicity of cisplatin in KB-CP.5 cells. In
addition, the normal distribution of the ERC and intracellular
trafficking through this organelle could be disrupted by an acidic
alteration. It is therefore possible that cisplatin-resistant cells
could sequester cisplatin in an acidic ERC and expel it from the
cells by exocytosis. However, in previous work, we found
alkalinization of lysosomes in cisplatin-resistant cells (23). Why
the pH differs in lysosomes and the ERC in cisplatin-resistant cells
is still unclear. These pH changes in the endocytic pathway need
further study. In addition, we have found in this study that NBDsphingomyelin, of which the bulk of intracellular pool localizes to
the ERC at steady state, is metabolized significantly faster into
NBD-ceramide in cisplatin-resistant KB-CP.5 cells. It will be
interesting to explore whether this acceleration of sphingomyelin
metabolism is correlated with increased activation of acid
sphingomyelinases in the ERC of cisplatin-resistant cells due to a
lowering of the pH. Because ceramide is a known second
messenger, we speculate that such increased production of
ceramide in the ERC might play a role in the carcinogenesis
process.
The dispersed ERC localization and the elevated expression of
Glu-a-tubulin in KB-CP.5 cells permit a better examination of the
association of the ERC with cisplatin resistance in B104-5 cells.
Reports of platinum-rich phagocytic granules (platinosomes),
which may be related to lysosomes or the ERC, suggested that
cisplatin might localize in these intracellular lysosome-like
organelles. In addition, relatively high concentrations of cisplatin
were found in microsomal fractions of liver and kidney tissues
following cisplatin administration (43). Using confocal microscopy,
we found nearly all of the internalized Alexa 488-cisplatin in the
ERC labeled with Texas red-transferrin in KB-CP.5 cells, similar to
internalized Alexa 546–labeled methotrexate (Fig. 4). Therefore, it
is probable that alterations in the cytoskeleton related to Glu-atubulin are sufficient to alter the spatial distribution of intracellular
cisplatin. It is worth mentioning that, following treatment with
cisplatin, the number of platinum atoms bound covalently to
cytoplasmic proteins quantitatively exceeds the number of
platination sites on the nuclear DNA (44). These results suggest
that nuclear DNA is not the only target of the intracellular action of
cisplatin and reveal that additional molecular lesions must occur
independently of the molecular attachment to DNA, which could
result, for example, in structural alterations to the ERC. As
mentioned earlier, we have found that NBD-C6-sphingomyelin was
metabolized faster into NBD-C6-ceramide in cisplatin-resistant KBCP.5 cells. Therefore, altered phospholipid metabolism or trafficking in tumor cells that are cisplatin-resistant may represent a novel
target for new anticancer agents.
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