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Rab9 GTPase resides in a late endosome microdomain together with mannose 6-phosphate receptors (MPRs) and the
tail-interacting protein of 47 kDa (TIP47). To explore the importance of Rab9 for microdomain establishment, we depleted
the protein from cultured cells. Rab9 depletion decreased late endosome size and reduced the numbers of multilamellar
and dense-tubule-containing late endosomes/lysosomes, but not multivesicular endosomes. The remaining late endo-
somes and lysosomes were more tightly clustered near the nucleus, implicating Rab9 in endosome localization. Cells
displayed increased surface MPRs and lysosome-associated membrane protein 1. In addition, cells showed increased MPR
synthesis in conjunction with MPR missorting to the lysosome. Surprisingly, Rab9 stability on late endosomes required
interaction with TIP47. Rabs are thought of as independent, prenylated entities that reside either on membranes or in
cytosol, bound to GDP dissociation inhibitor. These data show that Rab9 stability is strongly influenced by a specific
effector interaction. Moreover, Rab9 and the proteins with which it interacts seem critical for the maintenance of specific

late endocytic compartments and endosome/lysosome localization.

INTRODUCTION

Within the endocytic pathway, Rab GTPases serve to orga-
nize microdomains by recruiting specific sets of effector
proteins to distinct regions (Zerial and McBride, 2001; Bar-
bero et al., 2002; Miaczynska and Zerial, 2002). These collec-
tions of effector proteins act in concert to mediate specific
endosomal functions such as endosome-endosome fusion,
receptor segregation for recycling to the plasma membrane,
or packaging of cargo into vesicles bound for another com-
partment. Zerial and coworkers have shown that early en-
dosomes are comprised of at least three distinct domains
containing Rab4, Rab5, or Rab11 (Sonnichsen ef al., 2000).

Videomicroscopy of living cells revealed that Rab9 is seg-
regated in a late endosome microdomain that is deficient in
the late endosomal Rab7 GTPase (Barbero et al., 2002). The
Rab9 microdomain contains mannose 6-phosphate receptors
(MPRs; Barbero et al., 2002), which carry newly synthesized
lysosomal enzymes from the Golgi complex to endosomes,
and then return to the Golgi (Kornfeld, 1992). Two distinct
MPRs have been identified, the ~46-kDa cation-dependent
(CD) MPR and the ~300-kDa cation-independent (CI) MPR.
Transport of MPRs from late endosomes to the trans-Golgi
requires the Rab9 GTPase (Lombardi et al., 1993; Riederer et
al., 1994), the cargo adaptor tail-interacting protein of 47 kDa
(TIP47) (Diaz and Pfeffer, 1998; Carroll et al., 2001), a Rab9
effector named p40 (Diaz et al., 1997), NSF, a SNAP, and a
protein named mapmodulin (Itin et al., 1997, 1999).
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TIP47 binds with high specificity to the cytosolic domains
of the CD-MPR and CI-MPR (Diaz and Pfeffer, 1998; Krise et
al., 2000). TIP47 recognizes a Phe-Trp motif in the CD-MPR
(Diaz and Pfeffer, 1998) and a proline-rich region of the
CI-MPR (Orsel et al., 2000). In addition, TIP47 binds directly
to Rab9, which enhances TIP47’s affinity for MPR cytoplas-
mic domains (Carroll et al., 2001). In this way, Rab9 facili-
tates MPR cargo collection during the process of transport
vesicle formation.

To explore further the role of Rab9 microdomains in late
endosome function and to gain insight into interactions
responsible for microdomain formation, we have taken a
small-interfering RNA (siRNA) approach to deplete cells
systematically of distinct microdomain constituents and
then investigate the consequences. We show here that cells
depleted of the Rab9 GTPase contain late endosomes that are
smaller and fewer multilamellar and dense-tubule—contain-
ing structures. In addition, the stability of Rab9 is tightly
regulated by TIP47 protein levels. These findings alter our
thinking about the independence of Rab proteins on cellular
membranes.

MATERIALS AND METHODS

Antibodies and Recombinant Proteins

His-tagged TIP47 was purified after expression in Escherichia coli as described
previously (Diaz and Pfeffer, 1998). Recombinant Rab9CLLL was purified as
described previously (Shapiro et al., 1993). Mouse and rabbit anti-Rab9 (Sol-
dati et al., 1993), rabbit anti-Rab7 (Soldati et al., 1995), mouse and rabbit
anti-CI-MPR (Lombardi et al., 1993; Dintzis et al., 1994), and rabbit anti-TIP47
(Diaz and Pfeffer, 1998) are previously characterized reagents. Lysosome-
associated membrane protein 1 (LAMP1) monoclonal antibody H4A3 devel-
oped by J.T. August and J.E.K. Hildreth was obtained from the Developmen-
tal Studies Hybridoma Bank (Iowa City, IA) developed under the auspices of
the National Institute of Child Health and Human Development and main-
tained by the Department of Biological Sciences (University of Iowa, Iowa
City, IA). Alexa-488—conjugated goat anti-mouse and Alexa-594—conjugated
goat anti-rabbit were from Molecular Probes (Invitrogen, Carlsbad, CA).
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Cell Culture

HeLa and HeLaS3 cells from American Type Culture Collection (Manassas,
VA) were cultured at 37°C and 5% CO, in DMEM supplemented with 7.5%
fetal calf serum, penicillin, and streptomycin. For RNA interference, HeLa
and HeLaS3 cells were transfected at 50% confluence with duplex RNA
(Dharmacon Research, Lafayette, CO) by using Oligofectamine (Invitrogen)
according to the manufacturer and analyzed 72 h posttransfection. Transfec-
tion efficiencies, determined by immunofluorescence and immunoblotting,
were consistently in the range of 90%. TIP47 was targeted with the sequence
AACAGAGCUACUUCGUACGUC and Rab9 with the sequence AAGUUU-
GAUACCCAGCUCUUC. The GL2 luciferase and lamin A /C control siRNAs
have been described previously (Elbashir et al., 2001). Specific silencing of
targeted genes was confirmed by at least three independent experiments.

Immunoblot Analysis

Cells were washed three times in phosphate-buffered saline (PBS) and then
lysed at 4°C in radioimmunoprecipitation assay (RIPA) buffer (Dintzis et al.,
1994) containing protease inhibitors for 20 min. Lysates were then collected by
scraping with a rubber policeman and centrifuged for 15 min at 55,000 rpm at
4°C. Equal amounts of lysate protein were analyzed by immunoblot with
enhanced chemiluminescence detection. Blots were quantified using Image]
(National Institutes of Health, Bethesda, MD).

Immunofluorescence Microscopy

Cells were grown and transfected on glass coverslips. Cells were washed
twice in PBS and then fixed for 20 min in 3.7% formaldehyde in 200 mM
HEPES, pH 7.4. After fixing, cells were washed twice and incubated for 15
min in DMEM, 10 mM HEPES, pH 7.4, to quench the formaldehyde. Cells
were then permeabilized for 5 min with 0.2% Triton X-100 in PBS. Free protein
sites were blocked by washing twice and incubating for 15 min with 1%
bovine serum albumin (BSA) in PBS. Cells were incubated with primary
antibody, diluted in BSA/PBS, for 30 min followed by washes, and a 30-min
incubation in secondary antibody diluted 1:1000 in BSA/PBS. After washes
and mounting of coverslips, cells were imaged using a Zeiss Axiophot
microscope fitted with a 40 and 63 lens and a cooled charge-coupled device
(CCD) camera (NDE/CCD; Princeton Scientific Instruments, Monmouth
Junction, NJ). Pictures were analyzed using MetaMorph (Universal Imaging,
Downingtown, PA) and Adobe Photoshop (Adobe Systems, Mountain View,
CA) software. All images were processed such that fluorescence levels within
a figure could be compared quantitatively from each image to the next.

Antibody Internalization Assay

HeLa cells were grown and transfected on glass coverslips. Seventy-two
hours posttransfection, cells were incubated in DMEM containing 30 ug/ml
2g11 monoclonal anti-CI-MPR or 30 ug/ml H4A3 monoclonal anti-LAMP1
for 15 min at 37°C to only stain surface and newly internalized proteins. Cells
were then washed five times in PBS and fixed and stained with goat anti-
mouse Alexa-594 as described for immunofluorescence microscopy.

Whole-Mount Electron Microscopy

Whole-mount electron microscopy was performed as described previously
(Stoorvogel et al., 1996). Briefly, cells were seeded on Formvar/carbon-coated
gold grids 24 h posttransfection and incubated for an additional 48 h. Before
processing cells were incubated for 1 h in media containing 5 mg/ml dialyzed
horseradish peroxidase (HRP) or 30 ug/ml mouse anti-CI-MPR conjugated to
HRP, washed three times, and chased for 1 h in media without HRP. Cells
were then washed rapidly with PBS at 4°C and incubated in 3,3'-diamino-
benzidine (DAB) buffer (Sigma-Fast DAB set; Sigma-Aldrich, St. Louis, MO)
for 30 min. After DAB polymerization, soluble cytosolic proteins were re-
moved by permeabilizing the cells with 0.5 mg/ml saponin. Cells were then
fixed with 2% formaldehyde, 0.2% gluteraldehyde in 0.1 M phosphate buffer,
pH 7.4. Cells were dehydrated in ethanol, critical point dried, and coated with
a carbon film. The grids were examined using a Jeol 1230 transmission
electron microscope at 80-120 kV. Images were taken with a Gatan digital
camera and processed using DigitalMicrograph (Gatan, Pleasanton, CA). The
diameters of 265 late endosomal structures were measured from 14 different
luciferase siRNA-treated cells and 248 from 13 different Rab9 siRNA-treated
cells from two independent experiments. Statistical significance was calcu-
lated using the Student’s t-Test.

Immunoelectron Microscopy

A modified version of the preembedding labeling technique developed by
Seaman (2004) was used. siRNA-transfected cells, grown on 12-mm glass
coverslips, were washed once in cold PBS and then once with cold glutamate
lysis buffer (25 mM HEPES, pH 7.4, 25 mM KCl, 2.5 mM Mg-acetate, 5 mM
EGTA, 150 mM K-glutamate). Coverslips were drained of excess buffer and
cells were then snap frozen by immersing the coverslip in liquid nitrogen
followed by thawing at room temperature for 60 s. Cells were washed twice
in cold glutamate lysis buffer and then fixed at room temperature with 4%
formaldehyde in 200 mM HEPES, pH 7.4 for 30 min, with one change of
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fixative after 10 min. After fixing, cells were washed twice and incubated for
10 min in DMEM, 10 mM HEPES, pH 7.4, followed by two washes and a
15-min incubation in 1% BSA in PBS. After these washes, cells were incubated
for 30 min with mouse anti-Rab9 culture supernatant followed by a 30-min
incubation with rabbit anti-Rab7 in BSA /PBS. After three washes in BSA /PBS
cells were incubated for 30 min with 5-nm colloidal gold anti-mouse and
15-nm colloidal gold ant-rabbit, both diluted 1:50 in BSA/PBS. Cells were
then fixed again in 2% formaldehyde, 2.5% glutaraldehyde in 200 mM HEPES,
pH 7.4, for 1 h. Cells were postfixed in 1% OsO, and 1% uranyl acetate before
being serially dehydrated in ethanol and embedded in epon. Glass coverslips
were dissolved away for 15 min in HFl before sectioning. Sections were
viewed and images taken as for the whole-mount samples.

Metabolic Labeling and Immunoprecipitation

Equal numbers of cells were split into 35-mm plates and grown overnight.
Cells were transfected with the indicated siRNA and incubated for 24 h before
labeling. For labeling, cells were washed twice with TD (Dintzis ef al., 1994)
and preincubated in methionine- and cysteine-free medium containing 7.5%
dialyzed fetal calf serum for 30 min. Cells were then incubated for 1 h with
100 pnCi of Tran[3°S]-label (MP Biomedicals, Irvine, CA), and then washed
with media containing methionine and cysteine and chased for the indicated
times. Cells were then transferred to ice, washed three times with PBS, and
lysed in RIPA buffer containing protease inhibitors for 30 min. After centrif-
ugation for 15 min at 55,000 rpm, the supernatant was precleared with
RIPA-washed protein A-agarose. Proteins to be immunoprecipitated were
incubated for 2 h at room temperature with 3 ul of polyclonal antibody.
Immune complexes were isolated by 30-min incubation with protein A-aga-
rose, washed four times in RIPA, and resuspended in SDS-sample buffer.
Samples were separated by SDS-PAGE and analyzed by Phosphorlmager for
quantification (Amersham Biosciences, Piscataway, NJ).

Epidermal Growth Factor Receptor (EGFR) Down-
Regulation

HeLa cells were transfected with Rab9, TIP47, or control (luciferase) siRNA.
Seventy-two hours posttransfection, cells were serum starved for at least 5 h
in DMEM supplemented with 0.5% BSA, penicillin, and streptomycin. Cells
were chilled on ice and incubated for 10 min with 1.5 nM epidermal growth
factor (EGF) (Sigma-Aldrich) in DMEM supplemented with 0.5% BSA and 10
mM HEPES, pH 7.4. Cells were then washed twice with ice-cold TD buffer,
warmed up to 37°C for the indicated period of time, and harvested by
scraping into RIPA buffer containing protease inhibitors. Cell lysates were
centrifuged for 10 min at 200,000 X g at 4°C. Equal amounts of the clarified
cell lysates (30 ug/lane) were resolved by SDS-PAGE and immunoblotted for
EGFR and Rab9 or TIP47. EGFR was quantified using Image] software and
plotted against time to obtain the rate of receptor down-regulation.

TIP47/Rab9 Binding Studies

Rab9 protein (100 nM) was allowed to bind radiolabeled GDP or GTP9S to
equilibrium for 4 h at 37°C in the presence of TIP47 protein, added at the
concentrations indicated (0—800 nM; Shapiro et al., 1993). The percent of Rab9
protein that can actively exchange nucleotide is increased upon the addition
of recombinant TIP47 protein (Hanna et al., 2002). The stabilizing effect that
TIP47 has for Rab9 nucleotide exchange is specific to TIP47 and is not seen
with control proteins such as BSA or GFP (Hanna et al., 2002). Thus, increasing
TIP47 concentrations in the nucleotide exchange assay are reflected by in-
creasing amounts of radiolabeled nucleotide binding to Rab9. For ease of
comparison, the data for the Rab9 binding to GDP and guanosine 5'-O-(3-
thio)triphosphate (GTPyS) have been normalized and are plotted as fraction
Rab9 bound to TIP47. Both nucleotide binding and TIP47 stabilization are
complete at 4 h (Hanna ef al., 2002).

Crude Membrane Fractionation

Control and TIP47 siRNA-transfected cells grown in 35-mm dishes were
washed three times with PBS and once with 10 mM HEPES, pH 7 4, followed
by a 15-min incubation at 4°C in 10 mM HEPES, pH 7.4, supplemented with
protease inhibitors. Cells were harvested by scraping in homogenization
buffer (20 mM HEPES, pH 7.4, 250 mM sucrose, 1 mM EDTA, 1 mM dithio-
threitol plus protease inhibitors) and were homogenized with five passes
through a 22-gauge needle. A postnuclear supernatant (PNS) was obtained by
centrifugation of the homogenate at 3000 rpm at 4°C for 5 min. The PNS was
further centrifuged at 98,000 rpm for 15 min at 4°C, and the supernatant
(cytosolic fraction) was removed and the pellet (membrane fraction) was
resuspended in a volume of homogenization buffer equal to that of the
supernatant. Equal volumes of cytosol and membrane fractions were then
subject to SDS-PAGE and immunblotting to determine the concentrations of
membrane-bound and cytosolic TIP47 and Rab9.

RESULTS

We have shown previously that cells expressing a GDP-
preferring Rab9 mutant protein (Rab9 S21N) display defects
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in MPR transport from endosomes to the Golgi complex
(Riederer et al., 1994). To investigate further the importance
of Rab9 for the function and morphology of late endosomes,
we used siRNA to deplete Rab9 from cultured cells. Immu-
noblot analysis showed that Rab9 protein was decreased
>90% upon siRNA treatment (Figure 1A). The depletion
seemed to be specific for Rab9 as the steady-state level of the
late endosomal Rab7 protein was unchanged (Figure 1A).
Loss of Rab9 did not alter the steady-state level of TIP47.
This may not be surprising because the majority of TIP47 is
cytosolic and that pool of TIP47 does not contain bound
Rab9 (Diaz and Pfeffer, 1998). Similarly, the level of the late
endosome/lysosomal marker LAMP1 increased only
slightly upon Rab9 depletion (58%, Figure 1A; see below).
However, loss of Rab9 led to a more significant increase in
CI-MPR protein levels (Figure 1A).

The increase in CI-MPR levels was not due to a block in
degradation: the MPR half-life decreased from 34 to 25 h,
consistent with a small increase in MPR missorting to the
lysosome (Figure 1B). Furthermore, careful examination of
the levels of CI-MPRs detected at time 0 of this pulse-chase,
protein biosynthesis experiment revealed a roughly 30%
increase in CI-MPR protein biosynthesis rate. Over the 25 h
half-life of the CI-MPR in cells lacking Rab9, we would
therefore expect an increased accumulation of CI-MPRs that
would be counterbalanced by the increase in degradation to
yield a roughly twofold increase at steady state. Induction of
MPR expression was seen previously in cells expressing
Rab9 S2IN (Riederer et al., 1994); cells expressing higher
levels of MPRs can deliver newly synthesized lysosomal
enzymes to the lysosome in the absence of MPR recycling.

The functionality of late endosomes depleted of Rab9 was
analyzed by measuring the rate of EGF-stimulated EGF
receptor degradation. This process is expected to be inde-
pendent of Rab9 protein because it involves transport of
EGF receptors to the lysosome. As shown in Figure 1C, the
rate of EGF receptor degradation was unchanged in cells
depleted of Rab9: EGF receptor half-life was close to 37 min
in both control and depleted cells. Thus, Rab9 depletion
does not seem to perturb endosome-to-lysosome transport.

We next examined the morphology of late endosomes in
cells lacking Rab9 (Figure 2). In the absence of Rab9, Rab7
displayed a more restricted, perinuclear localization with an
apparent reduction in the number of larger, peripheral ve-
sicular structures compared with control cells (Figure 2A,
bottom left and right). Similarly, LAMP1 staining revealed a
reduction in larger, peripheral spherical structures accom-
panied by a much tighter perinuclear localization in Rab9-
depleted cells (Figure 2B, left and right). The tighter perinu-
clear staining in the absence of Rab9 could be explained if
Rab9 normally recruits a yet-to-be-identified motor protein
involved in late endosome distribution. The LAMP1 distri-
bution seemed to be more significantly concentrated than
that of Rab7; this could be due to the presence of a portion
of Rab7 on earlier compartments that do not contain Rab9.
Alternatively, loss of Rab9 may lead to the release of a motor
protein from late endosomes that is now available for clus-
tering of LAMP1-positive lysosomes.

A possible reduction in the size of late endosomes in
Rab9-depleted cells was explored further using whole-
mount electron microscopy (Figure 3). Stoorvogel and co-
workers have devised a method to grow cells directly on EM
grids and to label endosomes selectively by endocytosis of
HRP or conjugates thereof (Stoorvogel et al., 1996). Cells
were incubated with HRP for 60 min at 37°C followed by a
30-min chase to fill late endosomes (and not lysosomes).
Samples were then fixed, permeabilized, and visualized in
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Figure 1. Rab9 depletion destabilizes CI-MPRs and induces their expres-
sion. (A) Immunoblot analysis of HelLa cell lysates (equal protein
amounts) treated for 72 h with luciferase control siRNA (—) or Rab9
siRNA (+) by using the indicated antibodies. (B) HeLa cells, transfected
with Rab9 or control siRNA, were pulse labeled with [**SJmethionine/
cysteine and chased for the indicted times. Cells were then harvested and
CI-MPR immunoprecipitated and quantified by autoradiography. Shown
are the relative amounts of CI-MPR in control siRNA-treated samples
(closed circles) and Rab9 siRNA-treated samples (open circles) over time
from two independent experiments. Error bars represent SD. (C) HeLa
cells, transfected with Rab9 or control siRNA, were incubated with EGF at
4°C and then shifted to 37°C for the indicated times to allow EGF receptor
internalization and degradation. Cells were then harvested and the
amount of EGF receptor in each sample was quantified by immunoblot.
Shown are the relative amounts of EGF receptor in control siRNA-treated
samples (closed circles) and Rab9 siRNA-treated samples (open circles)
over time from four independent experiments. Error bars represent SE of
the mean.
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Figure 2. Late endosome morphology is altered in Rab9
depleted cells. (A) Immunofluorescence microscopy of
HeLa cells transfected with control siRNA (left) or Rab9
siRNA (right) and double labeled with monoclonal anti-
Rab9 antibody (top) or polyclonal anti-Rab7 antibody
(bottom). (B) Control-transfected (left) or Rab9 siRNA-
transfected (right) HeLa cells stained with monoclonal
anti-LAMP1 antibody. The bottom panel pair is shown at
higher magnification and outlined to highlight the distinc-
tion between control and depleted cells.

whole mount to view all late endosomes in both control and
Rab9-depleted cells. Late endosomes look generally like pe-
rinuclear structures with vesicular and tubular elements
(Stoorvogel et al., 1996; Kleijmeer et al. 2001; Figure 3A).
Notably, in Rab9-depleted cells, late endosome diameters
decreased by 45% (p < 0.01) from an average of 0.76 to 0.42
pm (Figure 3B). The cross-sectional area of individual late
endosomes was decreased correspondingly ~70% (p < 0.01)
from an average area of 0.37 to 0.11 um? (Figure 3C). Thus,
Rab9 knockdown reduces the size and volume of individual
late endosomes.

We used conventional, thin-section electron microscopy to
examine the structure of late endocytic compartments in
HeLa cells treated with or without Rab9 siRNA (Figure 4).
Three types of late endosomes/lysosomes were readily
identified in HeLa cells, which we refer to as dense tubular,
multilamellar, and multivesicular structures (Figure 4). Mul-
tivesicular endosomes contained one or more internal vesi-
cles, multilamellar endosomes/lysosomes contained con-
centric layers of membranes or membrane whorls, and
dense tubular endosomes/lysosomes contained a dense net-
work of internal membranes and may represent the MPR-
enriched late endosomes described by Griffiths et al. (1988)
(Figure 4A, left). These latter structures were either present
as single entities or were found in larger, membrane-bound
compartments in combination with one or more of the three
structural types. Immunogold labeling further confirmed
that each of these structural classes included late endosomes
because both Rab7 (large gold) and Rab9 (small gold) could
be detected on their surfaces (Figure 4B). Although not all
Rab7 and Rab9 colocalize on individual late endosomes
(Figure 2A, left), examples of structures containing both
proteins were readily detected by immunoelectron micros-
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copy (Figure 4B). It is important to note that most anti-Rab9
staining was seen on the multivesicular endosome class,
which includes both early and late endosomes subtypes.

Late endosomes are concentrated close to the microtubule
organizing center. This area was identified in sections of
control and Rab9-depleted HeLa cells and the number of
each late endosome structural class was quantified (Figure
4C). Multivesicular late endosome numbers remained un-
changed in control and Rab9 depleted cells, with approxi-
mately four structures per 5 um?. This is perhaps not sur-
prising because multivesicular endosomes are generated
from early endosomes through the sequential action of the
endosomal complex required for transport (ESCRT) com-
plexes (Katzmann et al., 2001; Babst ef al., 2002a, 2002b).
Thus, most of these structures are likely to represent pre-
dominantly, endosomes located earlier in the endocytic
pathway than those that contain Rab9.

Dense tubular and multilamellar late endosomes/lyso-
somes were less common than multivesicular endosomes in
a given section, averaging only one to two structures per 5
wm? in the perinuclear region of control cells (Figure 4C).
Surprisingly, we found a clear reduction in the number of
both of these structural classes in Rab9-depleted cells, with
less than one structure identified per 5 um? (Figure 4C).
Therefore, Rab9 depletion influences the maintenance or
generation of the dense tubular and especially, multilamel-
lar structures. In addition to these subsets of endosome/
lysosome compartments, essentially all kinetically defined
late endosomes labeled in Figure 3 were reduced in size. It is
important to note that most of the endosomes labeled in
Figure 3 are likely not multilamellar or dense tubular struc-
tures, despite their decrease in size upon Rab9 depletion.
This conclusion stems from our finding that most late endo-
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Figure 3. Rab9 depletion decreases late endosome size. (A) HeLa cells transfected with control siRNA (left) or Rab9 siRNA (right) were
labeled by fluid phase endocytosis of HRP for 1 h at 37°C followed by a 30-min chase. Cells were then processed for whole-mount EM. The
boxed regions in the top panels are shown magnified in the panels below and late endosomal structures are indicated with arrow heads. Bar,
2 um. (B) Average diameter (left) and area (right) of 265 late endosomal structures from 14 different control siRNA-transfected cells and 248
late endosomal structures from 13 different Rab9 siRNA-transfected cells were measured. Results are from two independent experiments;

error bars represent SE of the mean.

somal Rab9 is detected on multivesicular endosomes by
immunoelectron microscopy.

How might Rab9 depletion decrease endosome size? In
control-treated HeLa cells, prenylated Rab9 may be accom-
modated in membranes by an increase in late endosome
membrane surface. Alternatively, Rab9 may play a role in
the generation and/or maintenance of a larger subclass of
late endosomes/lysosomes; in the absence of Rab9 these
structures might fail to form or have a shorter lifetime.
Because Rab9 is essential for the delivery of newly synthe-
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sized lysosomal enzymes to lysosomes, perhaps the loss of
dense tubular and multilamellar structures simply reflects a
primary defect in lysosome formation.

Biochemical Characterization of Dense Lysosomes

Electron micrographic analysis revealed a decrease in late
endosome size in cells depleted of Rab9 protein (Figure 3). In
addition, we noted a decrease in the number of dense tubu-
lar and especially multilamellar endocytic structures (Figure
4). Although most Rab9 was normally present on multive-
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sicular late endosomes, it was important to evaluate the
overall status of the lysosome compartment in Rab9-de-
pleted cells because it was possible that the multilamellar
structures were lysosomal in origin. Also, as seen previously
(Riederer et al., 1994), lysosomal enzyme levels were up-
regulated to compensate for the loss of Rab9 protein:
LAMP1 protein and hexosaminidase activity were increased
by 58 and 56%, respectively, in Rab9-depleted cells (Figure
1A; our unpublished data). Thus, we used a procedure
devised by Kornfeld and colleagues for rapid separation of
dense lysosomes, which are collected in the lower 30% (frac-
tion 3) of a Percoll gradient (Rohrer ef al., 1995).

As expected, the bulk of the lysosomal LAMP1 protein
was recovered in fraction 3 (Figure 5, bottom). In addition,
despite slight increases in lysosomal enzymes, the relative
amounts of protein (Figure 5, top), phospholipid (middle),
and LAMP1 protein (bottom) were not significantly different
when Rab9-depleted and control cells were compared.
Therefore, lysosomal enzyme activity per mole phospho-
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173

Figure 4. Late endosome subclasses in HeLa cells.
Electron micrographic examples of dense tubular (left
column), multilamellar (middle column), and multive-
sicular (right column) endosomes. Bar, 200 nm; magni-
fication was the same for all panels. (B) HeLa cells
processed as in A were labeled for Rab7 (15-nm gold,
arrowheads) or Rab9 (5-nm gold, arrows). Bar, 200 nm;
magnification was the same for all panels. (C) Late
endosome subclasses were quantified from electron mi-
crographs of HeLa cells transfected with control siRNA
(53 cells) or Rab9 siRNA (47 cells). Sections of control
cells (53) contained 187 multivesicular, 64 dense tubular,
and 76 multilamellar endosomes; sections from Rab9-
depleted cells (47) contained 173 multivesicular, 37
dense tubular, and 13 multilamellar endosomes. Results
are from two independent experiments and error bars
represent SE of the mean.

lipid or protein did not change relative to other membrane-
bound compartments as determined by this global biochem-
ical analysis.

Although late endosomes decreased in size (Figure 3), the
buoyant densities of markers that are in part present in late
endosomes (hexosaminidase [our unpublished data] and
LAMP1) were generally unchanged. In summary, these frac-
tionation experiments lead us to conclude that the decrease
in multilamellar structures (Figure 4) does not significantly
influence the overall distribution of enzymes among late
endosomes and lysosomes.

Rab9 Influences Trafficking of Other Late Endosome
Markers

As shown in Figure 1, the loss of Rab9 protein led to an
increase in total cellular CI-MPR coupled with an enhance-
ment in the rate of this protein’s degradation. In addition,
we noted that cells contained higher levels of surface MPRs
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Figure 5. Percoll density gradient analysis of Rab9-depleted cell
membranes. Control and Rab9-depleted cells were harvested and
fractionated as described by Rohrer et al. (1995); the gradients were
divided into three fractions and analyzed for protein (top), phos-
pholipid (middle), and LAMP1 protein (bottom). All data are pre-
sented as fraction of total.

and early endosome MPRs. This was easily detected in
experiments in which cells were incubated with anti-MPR
antibodies for short periods of time (15 min; Figure 6).
Under these conditions, Rab9-depleted cells internalized sig-
nificantly more antibody than control cells (Figure 6, top). In
addition, these cells internalized increased amounts of
LAMP1 antibody (Figure 6, bottom). Although some of the
increase of cell surface MPRs may be due to an increase in
their biosynthesis, LAMP1 protein levels were only in-
creased by 58% upon Rab9 depletion (Figure 1). Thus, it
seems that Rab9 contributes to the retention of a fraction of
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MPRs and LAMP1 within late endosomes, either via mi-
crodomain incorporation or by regulation of endosome
egress. In the absence of Rab9 protein, endosome-to-cell
surface transport seems to be enhanced. The presence of
LAMP1 on the surface is consistent with an essential role for
Rab?9 in early events of lysosome formation.

Rab9 Stability Requires Effector Interaction

As described above, endosome-associated Rab9 recruits its
cytosolic effector protein, TIP47, which binds to MPR cyto-
plasmic domains (Diaz and Pfeffer, 1998; Carroll ef al., 2001).
TIP47 binding is thought to enrich MPRs within a Rab9
microdomain and thereby facilitate MPR collection into nas-
cent transport vesicles. We investigated TIP47’s role in sta-
bilizing this microdomain by using siRNA to deplete TIP47
from cultured cells. Immunoblot and immunofluorescence
analysis showed that TIP47 levels could be decreased up to
80% by siRNA treatment (Figure 7, A and B). In the presence
of TIP47 siRNA, but not a control lamin A/C siRNA, TIP47
protein levels decreased with time of treatment (our unpub-
lished data). Steady-state levels of Rab9, Rab7, LAMP1 pro-
tein (Figure 7A), and CI-MPR (our unpublished data) did
not change substantively upon depletion of TIP47. More-
over, immunofluorescence microscopy detected Rab9 on
what seemed to be normal, perinuclear, late endosomal
structures (our unpublished data).

The apparent minimal changes in the steady-state levels
and localizations of MPRs and Rab9 proteins masked signif-
icant changes in protein stability as determined by pulse
chase labeling of the proteins and examination of their turn-
over (Figure 7C). In previous work, antisense depletion to
reduce TIP47 protein levels by ~50% led to MPR missorting
to the lysosome and it reduced the CI-MPR half-life by
twofold (Diaz and Pfeffer, 1998). Thus, as expected, TIP47
siRNA decreased the stability of CI-MPR 1.9-fold, reducing
the protein half-life from 26 to 14 h (Figure 7C). The change
in turnover was not due to a general increase in protein
turnover because the low-density lipoprotein receptor life-
time was unchanged (Figure 7C). Unexpectedly, the half-life
of Rab9 protein decreased from 32 to 8 h, a fourfold decrease
in stability due to loss of TIP47. The effect was specific for
Rab9 because the half-life of Rab7 protein was completely
unchanged (Figure 7C).

The apparent minimal change in the steady-state level of
Rab9 protein, coupled with a greatly increased rate of deg-
radation, suggests that Rab9 gene expression is induced
upon TIP47 depletion. How TIP47 depletion triggers Rab9
transcription is unknown. As was observed for Rab9 deple-
tion (Figure 1C), EGF-stimulated EGF receptor degradation
was unchanged in TIP47-depleted cells, suggesting that
overall late endosome function was retained (our unpub-
lished data).

Why should Rab9 protein be much more rapidly de-
graded in the absence of TIP47? Investigators in this research
area generally think of prenylated Rabs as either existing in
the outer leaflet of an organelle membrane or bound to the
carrier protein GDP dissociation inhibitor (GDI) in the cy-
tosol. Prenylated Rabs are considered independent entities,
despite their ability to interact with a variety of important
effector proteins (Zerial and McBride, 2001). Yet, when TIP47
was depleted from cells, Rab9 protein was rapidly degraded,
either via proteosomal degradation or delivery to lyso-
somes. Thus, we cannot think of Rabs as truly independent
constituents: their interactions with effectors can influence
greatly, their cellular fates. In summary, TIP47 is essential
for both Rab9 stabilization and MPR recycling. Together,
these data support a model in which TIP47 interacts with
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Figure 6. Loss of Rab9 increases cell surface CI-MPR
and LAMP1. HelLa cells transfected with buffer alone
(left) or Rab9 siRNA (right) were incubated with anti-
CI-MPR antibody (top) or anti-LAMP1 antibody (bot-
tom) for 15 min before extensive washing, fixing, and
staining with fluorescent secondary antibody.

Endocytosed antibody

anti-LAMP1

MPRs and Rab9 protein in living cells. Moreover, these data
highlight the independent regulation of Rab9 and Rab7 en-
dosomal domains because Rab7 protein was not destabilized
upon loss of Rab9 or TIP47 proteins.

Stabilization of the Rab9 Microdomain in Living Cells

Prenylated Rab proteins are delivered to membranes by GDI
and are thought to be in equilibrium between membranes
and a cytosolic, GDI-bound form. We have shown that in the
absence of TIP47, Rab9 protein is significantly destabilized.
One possibility is that Rab9 membrane association is nor-
mally favored by TIP47 binding, relative to GDI-mediated,
membrane release. If true, TIP47 depletion might increase
the amount of cytosolic Rab9. As shown in Figure 8A, we
detected a twofold increase in the level of cytosolic Rab9
upon TIP47 depletion. Although ~10% of total Rab9 was
found bound to GDI in control cell cytosol, depletion of
TIP47 increased that value to 20% (Figure 8A). We cannot
completely exclude the possibility that this increase reflects
an increase in newly synthesized Rab9 protein en route to
endosomes. Newly synthesized Rab proteins are believed to
be delivered to membranes by the Rab escort protein (Alex-
androv et al., 1994), but GDI also may play a role (Sanford et
al., 1995). Nevertheless, the absence of TIP47 seems to shift
the equilibrium between membrane-associated and cytosolic
Rab9 protein.

Given the importance of TIP47 for Rab9 stabilization on
endosomes, we determined the affinity of interaction be-
tween these binding partners. For this purpose we made use
of the fact that the presence of TIP47 in Rab9 nucleotide
binding assays leads to a higher level of overall nucleotide
binding (Hanna et al., 2002). This method could thus be used
as an indirect measure of physical interaction. An advantage
of this approach is that it detects only active Rab9 protein
binding to TIP47, and it uses binding of radiolabeled nucle-
otide to determine quantitatively, the amount of Rab9-
bound TIP47 protein.

As shown in Figure 8B, the affinity of TIP47 for Rab9
bound to GTPvS was strong (Ky = 95 nM,; filled circles). The
affinity of TIP47 for Rab9 bound to GDP was lower (K, =
160 nM; open circles). Thus, the interaction between TIP47
and Rab9 is of high affinity—almost 10-fold higher than the
affinity of TIP47 for the cytoplasmic domain of the MPR (K4
=1 uM; Krise et al., 2000). The high affinity of TIP47 for Rab9
is consistent with the importance of this interaction in sta-
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bilizing Rab9 protein and supports a model in which Rab9
recruits TIP47 onto late endosomes.

DISCUSSION

Late endosomes represent an intermediate way-station for
receptors and ligands en route to lysosomes. They also
house a large fraction of mannose 6-phosphate receptors,
which are retrieved from this compartment by Rab9 and
TIP47 proteins. We have shown here that the morphology of
late endosomes is significantly altered in cells depleted of
Rab9. These cells displayed a reduction in late endosome
size, as monitored by whole mount electron microscopy of
HRP-labeled late endosomes. The reduction in late endo-
some size was unexpected: Rab9 is not an especially abun-
dant protein, and by blocking the MPR retrieval pathway,
Rab9 depletion might have instead led to the enlargement of
the compartment. The shrinkage of late endosomes in Rab9-
depleted cells suggests that other late endosome exit routes
continue unabated to remove late endosome membrane con-
stituents either toward the lysosome or toward the plasma
membrane. Indeed, Rab9 depletion led to an increase in
surface-localized LAMP1 protein.

Previous studies support the importance of Rabs for or-
ganelle size regulation. For example, overexpression of Rab5
enlarges early endosomes, whereas overexpression of a
GDP-bound Rab5 mutant causes their fragmentation (Bucci
et al., 1992; Stenmark et al., 1994; Wucherpfennig et al., 2003).
In this example, the Rab mediates early endosomal, homo-
typic fusion, and the size change reflects Rab5’s fusion-
stimulating activity. It is not known whether Rab9 mediates
an endosomal fusion event; Rab?7 is believed to carry out this
function on late endosomes (Feng et al., 1995; Vitelli et al.,
1997). Whereas a decrease in endosome size seen on Rab9
depletion is consistent with a requirement for Rab9 in an
endosome fusion event, no endosome enlargement was ob-
served when wild-type Rab9 was overexpressed in our pre-
vious studies (Riederer et al., 1994). We favor an alternative
explanation. There are many examples in the literature of
membrane protein levels regulating the size and morphol-
ogy of membrane compartments (Pfeffer, 2003). For exam-
ple, the endoplasmic reticulum (ER) is exaggerated in cells
that express enzymes of lipid biosynthesis, and overexpres-
sion of HMG CoA reductase generates an unusual, crystal-
loid ER (cf. Pfeffer, 2003). In normal late endosomes, Rab9

5427



1. G. Ganley et al.

A. B.

TIP47 siRNA: - B
TIP47 m_
Rab | s—

TIP47 siRNA

luciferase siRNA

Rab7 | s

LAMP1 s b
C.

.
30 T_ ]

protein half life (hr)
3

0
TIP47 siRNA: - + -+ - 4+ -+
Rab7 LDLR CI-MPR Rab9

Figure 7. TIP47 is required for Rab9 and CI-MPR stability. (A) Im-
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transfected with control siRNA (—) or TIP47 siRNA (+) were analyzed
using the indicated antibodies. (B) Anti-TIP47 antibody indirect immu-
nofluorescence of cells treated with control luciferase siRNA (left) or
TIP47 siRNA (right). Note that certain spots are not lost upon TIP47
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our antibody cross-reacts with (Barbero et al., 2001). (C) [**S]methi-
onine/cysteine pulse-chase analysis of protein turnover in HeLa S3
cells transfected with control or TIP47 siRNA. Shown are the half-lives
of the indicated proteins; values are the average from two independent
experiments. Error bars represent SD.

may organize a complex microdomain of protein—protein
and protein-lipid interactions that is disrupted in its ab-
sence.

The dense tubular structures that decreased in number
upon Rab9 depletion may represent those characterized by
Griffiths et al. (1988, 1990). These workers showed that the
internal membranes of these prelysosomal compartments
could be labeled extensively with anti-MPR antibodies. How
these internal membranes form is entirely unclear. The com-
plex internal membrane architecture may derive from mul-
tivesicular bodies generated at the early endosome through
the action of the ESCRT machinery (Katzmann et al., 2001;
Babst et al., 2002a,b). Depletion of Hrs, a protein involved in
ESCRT recruitment to early endosomes, resulted in large,
late endosomal/lysosomal structures that were devoid of
internal membranes (Bache et al., 2003). Likewise, depletion
of the protein Alix, which also interacts with ESCRT pro-
teins, caused a reduction in the number of multilamellar late
endosomes (Matsuo et al., 2004). Because loss of Rab9 desta-
bilized MPRs and likely also the TIP47-organized, late en-
dosome microdomain, perhaps this set of interactions is
required for the generation and/or maintenance of multila-
mellar and dense tubular endosomes.
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A final possibility is that upon Rab9 depletion, lysosomal
hydrolases are significantly induced to compensate for
MPR-trafficking defects and missorting. In the presence of
additional hydrolytic activity, the internal membranes of
multilamellar and dense tubular endosomes might be more
rapidly degraded, leading to the disappearance of the com-
partments. It is important to note that LAMP1 and hex-
osaminidase were only slightly induced in Rab9-depleted
cells, similar to our previous studies, in which cells stably
expressing a dominant negative Rab9 protein showed only a
60% increase in cathepsin D and hexosaminidase and a
twofold increase in B-glucuronidase activity (Riederer et al.,
1994). Although we cannot rule out this model, it seems
unlikely that a minor change in enzyme levels would be
adequate to remove an entire class of endosomes within 72 h
after siRNA transfection.

Similar to cells expressing a Rab9 dominant negative mu-
tant protein (Riederer et al., 1994), Rab9-depleted cells
showed somewhat elevated levels of surface MPRs and
early endosomal MPRs. This may be a consequence of the
increase in new MPR biosynthesis, coupled with endosome
destabilization and increased degradation. These two events
would together decrease the steady-state level of MPRs in
late endosomes.

The increase in surface LAMP1 protein was not expected
and suggests that endosome to plasma membrane transport
is enhanced in these cells (Lippincott-Schwartz and Fam-
brough, 1987). A similar missorting is seen in fibroblasts
from Hermansky-Pudlak patients that have reduced levels
of the cargo adaptor AP-3. In these cells, LAMP proteins
show increased cycling to the cell surface, despite a steady-
state, perinuclear localization (Dell’Angelica et al., 1999,
2000).

We did not expect that Rab9 would require TIP47 for its
stability on late endosomes. Models of Rab GTPases depict
them as prenylated membrane constituents, cycling merrily
between the cytosol and membrane surfaces. Very little is
known about what targets Rab proteins for degradation. The
results presented here show for the first time that an effector
interaction is essential for Rab stability. Although a half-life
of 8 h may seem long for a protein that might be carried to
the trans-Golgi network many times before its destruction,
this must be contrasted with a normal half-life for Rab9 of
~30 h. The dynamics of membrane microdomain assembly
and stabilization will be important to analyze further. Un-
fortunately, our attempts to distinguish the pathway of Rab9
degradation by using inhibitors of cytoplasmic or lysosomal
degradation were inconclusive; the long half-life of Rab9
required that cells be treated with inhibitors for times longer
than they could healthily withstand.

TIP47 depletion destabilized both Rab9 and CI-MPRs, but
not Rab7. Although a significant fraction of Rab9-containing
compartments contain Rab7, loss of Rab9 had no effect on
the steady-state level or turnover of Rab7. This suggests that
the Rab9 microdomain is regulated independently of neigh-
boring Rab7 protein and presumably Rab7-interacting pro-
teins.

In summary, Rab9 contributes either directly or indirectly
to the generation and/or maintenance of specific morpho-
logical classes of late endocytic compartments. Rab9 influ-
ences the size of late endosomes. In addition, TIP47 is key to
the stability of Rab9 and other proteins contained within the
late endosomal, Rab9 microdomain. How these proteins act
to regulate endosome morphology and localization will be
important areas for future investigation.
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Figure 8. Rab9 binds TIP47 with high affinity and shifts to the
cytosol upon TIP47 depletion. (A) Equal amounts of crude cy-
tosol and membrane fractions from control and TIP47 siRNA-
transfected HelLa cells were analyzed by immunoblotting with
anti-Rab9 antibodies. Duplicate blots from two independent ex-
periments were quantified. Shown is the average percentage of
total cellular Rab9 in the cytosol of control and TIP47-depleted
cells. Error bars represent SD. (B) Binding affinity of Rab9 and
TIP47. The lines represent theoretical curve fits to experimental
data according to the equation describing bimolecular reversible
binding. Estimates for Ky were generated using a curve-fitting
algorithm (Kaleidagraph). Fraction of Rab9 binding to TIP47 was
normalized to between 0 and 1; data shown are the average of
two separate experiments. Rab9-GTPyS, closed circles; Rab9-
GDP, open circles.
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