
 

Copyright © 2003 by Lipid Research, Inc.

 

This article is available online at http://www.jlr.org

 

Journal of Lipid Research

 

Volume 44, 2003

 

243

 

Telomerase immortalization upregulates Rab9
expression and restores LDL cholesterol egress
from Niemann-Pick C1 late endosomes

 

Marc Walter, Joanna P. Davies, and Yiannis A. Ioannou

 

1

 

Department of Human Genetics, Mount Sinai School of Medicine, New York, NY 10029

 

Abstract Niemann-Pick C (NPC) disease is a rare recessive
lipidosis marked by excessive accumulation of LDL-derived
free cholesterol and glycosphingolipids in the late endoso-
mal-lysosomal (E-L) system. Here we report that ectopic ex-
pression of human telomerase reverse transcriptase (hTeRT)
in human cells leads to an upregulation of the small GTPase
Rab9 and its effector p40. Expression of hTeRT in NPC1
cells results in a correction of their cellular phenotype, in-
cluding clearance of accumulated cholesterol from their
E-L system. Specifically, in NPC1-TeRT cells, the transport of
cholesterol from the E-L system to the plasma membrane is
restored with a concomitant increase in cholesterol esterifi-
cation. This effect is Rab9-specific since expression of Rab9
in untransformed NPC1 cells also leads to a reversal of
their disease phenotype. These effects are also seen in nor-
mal TeRT-immortalized cells and it appears that TeRT ex-
pression leads to an increase in the transport of molecules,
including cholesterol, from the E-L system, and may play a
role in increasing cellular proliferation.  These results
suggest the existence of alternative endogenous therapeutic
targets that can be modulated to reverse the NPC1 disease
phenotype.

 

—Walter, M., J. P. Davies, and Y. A. Ioannou.
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Niemann-Pick type C (NPC) is a rare autosomal reces-
sive lipidosis characterized by the accumulation of unes-
terified cholesterol in lysosomes (1, 2). Patients exhibit
progressive neurodegeneration and hepatosplenomegaly,
which leads to death during early childhood (3). NPC
cells accumulate LDL-derived unesterified cholesterol in
the endosomal-lysosomal (E-L) system and the 

 

trans

 

-Golgi
network (TGN)(1), and in addition, display delayed cho-
lesterol relocation to and from the plasma membrane (3).

 

The defect of cholesterol exit from the E-L system leads to
attenuation in the downregulation of key components
that maintain cholesterol homeostasis, such as 3-hydroxy-
3-methylglutaryl CoA reductase and the LDL receptor (4).

NPC disease is caused primarily by defects in the 

 

NPC1

 

gene (5), although about 5% of NPC result from defects
in a second gene, 

 

NPC2

 

 (6), that encodes the previously
characterized small soluble lysosomal protein, HE1. NPC1
is a membrane glycoprotein that resides primarily in
Rab7-positive late endosomes and secondarily in lyso-
somes and the TGN (7). This distinction is important in
view of data suggesting that cholesterol accumulation in

 

NPC1

 

�

 

/

 

�

 

 cells occurs primarily in late endosomes (8),
which are sorting sites for various cellular components. In
support of these observations, NPC1 cells also appear to
be defective in the efflux of endocytosed sucrose and in
the sorting of the mannose-6 phosphate receptor, suggest-
ing that the retrograde movement of proteins and cargo
from late endosomes to the TGN is perturbed (8, 9).

Further characterization of the effects of absent or mu-
tated NPC1 protein suggest that 

 

NPC1

 

�

 

/

 

�

 

 cells have a gen-
eralized block in lipid recycling from late endosomes to
the Golgi and plasma membrane (10). Recent studies
have implicated NPC1 in the regulation of lipid move-
ment late in the endocytic pathway, presumably from late
endosomes (11–13). Studies in Chinese hamster ovary
cells have shown that an increase in NPC1 expression
leads to a concomitant increase in the transport of LDL-
cholesterol (LDL-C) to the plasma membrane (14), lend-
ing further support to the idea that NPC1 is involved in
subcellular lipid transport. Moreover, expression of hu-
man NPC1 in 

 

Escherichia coli

 

 has posited NPC1 as the first
mammalian member of an ancient family of prokaryotic
pumps that function as multidrug permeases (15).

Detailed studies of NPC1 function in human cells have
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been hindered by difficulties in growing and maintaining
human NPC1 fibroblasts. To alleviate these problems, hu-
man fibroblasts can be immortalized by expression of the
large T antigen of SV40 virus (16). Recently, expression of
human telomerase reverse transcriptase (TeRT) in mam-
malian cells has been shown to increase their lifespan
(17), presumably by preventing the progressive shorten-
ing of overall telomere length (18) during each round of
DNA replication that leads to replicative senescence (19).
It has been proposed that the ability of TeRT-expressing
cells to maintain extended telomeres (20) functions not
only to preserve genomic stability by preventing chromo-
some loss, but also to protect against end-to-end chromo-
some fusion (21).

Although the maintenance of telomere length by TeRT
has been extensively characterized (22), cellular changes
that may be necessary for maintaining increased cellular
proliferation and extended life span have not been identi-
fied. We report here that TeRT expression in normal and
NPC cells leads to an upregulation of the small GTPase
Rab9, which in turn releases the NPC1 cholesterol block.
Thus, telomerase expression may promote extended cell
proliferation not only by maintaining telomere length,
but also by modulating additional intracellular changes,
such as Rab9-specific transport from late endosomes to
the TGN. These changes may be important in maintain-
ing continued cell proliferation and offer novel targets for
modulating both the effects of telomerase and the treat-
ment of NPC disease.

MATERIALS AND METHODS

 

Materials

 

Dulbecco’s modified Eagle’s medium (DMEM) and FBS were
purchased from Mediatech (Herndon, VA) and HyClone (Lo-
gan, Utah), respectively. Filipin (5 mg/ml in DMSO) was from
Polysciences Inc., (Warrington, PA). Low-density lipoprotein-
deficient serum (LPDS), 2-hydroxypropyl-

 

�

 

-cyclodextrin, and the
Protease Inhibitor cocktail for mammalian cells were purchased
from Sigma-Aldrich (Milwaukee, WI). 

 

l

 

-glutamine, gentamicin,
G418, Lipofectamine Plus reagents, and NuPage gels and buffers
were from Invitrogen (Carlsbad, CA). [9,10-

 

3

 

H(N)]oleic acid
(15 Ci/mmol) and [1,2,6,7-

 

3

 

H(N)]cholesteryl oleate (60 Ci/
mmol) were obtained from NEN Life Science Products, (Boston,
MA). LDL was obtained from Biomedical Technologies Inc,
(Stoughton, MA). The pDON-A1 retroviral vector was from Pan-
vera Corporation (Madison, WI), and the pGRN145 plasmid con-
taining a cDNA encoding human telomerase was a kind gift from
Geron Corporation (Menlo Park, CA). The pFB-neo, pMC1neo
and pIRES-hr green fluorescent protein (GFP) 1a vectors were
from Stratagene (La Jolla, CA), and the PT67 virus-packaging
cell line was obtained from Clontech (Palo Alto, CA). Polyclonal
anti-NPC1 antibodies were as previously described (15). Poly-
clonal anti-caveolin, anti-Rab7 and anti-Rab9 antibodies and the
anti-SV40 large T antigen monoclonal antibody were from BD
Pharmingen (San Diego, CA). HRP-conjugated anti-goat-IgG
and anti-rabbit-IgG antibodies were from Santa Cruz Biotechnol-
ogies Inc. (Santa Cruz, CA), and the anti-p40 antibody was a gen-
erous gift of S. R. Pfeffer (23). The Lumilight Plus substrate was
from Roche (Indianapolis, IN), and the TRAPezeXL Telomerase
Detection Kit was obtained from Intergen (Purchase, NY).

 

Expression vectors

 

A cDNA encoding the SV40 large T antigen and the SV40
early promoter and enhancer was excised from plasmid pMK16
[which contains a replication origin-defective, full-length copy of
the SV40 genome (16)] by digestion with 

 

Bam

 

HI and 

 

Asp

 

718.
This fragment was ligated into the same restriction sites in
pUC19 to generate pUC19-SV(

 

�

 

)T. A DNA cassette encoding
the thymidine kinase (TK) promoter, neomycin resistance gene,
and TK poly A signals was recovered from plasmid pMC1neo by
digestion with 

 

Xho

 

I and 

 

Sal

 

I. This fragment was ligated into the

 

Sal

 

I site of pUC19-SV(

 

�

 

)T to generate the pTTK-neo vector.
The telomerase expression vector was constructed by inserting

a cDNA encoding the human TeRT (20, 24) into the retroviral
expression vector pDON-A1, which directs expression of cloned
genes from the human CMV promoter. This vector was modified
to contain an 

 

Mfe

 

I restriction site in its polylinker, allowing liga-
tion to the 

 

Eco

 

RI ends of the telomerase cDNA, which was ex-
cised from plasmid pGRN145. The resulting retroviral vector,
pDON-TeRT, was lipofected into the packaging cell line PT67,
and the packaged amphotrophic virus was collected from the
culture medium after 48 h of growth.

The Rab9 retroviral expression vector was generated by clon-
ing the human Rab9 cDNA (25) into the pFB-neo vector (Strat-
agene). Infectious retrovirus was produced as above using the
PT67 cells. The Rab7- and Rab9 GFP-expressing vectors were gen-
erated by cloning the respective cDNAs into the pIRES-hrGFP-1a
vector (Stratagene). The Rab7 T22N and Rab9 S21N dominant
negative mutants were generated using the megaprimer protocol
(26). The mutant cDNAs were confirmed by sequencing and
cloned into the pIRES-hrGFP 1a vector, as above.

 

Cell culture and transfection

 

The normal fibroblast cell lines (GM00041B and GM05387)
and NPC1 fibroblasts (GM03123) (27) were obtained from Cori-
ell Cell Repositories (Camden, NJ). The NPC2 cell line was a
kind gift from A. Fensom (28), and the mouse ovarian granulosa
NPC1 cell line, ELC, was derived from the 

 

npc

 

nih

 

 mouse (29) and
was generously provided by Peter Pentchev. Cell lines were main-
tained in DMEM supplemented with 10% FBS, 2 mM 

 

l

 

-gluta-
mine, and 50 

 

�

 

g/ml gentamicin in a humidified incubator at
37

 

�

 

C with 5% CO

 

2.

 

Exponentially growing cells were transfected with the pTTK-
neo plasmid (see above) using Lipofectamine with Plus reagent,
according to the manufacturer’s recommendations. Clones ex-
pressing the SV40 large T antigen were selected in media con-
taining 350 

 

�

 

g/ml G418 for 2 weeks. Individual clones were iso-
lated using cloning rings, expanded, and characterized for SV40
T expression using an anti-SV40 T antigen antibody and immu-
nofluorescence microscopy using a Nikon Eclipse fluorescence
microscope equipped with a CCD camera (Nikon, Melville, NY).

Similarly, cells were infected with the pDON-TeRT retrovirus
and selected in 350 

 

�

 

g/ml of G418. Positive clones surviving se-
lection were isolated and characterized as described above. All
telomerase-immortalized clones exhibited a higher proliferation
rate than their untransformed parental lines, as determined by
thiazolyl blue (MTT) hydrolysis (data not shown). In addition,
telomerase-expressing cell lines have been maintained in culture
for 

 

�

 

100 population doublings. Telomerase activity was deter-
mined using the TRAPezeXL Telomerase Detection Kit. A cell ly-
sate produced from a cell pellet supplied by the manufacturer
was used as a positive control, while negative controls were gen-
erated by telomerase heat inactivation at 85

 

�

 

C for 10 min, as rec-
ommended by the manufacturer. Fluorescence was measured in
a Farrand Spectrofluorometer with the excitation/emission pa-
rameters set at 495 nm/516 nm.
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Lipid analyses

 

Preparation of [

 

3

 

H]oleate substrate.

 

Sodium oleate, 16.75 mg, was
dissolved in methanol and added to [

 

3

 

H]oleate (in ethanol).
The mixture was dried under nitrogen, resuspended in 4.4 ml of
14% fatty-acid free BSA in PBS and filter-sterilized.

 

Preparation of [

 

3

 

H]cholesteryl oleate-LDL.

 

Incorporation of [

 

3

 

H]cho-
lesteryl oleate into LDL particles was essentially as described
(30). Briefly, glass tubes were coated with potato starch prior to
addition of 2 mg LDL and lyophilization. The lipid core of the
immobilized LDL particles was extracted using heptane washes
and then replaced by adding 62.5 

 

�

 

Ci of [

 

3

 

H]cholesteryl oleate,
incubating for 10 min at 

 

�

 

20

 

�

 

C, slowly drying under nitrogen,
and then resuspending in 1 ml 10 mM Tris-HCl, pH 8.4. The re-
constituted, labeled LDL was then filtered though a 0.8 

 

�

 

M pore
diameter filter and the protein and label recovery determined to
ensure that the specific activity 15,000 cpm/nmol was routinely
obtained.

 

Cholesterol esterification assay.

 

Esterification assays were essen-
tially as described (31). Briefly, fibroblasts plated at about 30%
confluency were grown for 24 h in 3.5 cm dishes with DMEM me-
dium that contained 10% LPDS. Longer incubation periods
were not used as the rapidly dividing SV40-transformed cells did
not tolerate growth in the absence of LDL for more than 2 to 3
days. On day 2, 1 ml of fresh DMEM containing 10 

 

�

 

l of [

 

3

 

H]ole-
ate substrate (0.76 nmol of [

 

3

 

H]oleate, 125 nmol of unlabeled
Na oleate) and 10% of LPDS 

 

�

 

 50 

 

�

 

g/ml LDL was added to the
fibroblasts. The cells were incubated for 16 h, harvested by
trypsinization, and washed twice in PBS prior to hypoosmotic ly-
sis by freeze-thawing in 150 

 

�

 

l of water.
To determine the quantity of cholesterol oleate formed, 100 

 

�

 

l
of cell lysate was mixed with 100 

 

�

 

l of water and 1 ml of chloro-
form-methanol (2:1, v/v). Lipids were extracted into the lower or-
ganic phase and then dried under nitrogen prior to resuspension
in 40 

 

�

 

l of chloroform-methanol (2:1, v/v) that contained 30 

 

�

 

g
cholesteryl oleate, a marker standard. Half of the sample was ap-
plied to a SIL 60 HPTLC plate (E. Merck, Darmstadt, Germany)
and the lipids were separated by TLC using hexane-ethylether-gla-
cial acetic acid (90:10:1, v/v/v). The lipids were visualized using
iodine vapor and the [

 

3

 

H]cholesteryl oleate was quantified by liq-
uid scintillation counting. Total protein was determined on a 30 

 

�

 

l
aliquot of lysate using the fluorescamine assay as described (32).
Total oleate uptake was determined using 10 

 

�

 

l lysate and liquid
scintillation counting. Esterification of LDL-derived cholesterol
was calculated by subtracting the cholesterol oleate values for cells
grown in LPDS from those using full FCS medium. All values were
obtained in triplicate and normalized to total cell protein.

 

Cholesterol efflux assays.

 

Cholesterol efflux assays were carried
out essentially as previously described (33). Cells were grown in
medium containing 5% LPDS for 48 h in six-well dishes to 80%
confluency as described above. Cells were then incubated in
fresh medium containing 5% LPDS, [

 

3

 

H]cholesteryl-oleate LDL
(specific activity 

 

�

 

 3.8 

 

	

 

 10

 

7

 

 dpm/mg protein), and 20 

 

�

 

g/ml
progesterone for 24 h. The cells were then washed three times
with LPDS medium and incubated in LPDS medium containing
2% 2-hydroxypropyl-

 

�

 

-cyclodextrin. The cyclodextrin-containing
medium was sampled in 0.5 ml aliquots at the indicated times. At
the end of the incubation period, the monolayers were washed
and lipids were extracted by incubating cells with isopropyl alco-
hol for 30 min. Protein concentration was determined by extract-
ing the remaining lipid-free cell residue with 0.5 N NaOH. Unes-
terified and esterified cholesterol levels in the extracted lipids
were determined by thin layer chromatography and scintilla-
tion counting. The percent of endocytosed cholesterol retained
in cells was calculated as follows: [

 

3

 

H]cholesterol retained in
cells 

 

�

 

 [cell-associated [

 

3

 

H]cholesterol/(cell-associated [

 

3

 

H]cho-
lesterol 

 




 

 medium [

 

3

 

H]cholesterol)] · 100.

 

Cell lysis and Western blotting

 

Cell lines were grown in 150 mm culture dishes to 80% conflu-
ency. The cell monolayer was washed twice with PBS (pH 7.4)
and the cells harvested in PBS containing 2 mM EDTA. The cell
pellet was resuspended in ice-cold lysis buffer, 100 mM Na phos-
phate, 150 mM NaCl, 2 mM EDTA, and 1% (v/v) Igepal (pH
7.5) with protease inhibitor cocktail solution (1 

 

�

 

l/20 mg tis-
sue). The cell suspension was incubated for 20 min on ice and
then passed through a 25-gauge needle to shear DNA, followed
by centrifugation at 10,000 

 

g

 

 for 15 min.
For Western blotting, protein samples were resolved using the

NuPage gel system and buffers, as recommended by the manufac-
turer. Briefly, samples containing 20 

 

�

 

g of total protein were dena-
tured by incubation for 10 min at 70

 

�

 

C. The samples were electro-
phoresed through a 3-8% Tris-Acetate gel (NPC1) in acetate buffer
or a 4–12% Bis-Tris gel in MES buffer (caveolin, p40, Rab7, and
Rab9) at a constant voltage of 150 V and 200 V, respectively. The
proteins were then transferred onto a nitrocellulose membrane us-
ing transfer buffer containing 4.08 g/l bicine, 5.23 g/l Bis-Tris, 0.29
g/l EDTA, and 200 ml /l (v/v) methanol at a constant voltage of
30 V for 1 h. After blotting, the nitrocellulose membranes were air
dried, washed for 3 

 

	

 

 5 min in TBST buffer (8.8 g/l NaCl, 7.9 g/l
Tris, 0.05% (v/v) Tween 20, pH 7.5), and incubated overnight at
4

 

�

 

C in blocking solution [5% (w/v) non-fat dried milk in TBST].
Proteins were detected by chemiluminescence, using an appropri-
ate primary antibody, an HRP-conjugated anti-goat-IgG or anti-rab-
bit-IgG secondary antibody, and Lumilight Plus substrate solution.

 

RESULTS

 

Immortalization of human fibroblasts with SV40 large 
T antigen or TeRT

 

To further characterize the function of NPC1, various
human cells were transfected with vectors expressing either
the SV40 large T antigen or hTeRT (17) to generate cell
lines with improved growth characteristics. Fibroblasts im-
mortalized with these vectors included human normal
(Wt), NPC1, and NPC2 disease cells. As expected, both
SV40 T- and hTeRT-transformed cells grew better in cul-
ture than their untransformed counterparts. In addition,
hTeRT-immortalized cells exhibited an extended life span
(

 

�

 

100 population doublings), a phenotype that has been
attributed to the maintenance of telomere length by hTeRT
expression (17) (

 

Fig. 1A

 

). Conversely, SV40 T-transformed
cells that have no detectable telomerase activity (Fig. 1A)
did not exhibit an extended lifespan and entered “crisis” af-
ter a small number of population doublings.

 

Telomerase immortalization leads to correction of the 
NPC1 phenotype

 

Transformation of cells with the SV40 T antigen has been
shown to cause numerous cellular alterations (34), and
thus retention of the NPC1 phenotype in the transformed
cell lines was investigated. The free cholesterol accumula-
tion in the E-L system of NPC cells can be easily detected
using the cholesterol binding polyene macrolide antibiotic
filipin (35). Both NPC1 and NPC2 cells exhibited a bright,
punctate fluorescence when probed with filipin (Fig. 1B),
indicating the typical accumulation of free cholesterol in
vesicles of the E-L compartment, whereas Wt fibroblasts ex-
hibit minimal filipin staining as expected (Fig. 1B). Expres-
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Fig. 1. Characterization of wild-type (Wt), human telomerase reverse trascriptase (hTeRT)-, and SV40 T-transformed cell lines. A: Telomerase ac-
tivity in each cell line was determined using a commercial TRAP assay kit as described in Materials and Methods. Telomerase activity in positive and
negative control lysates is denoted by (
) and (�), respectively. Each determination was independently determined at least three times. The aver-
age and standard deviation is shown. As expected, telomerase activity (arbitrary units, AU) in untransformed and in SV40 T-transformed cell lines
was essentially undetectable, whereas hTeRT-transformed cells exhibit high telomerase activity. B: Wt, Niemann-Pick C (NPC)1, and NPC2 cells
stained with filipin to highlight the accumulation of free cholesterol in the E-L system. Wt cells do not exhibit strong filipin staining, whereas NPC1
and NPC2 cells show bright vesicular fluorescence. In contrast, NPC1-TeRT cells lack the strong vesicular staining of the parent cells and appear
similar to Wt cells. C: Western-blot analysis of NPC1 expression in the various cell lines. SV40 T- or TeRT-immortalization does not change NPC1
protein expression levels (NPC1 panel; arrows indicate the position of NPC1). The expression of caveolin also remains unchanged in hTeRT-
immortalized cell lines (caveolin panel), although its expression is decreased in the SV40 T-immortalized cell lines, as previously described (38).
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sion of the SV40 T antigen altered the morphology of all
cell lines independent of genotype; however, both NPC1
and NPC2 cells maintained the filipin-positive phenotype
of their parental cell lines (Fig. 1B). Similarly, hTeRT ex-
pression had no effect on the phenotype of the Wt or NPC2
cells. Surprisingly however, NPC1-TeRT cells no longer ac-
cumulated free cholesterol in their E-L system (Fig. 1B). To
determine whether this phenotypic change was due to up-
regulation of a partially active NPC1 protein, Western blot
analyses of NPC1 expression were carried out. No increase
in NPC1 protein expression was seen in TeRT-immortalized
cells (Fig. 1C). Similarly, a second NPC1 cell line that pro-
duced negligible amounts of immunoreactive NPC1 pro-
tein (NPC1o) also showed no increase in NPC1 protein ex-
pression (Fig. 1C). Staining of the NPC1-TeRT cells with
filipin revealed that these cells were also corrected and ex-
hibited no cholesterol storage (not shown), suggesting that

 

the clearance of E-L cholesterol in TeRT-immortalized
NPC1 cells is independent of NPC1 expression.

Previously, we determined that NPC1 facilitated the efflux
of acriflavine from the E-L system (15). However, acriflavine
produces high-background fluorescence in mammalian
cells due to its inherent ability to bind to DNA. We have de-
termined that the efflux of an acriflavine-related molecule,
riboflavine or vitamin B2, from the E-L system is also specifi-
cally facilitated by NPC1 and is defective in NPC1 cells (data
not shown). Since riboflavine efflux is dependent on NPC1
function, it was predicted that NPC1-TeRT cells would still
exhibit a defect if TeRT immortalization did not directly
affect NPC1 protein expression and/or function. As
expected, Wt cells labeled with riboflavine showed a weak
diffuse fluorescence, indicating that this molecule was effi-
ciently transported out of the E-L system (

 

Fig. 2

 

). However,
both NPC1 and NPC1-TeRT cells retained a bright vesicular

Fig. 2. Riboflavine efflux in Wt, NPC1, and NPC1-TeRT cells. Cells were plated on glass coverslips, incubated with 100 �g/ml riboflavine
for 16 h, and viewed live with a Nikon eclipse microscope using the FITC filter set. In Wt cells, the transport of endocytosed riboflavine, like
acriflavine (15), out of the E-L system by NPC1 is indicated by the absence of riboflavine vesicular fluorescence (A; B, phase contrast image
of cells shown in A). In contrast, both NPC1 (C) and NPC1-TeRT (D) cells exhibit bright vesicular fluorescence indicating that riboflavine
cannot be extruded due to the defective activity of NPC1.
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fluorescence, indicating that riboflavine efflux in these cells
was still compromised (Fig. 2C, D).

Caveolin has been implicated in the transport of choles-
terol from the TGN to the plasma membrane (36). A role
for NPC1 in this pathway has also been suggested (2), since
NPC1 cells have a block in cholesterol transport from the
TGN to the plasma membrane (2, 37). To determine
whether correction of the NPC1 phenotype by TeRT in-
volves alterations in caveolin expression, Western blot analy-
sis was performed as above. The SV40 T-transformed cells
exhibited a downregulation of caveolin expression that is
consistent with previous reports (38). However, no changes
in caveolin expression were apparent in the TeRT-immortal-
ized cells (Fig. 1C), indicating that correction of the NPC1
phenotype did not involve changes in caveolin expression.

Following its departure from the E-L system, cholesterol
arrives at the plasma membrane where most cellular free
cholesterol is maintained (39). To determine whether this
pathway is restored in NPC1-TeRT cells, the transport of
free cholesterol to the plasma membrane was monitored
using 2-hydroxypropyl-

 

�

 

-cyclodextrin (33). As expected,
untransformed NPC1 cells exhibited a delayed arrival of
free cholesterol at the plasma membrane (33), as shown
by the greater amount of cholesterol retained in cells
compared with Wt cells (

 

Fig. 3A

 

). However, in NPC1-TeRT
cells, cholesterol arrived at the plasma membrane at a rate
similar to Wt cells (Fig. 3A), suggesting that hTeRT
immortalization restored this pathway in NPC1 cells.
Next, plasma membrane cholesterol was monitored for its
movement to the endoplasmic reticulum (ER) for subse-
quent esterification by ACAT. Wild-type and NPC1 cells
transformed with SV40 T antigen showed an increase in
cholesterol esterification (Fig. 3B), which may reflect a di-
rect effect of SV40 T transformation (40) such as alter-
ations in the regulation of the LDL receptor (40). More
significantly, NPC1-TeRT cells showed a 3–4-fold increase
in cholesterol esterification in comparison to their un-
transformed counterpart (Fig. 3B), indicating that in
these cells, cholesterol can exit the E-L system and be tar-
geted to the ER for esterification. It should be noted how-
ever, that this increase in esterification could be partly due
to upregulation of ACAT by telomerase.

As discussed above, a direct consequence of the choles-
terol efflux block in NPC1 cells is their altered cellular
cholesterol homeostasis due to an upregulation of the ste-
rol regulated element (SRE) response (3). To conclusively
demonstrate that NPC1 cells are rescued following TeRT
expression, we monitored the SRE response of these cells
with a vector that drives the expression of GFP under the
control of a double SRE motif (41). In this vector system,
GFP expression is off or downregulated when cells sense
ample cholesterol and is greatly upregulated when cells
detect a lack of cholesterol (41). Thus, introduction of
this vector in normal cells in the presence of cholesterol
would result in very little GFP expression, whereas intro-
duction into NPC cells would result in high GFP expres-
sion even in the presence of cholesterol. As expected, in-
troduction of this vector in NPC1 cells resulted in high
GFP expression that was not downregulated in the pres-

 

ence of LDL (Fig. 3C; NPC1). Similar to previous results
(41), growth of Wt cells in the presence of LDL downreg-
ulated GFP expression, whereas LDL depletion caused an
increase in GFP expression (Fig. 3C; Wt). Wt-TeRT cells
responded similarly to the presence or absence of LDL, al-
though induction of GFP expression in the absence of
LDL was less than that in Wt cells (Fig. 3C; Wt-TeRT). In-
terestingly, NPC1-TeRT cells responded similarly to Wt
cells with reduced GFP expression in the presence of LDL
(Fig. 3C; NPC1-TeRT), indicating that these cells have by-
passed the cholesterol efflux block exhibited by the pa-
rental NPC1 cells.

 

Telomerase immortalization leads to upregulation of late 
endosome to TGN transport

 

Transport of lipids and proteins from the E-L system to
the TGN depends on the small GTPases Rab7 and Rab9
(42). Western blot analyses were carried out to determine
whether the expression of these proteins was altered in
TeRT-immortalized cells. As shown in 

 

Fig. 4

 

, the expres-
sion of Rab7 was unchanged between normal and TeRT-
immortalized cells (Fig. 4A), suggesting that Rab7 is not
involved in cholesterol clearance from late endosomes,
consistent with a recent report (43). However, the expres-
sion of Rab9 was increased approximately 6-fold in Wt
TeRT-immortalized cells and 

 

�

 

4-fold in NPC1 TeRT-
immortalized cells, suggesting that Rab9 may be responsi-
ble for the correction of the NPC1 phenotype (Fig. 4A). Fur-
ther support for Rab9 involvement in cholesterol egress
from the E-L system was provided by the fact that expres-
sion of p40, a Rab9-interacting protein necessary for en-
dosome-to-TGN transport (23), was also increased in
TeRT-immortalized cells (Fig. 4A). Interestingly, p40 was
also upregulated in untransformed NPC1 cells, probably
in response to the transport block from late endosomes to
the TGN. No further increase in p40 expression could be
seen in NPC1-TeRT cells, suggesting that expression of
p40 in these cells was maximal and no further upregula-
tion could occur. Treatment of Wt and NPC1 cells with
progesterone, which inhibits cholesterol egress from the
E-L system (44), caused a dramatic upregulation of Rab9
expression (Fig. 4B), indicating that Rab9 and its effector,
p40, are upregulated either when transport from the E-L
system to TGN is blocked or when cells are immortalized
with TeRT. Interestingly, progesterone had no direct ef-
fect on p40 expression, since treatment of Wt cells with
progesterone did not result in an increase in p40 expres-
sion (data not shown).

To confirm the involvement of Rab9 in the release of the
cholesterol transport block in NPC1 cells, these cells were
transduced with a retroviral vector expressing human Rab9
(25). As expected, expression of Rab9 alone released the
transport block in NPC1 cells, allowing cholesterol to be
cleared from the E-L system (Fig. 4C). Interestingly, Rab9-
positive late endosomes did not contain cholesterol as de-
tected by filipin staining (Fig. 4C), lending further support
to the notion that upregulation of Rab9 expression by
TeRT-immortalization can bypass the requirement for the
NPC1 protein in late endosome-to-TGN transport.
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To further confirm these results, vectors were con-
structed that could express Rab9 in a bicistronic manner
with GFP under the control of the strong cytomegalovirus
promoter/enhancer. Thus, Rab9-expressing cells could be
readily identified by their GFP-positive phenotype. Vectors
for Rab7 and the Rab7 and Rab9 dominant negative mu-

tants, T22N and S21N, respectively, were also constructed
using this system. Since transfection of human fibroblasts
with plasmid DNA is very inefficient, the mouse NPC1
cell line ELC (45) was used for subsequent analyses. Fur-
thermore, it was noted that human NPC1 cells show hetero-
geneous filipin phenotypes following growth in LPDS,

Fig. 3. Cholesterol transport to the plasma membrane and endoplasmic reticulum. A: Cholesterol transport to the plasma membrane was
measured by labeling cells with LDL-containing [3H]cholesteryl-oleate as described in Materials and Methods. Free cholesterol remaining in
cells was determined as detailed in Materials and Methods. Values represent the mean � SD of triplicate wells. In NPC cells, cholesterol ex-
hibits a delayed transport to the plasma membrane as indicated by its retention in cells. In NPC-TeRT cells however, cholesterol arrives at the
plasma membrane similar to Wt, and Wt-TeRT cells, as indicated by its decreased cellular retention. B: Esterification assays were performed
to determine whether cholesterol in NPC1-TeRT cells can reach the endoplasmic reticulum for esterification. SV40 T immortalization causes
an increase in esterification in both cell lines. TeRT-immortalization has no effect on esterification in Wt cells (top panel). However, NPC1-
TeRT cells show a 3–4-fold increase in esterification (bottom panel). Open bars indicate basal esterification in the absence of LDL and
closed bars indicate esterification in the presence of LDL. C: Restoration of the sterol-regulated element (SRE) response in NPC1-TeRT
cells. Cells were transfected with a plasmid expressing green fluorescent protein (GFP) under the control of an SRE promoter. Growth of Wt
or Wt-TeRT cells in the absence of LDL for 24 h causes an upregulation of GFP expression as expected (Wt, Wt-TeRT; �LDL). Also as ex-
pected, NPC1 cells are unable to down-regulate the SRE response in the same time period and therefore GFP is upregulated in cells grown
in the presence or in the absence of LDL (NPC1; 
LDL). This aberrant SRE regulation is corrected in NPC1-TeRT cells (NPC1-TeRT;

LDL). The results shown are representative of a number of different cells in each experiment scored (n � 20).
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with some cells displaying decreased filipin fluorescence.
Thus, the mouse cells, which do not exhibit this pheno-
type (data not shown) can more accurately reflect the ef-
fects of Rab9 and Rab7 expression on their filipin-positive
phenotype. As shown in 

 

Fig. 5B

 

, expression of Rab9 in
these cells completely cleared the filipin-positive material.
Of note, clearance of filipin material was related to the
level of Rab9 expression (Fig. 5B). For example, cells that
expressed high levels of GFP (which correlates with the
levels of Rab9, since the two genes are linked) showed a
complete clearance of filipin-positive material (Fig. 5B,
large arrows) compared with cells expressing lower levels
of GFP, which still displayed some filipin-positive material
(Fig. 5B, small arrows). Expression of Rab7 in these cells
did not result in the clearance of filipin material (Fig.
5C), further suggesting that, since the expression of Rab7
was not increased in telomerase-expressing cells, Rab7 is
not involved in the correction of the NPC1 phenotype fol-
lowing telomerase immortalization. As expected, expres-

sion of the Rab9 dominant negative mutant S21N had no
effect on the filipin-positive material in these NPC1 cells
(Fig. 5D). Interestingly, expression of the Rab7 dominant
negative mutant T22N resulted in a high degree of apop-
totic cell death (Fig. 5E). In fact, greater than 70% of cells
positive for GFP exhibited the multi-fragmented cellular
phenotype seen in Fig. 5E (n 

 

�

 

 20).

DISCUSSION

The results described here suggest that telomerase im-
mortalization of human cells affects the function of the
E-L system and in particular the efflux of cholesterol from
this system, independent of the NPC1 protein. Such
changes may be necessary to maintain cells in a continued
proliferative state (46). In fact, a recent study has pro-
vided evidence for a correlation between cholesterol con-
tent and cell cycle progression (47). Inhibition of choles-

Fig. 4. Analyses of Rab GTPase expression. A: Western blot analyses of Rab9, Rab7, and p40 expression in
untransformed and TeRT-transformed cells. Rab9 is upregulated �6-fold in TeRT-immortalized cells, whereas
Rab7 is unchanged. Expression of p40 is higher both in TeRT-immortalized and NPC1 cells compared with
Wt cells. B: Western blot analysis of Rab9 expression in normal, TeRT-immortalized, and progesterone-
treated normal cells. Progesterone treatment (10 �g/ml for 24 h) causes an upregulation of Rab9 expression
similar to the expression seen in TeRT-immortalized cells. C: NPC1 cells transduced with a retroviral vector
expressing human Rab9 show a clearance of cholesterol storage in NPC1 endosomes (NPC1-Filipin) com-
pared with untransduced NPC1 cells (NPC1-Filipin Control). Of note, Rab9-positive endosomes (NPC1-
Rab9) are completely clear of cholesterol (Merge; inset).

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Walter, Davies, and Ioannou Correction of the NPC1 phenotype by Rab9 overexpression 251

terol biosynthesis with low concentrations of lovastatin
blocked cell proliferation, with cells accumulating in G2.
When LDL-C was added to these cells, cell cycle progres-
sion was resumed (47). In NPC1 disease, cells are unable
to metabolize LDL-derived cholesterol due to its accumu-
lation in the late E-L system. Currently, there is no evi-
dence to suggest that a lack of LDL-derived cholesterol
has any impact on cell cycle progression in NPC1 cells
other than that NPC1 cells grow very slowly in culture and
soon reach a state of replicative senescence. However,
NPC1 fibroblasts transformed by hTeRT exhibit an in-
creased life span and grow as rapidly as normal cells in
culture.

Thus, it may be important for actively proliferating cells
to increase the rate by which they obtain LDL-derived
cholesterol. This access could be accomplished by either
upregulating late endosome cholesterol efflux via the ex-
pression of NPC1 or upregulating cholesterol transport
from late endosomes to the TGN. The data presented
here suggest that the two mechanisms are independent,
since transport of cholesterol from late endosomes to the
TGN occurs in the absence of NPC1 and involves the up-
regulation of the small GTPase Rab9 and its effector, p40.
Also, since both Wt and NPC cells upregulate Rab9 ex-
pression following TeRT immortalization, it appears that
the preferred mechanism is the upregulation of late en-

Fig. 5. Expression of Rab7 and Rab9 in NPC1 cells. A: As a control, human NPC1 fibroblasts were infected
with a Rab9-expressing retrovirus as described in Fig. 4C. Three days postinfection, cells were stained with fil-
ipin (left panel) and an anti-Rab9 antibody (right panel). A Rab9-positive cell is completely devoid of filipin-
positive material, whereas a neighboring Rab9-negative cell exhibits bright, vesicular filipin staining. B:
Mouse NPC1 cells were transfected with a plasmid expressing a bicistronic mRNA for Rab9 and GFP. Thus,
the levels of GFP directly reflect the levels of Rab9 expression, since both proteins are translated from a sin-
gle mRNA. Similar to the results of Rab9 expression in human NPC1 cells (A), expression of Rab9 in mouse
NPC1 cells resulted in correction of their filipin-positive phenotype. Notably, the level of correction is di-
rectly related to the level of expression, as shown for those with high (large arrows) and low (small arrows)
expression. The star denotes a dying cell. C: Expression of Rab7 in a similar manner, as described for Rab9
(B), did not result in any filipin-corrected cells. D: The Rab9 mutant S21N was also unable to correct NPC1
cells. E: Similarly, expression of the Rab7 mutant T22N did not yield any NPC1-corrected cells. However,
most cells expressing Rab7 T22N were in the process of undergoing apoptosis.
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dosome-to-TGN transport. Such an increase in transport
would also allow cells to transport factors other than cho-
lesterol from the E-L system, such as proteins, protein re-
ceptors, and other lipids.

Interestingly, Rab7, another small GTPase involved in
late endosome transport, was not upregulated by telomer-
ase. A recent report clearly demonstrates that the function
of Rab7 may be to direct vesicle movement toward the mi-
nus end of microtubules (43, 48) and toward lysosomes.
This function would be consistent with a lack of Rab7 up-
regulation by telomerase, since it would not offer any ad-
vantage for late endosome-to-TGN transport. During the
preparation of this manuscript, another report appeared
confirming that Rab9 expression in NPC1 cells corrects
the NPC1 phenotype (49). However, in contrast to our re-
sults, expression of Rab7 was also shown to correct the
NPC1 phenotype. The reasons for these Rab7 conflicting
results are not clear, but may partially stem from differ-
ences in expression constructs or differences in cell lines
used for these studies and perhaps differences in the
growth conditions of NPC1 cells prior to and during the
transfection/correction experiments. Further work is nec-
essary to establish the exact role of Rab7 in this transport
pathway. The Rab7 T22N studies are intriguing and sug-
gest that a deficiency of Rab7 cannot be tolerated, leading
to programmed cell death of NPC1 cells. Thus, Rab7 may
provide an essential function for the survival of NPC1
cells.

These studies have identified a new candidate for inter-
vention in NPC1 disease and provide an alternative to cor-
recting the defect of the NPC1 protein. Rab9 is a small, well-
characterized protein and it may be simpler to modulate
its activity to treat NPC1 disease than to rely on approaches
that involve the manipulation of the poorly characterized,
large membrane glycoprotein NPC1. Furthermore, these
immortalized cells lines and their isogenic untransformed
counterparts offer an excellent system to further charac-
terize the mechanism of lipid efflux from the E-L system
and the effects of TeRT immortalization on subcellular
lipid transport. Further characterization of these cells
should reveal new targets for modulating telomerase-
dependent changes in cells, such as those of malignant tu-
mors (50), with abnormally upregulated telomerase ex-
pression.

This work was supported by National Institutes of Health Grant
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