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Cancers achieve invasive growth by delivering critical factors into 
the tumor microenvironment (1), but the molecular mechanisms 
for the secretion of these proinvasive growth regulators remain 
largely unknown. One likely process involves vesicle exocytosis 
whose role in tumor progression was first reported by Palmer et al. 
(2). They showed that ectopic expression of BAIAP3, a Munc 
13-like effector of regulated exocytosis, enhanced the malignancy 
of cancer cells.

Key players in exocytic and endocytic membrane trafficking 
include the Rab GTPases, which serve as molecular switches that 
oscillate between active GTP-bound and inactive GDP-bound 
conformations. Rab GTPases recruit specific protein complexes to 
elicit their biological functions (3–6); they are posttranslationally 

modified by geranylgeranylation, which binds them to lipophilic 
membranes (7).

The secretory pathway can proceed in either a constitutive or a 
regulated manner (8). In the constitutive pathway, release of ves-
icle content occurs at a constant rate, and vesicles do not accumu-
late to an appreciable extent (9). By contrast, regulated secretion 
involves two distinct steps. Newly synthesized proteins are first 
stored within vesicular structures and are then released upon stim-
ulation (10). Certain Rab GTPases, referred to as secretory Rabs, 
control this secretory process; they include Rab26, Rab37, Rab3A/
B/C/D, and Rab27A/B (11). Rab26 and Rab37 are thought to 
modulate secretion in specialized cell types, whereas the Rab3 and 
Rab27 subfamilies function as more generic regulators of secretion 
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	Background	 Secretory GTPases like Rab27B control vesicle exocytosis and deliver critical proinvasive growth regulators into 
the tumor microenvironment. The expression and role of Rab27B in breast cancer were unknown.

	 Methods	 Expression of green fluorescent protein (GFP) fused with wild-type Rab3D, Rab27A, or Rab27B, or Rab27B point 
mutants defective in GTP/GDP binding or geranylgeranylation, or transient silencing RNA to the same proteins 
was used to study Rab27B in estrogen receptor (ER)–positive human breast cancer cell lines (MCF-7, T47D, and 
ZR75.1). Cell cycle progression was evaluated by flow cytometry, western blotting, and measurement of cell 
proliferation rates, and invasion was assessed using Matrigel and native type I collagen substrates. Orthotopic 
tumor growth, local invasion, and metastasis were analyzed in mouse xenograft models. Mass spectrometry 
identified proinvasive growth regulators that were secreted in the presence of Rab27B. Rab27B protein levels 
were evaluated by immunohistochemistry in 59 clinical breast cancer specimens, and Rab3D, Rab27A, and 
Rab27B mRNA levels were analyzed by quantitative real-time polymerase chain reaction in 20 specimens. 
Statistical tests were two-sided.

	 Results	 Increased expression of Rab27B promoted G1 to S phase cell cycle transition, proliferation and invasiveness of 
cells in culture, and invasive tumor growth and hemorrhagic ascites production in a xenograft mouse model 
(n = 10; at 10 weeks, survival of MCF-7 GFP- vs GFP-Rab27B–injected mice was 100% vs 62.5%, hazard ratio = 0.26, 
95% confidence interval = 0.08 to 0.88, P = .03). Mass spectrometric analysis of purified Rab27B-secretory vesi-
cles identified heat-shock protein 90a as key proinvasive growth regulator. Heat-shock protein 90a secretion 
was Rab27B-dependent and was required for matrix metalloproteinase-2 activation. All Rab27B-mediated func-
tional responses were GTP- and geranylgeranyl-dependent. Presence of endogenous Rab27B mRNA and protein, 
but not of Rab3D or Rab27A mRNA, was associated with lymph node metastasis (P < .001) and differentiation 
grade (P = .001) in ER-positive human breast tumors.

	Conclusions	 Rab27B regulates invasive growth and metastasis in ER-positive breast cancer cell lines, and increased expres-
sion is associated with poor prognosis in humans.

	�	  J Natl Cancer Inst 2010;102:866–880
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(12–16). Rab3A/B/C are predominantly expressed in the nervous 
system, whereas Rab3D and Rab27A/B are present in several non-
neuronal secretory tissues and in hematopoietic cells (17). The 
Rab27 subfamily has the highest homology (41%–44%) to mem-
bers of the Rab3 subfamily; Rab27A and Rab27B exhibit 71% 
identity at the amino acid level with each other (18).

Rab proteins of the endocytic pathway (eg, Rab25, Rab13, 
Rab23, and Rab5) and the constitutive secretory pathway (eg, Rab8) 
play major roles in malignancy (19–24). Rab GTPases that regulate 
exocytosis (eg, Rab27A and Rab37) could also be critical for cancer 
progression (25–27). In this study, we investigated whether aber-
rant secretory Rab expression contributes to malignancy using  
silencing or overexpression of each secretory Rab GTPase in estro-
gen receptor (ER)–positive breast cancer cells in vitro and in vivo. 
We also examined whether endogenous mRNA and protein levels 
of secretory Rabs were increased in clinical samples.

Materials and Methods
Cell Lines, Expression Vectors, and Transfections
Three ER-positive, noninvasive, and nonmetastatic human breast 
cancer cell lines, MCF-7, T47D, and ZR75.1 (28) (ATCC, 
Manassas, VA), were maintained in Dulbecco’s minimal essential 
medium supplemented with 10% fetal bovine serum, 100 U/mL 
penicillin, and 100 µg/mL streptomycin (Invitrogen, Carlsbad, 
CA). To prepare serum-free conditioned medium (CM), 2 × 107 
cells per flask of each cell type were washed three times and incu-
bated for 24 hours at 37°C with 15 mL serum-free culture me-
dium. The medium was harvested, centrifuged at 1250 g for  
5 minutes at 4°C, and passed through a 0.22-µm filter. CM was 
30× concentrated at 4°C in Centriprep tubes YM-10 (Millipore, 
Billerica, MA).

To generate cells that expressed green fluorescent protein 
(GFP)–Rab fusion proteins, Rab3D, Rab27A, and Rab27B cDNAs 
were fused in-frame to GFP into the peGFP-C1 vector (Clontech, 
Mountain View, CA) and confirmed by sequencing. The source of 
Rab27B and Rab27A cDNA and GFP fusion constructs were 
described previously (29,30); the Rab3D cDNA was purchased 
from Origene, Inc (Rockville, MD). Mutant forms of Rab27B that 
encoded the T23N, N133I, and Q78L proteins and a geranylgeranyl-
binding mutant (GER) were generated by polymerase chain 
reaction (PCR) site-directed mutagenesis (Retrogen, Inc, San 
Diego, CA). Breast cancer cell lines MCF-7, T47D, and ZR75.1 
that stably or transiently overexpressed GFP-Rab fusion proteins 
were then generated by electroporation using the Cell Line 
Nucleofector Kit V according to the manufacturer’s protocol 
(Amaxa, Gaithersburg, MD). To establish stable cell lines, trans-
fected cells were selected in G418 (1 mg/mL) (Invitrogen) for  
4 weeks. At least four clones of each cell line were used for in vitro 
experiments to exclude clonal variation. Animal experiments were 
performed with one representative clone except for wild-type 
(WT) GFP-Rab27B cells, of which four clones were tested.

Rab27B-specific HiPerformance-guaranteed small inter-
fering RNAs (siRNAs) (siRab27B-1 target = 5′ AAA CGT GTG 
GTT TAT AAT GCA 3′ and siRab27B-2 target = 5′ TAG GAA 
TAG ACT TTC GGG AAA 3′) and a scrambled RNA interfer-
ence (RNAi) negative control were purchased from Qiagen (Venlo, 

CONTEXT AND CAVEATS

Prior knowledge
The Rab27B GTPase has been reported to regulate vesicle exocyto-
sis, but its role in cancer was not clear.

Study design
Wild-type and mutant versions of Rab27B fused to green fluores-
cent protein were expressed in three estrogen receptor–positive 
human breast cancer cell lines to determine their effects on cell 
morphology, proliferation and invasion in culture, and invasive 
tumor growth in mice. Components of Rab27B-regulated vesicles 
were identified by mass spectroscopy. Rab27B expression was 
examined in human breast cancer specimens.

Contribution
Overexpression of Rab27B promoted cell proliferation and inva-
siveness in vitro and in vivo. Heat-shock protein 90 was a proin-
vasive component of Rab27B-regulated vesicles. Rab27B was 
overexpressed in later-stage estrogen receptor–positive breast 
tumors.

Implications
Inhibitors of Rab27B-regulated pathways may have therapeutic 
potential.

Limitations
Invasive estrogen receptor–positive human breast cancer cell lines 
were not available to test the effects of Rab27B silencing RNA, and 
the mechanism of Rab27B-induced invasiveness has not yet been 
examined in detail.

From the Editors
 

the Netherlands). RNAi transfections were performed by elec-
troporation using the Cell Line Nucleofector Kit V according to 
the manufacturer’s protocol (Amaxa).

Antibodies and Reagents
The following primary antibodies were used for western blot 
analysis or immunohistochemistry (IHC): mouse monoclonal anti-
GFP (1:1000) (MAB3580; Millipore), mouse monoclonal anti-tubulin 
(1:1000) (T5168; Sigma–Aldrich, St Louis, MO), rabbit polyclonal 
anti-Rab27B (1:1000) (31), mouse monoclonal anti-cyclin E (1:500) 
(AHF0312; Invitrogen), mouse monoclonal anti-cyclin A (1:250) 
(33-4900; Zymed Laboratories, San Francisco, CA), rabbit mono-
clonal anti-Ki67 (1:25) (RM-9106-R7; NeoMarker, Fremont, CA), 
rabbit polyclonal anti-p27 (1:1000) (sc-527; Santa Cruz 
Biotechnology, Santa Cruz, CA), rabbit polyclonal anti–heat-shock 
protein (HSP)90a and HSP90b (1:1000) (PA3-012, PA3-013; 
Affinity Bioreagents, Golden, CO). Secondary antibodies coupled to 
horseradish peroxidase, Alexa-444, Alexa-555, or biotin were 
obtained from Amersham Pharmacia Biotech (Diegem, Belgium) or 
Invitrogen. The nuclear stain, 4′,6-diamidino-2-phenylindole 
(DAPI), and a filamentous actin stain, phalloidin–tetramethyl rho-
damine isothiocyanate, were purchased from Sigma–Aldrich.

The HSP90 inhibitors, geldanamycin and 17-(allylamino)-17-
demethoxygeldanamycin (17-AAG) were purchased from Biomol 
(Exeter, UK). A rabbit polyclonal anti-HSP90a neutralizing anti-
body (SPS-771) and the HSP90a and HSP90b recombinant 
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proteins were obtained from Stressgen (Ann Arbor, MI). 
Recombinant pro-matrix metalloproteinase (MMP)-2 protein and 
the human Proteome Profiler apoptosis antibody array were 
obtained from R&D systems (Minneapolis, MN). The apoptosis 
array allows the simultaneous detection of 35 apoptosis and 
proliferation-related proteins in a single sample and was used 
according to the manufacturer’s protocol.

Invasion Assays
For the type I collagen invasion assay, the following precooled 
components were gently combined and defined as type I collagen 
solution: four volumes of type I collagen (stock is 3.49 mg/mL), 
five volumes of calcium- and magnesium-free Hank balanced salt 
solution, one volume of MEM (10×), one volume of 0.25 M 
NaHCO3, 2.65 volumes of culture medium, and 0.3 volumes of 
1 M NaOH. For each test condition, 1.25 mL of type I collagen  
solution was added to one well of six-well plate, homogeneously 
spread and gelified on a flat surface in a humidified atmosphere of 
10% CO2 in air at 37°C for at least 1 hour. GFP- or Rab-
transfected MCF-7, T47D, or ZR75.1 single cells (2 × 105) sus-
pended in 1 mL culture medium were seeded on top of the type I 
collagen gel and incubated on a flat surface in a humidified atmo-
sphere of 10% CO2 in air at 37°C. Test products such as geldana-
mycin, 17-AAG, anti-HSP90a neutralizing antibody, and HSP90 
recombinant proteins were added to the culture medium in the 
desired concentrations.

Cell morphology was studied, and invasion was scored after 
24 hours (32). The factor shape refers to a value that is affected by 
an object’s shape but is independent of its dimensions. It was calcu
lated as (perimeter)2/(4p area), which describes the deviation of  
an object from a geometric circle. It gives a minimal value of 1 for 
a perfect circle and larger values for shapes having a higher ratio of 
perimeter to area. The number of invasive and noninvasive cells 
was counted in 10 randomly selected microscopic fields with a 20× 
objective and 10× eye piece by two blinded observers using an 
inverted phase-contrast microscope (DMI 3000B; Leica, Wetzlar, 
Germany). The invasion index was calculated as the ratio of the 
number of cells that invaded the gel divided by the total number of 
cells counted in each field. Collagen matrices were fixed in 3% 
paraformaldehyde for 10 minutes and phalloidin–tetramethyl 
rhodamine isothiocyanate stained as previously described (32). 
Cells were imaged with a Zeiss 510 META confocal laser scanning 
microscope (Carl Zeiss, Micro-imaging, Inc, Heidelberg, Germany) 
using a 488 argon and a 543 helium–neon laser. Images were 
acquired using a Plan Apochromat 63× Phase 1.4 oil differential 
interference contrast objective or a Plan Apochromat 100× Phase 
1.4 oil differential interference contrast objective. All of the images 
shown are collapsed z-stacks.

For the Matrigel invasion assays, 105 cells in serum-free culture 
medium were plated in the top transwell chamber with Matrigel-
coated membrane (24-well insert; pore size 8 µm; Becton Dickinson, 
Franklin Lakes, NJ); culture medium was used as a chemoattractant 
in the lower chamber (33). After 48 hours, a cotton swab removed 
the cells that did not invade through the pores. Cells on the lower 
surface of the membrane were stained with DAPI. Invasive cells 
were counted in 10 microscopic fields per filter using a fluorescence 
microscope (Axiovert 200M; Carl Zeiss) with a 40× objective.

Protein Analysis
For western blot analysis, MCF-7 cells (1–10 × 106) were harvested 
in Laemmli lysis buffer (0.125 M Tris–HCl [pH 6.8], 10% glycerol, 
2.3% sodium dodecyl sulfate [SDS]). Cell lysates (25 µg) and CM (20 
µL) were suspended in 10 µL reducing sample buffer (1 M Tris–HCl 
[pH 6.8], 30% glycerol, 6% SDS, 3% b-mercaptoethanol, 0.005% 
bromophenol blue) and boiled for 5 minutes at 95°C. Samples were 
run on NuPage 4%–20% Bis–Tris gradient gels (Invitrogen), 
transferred to polyvinylidene fluoride membranes, blocked in 5% 
nonfat milk in phosphate-buffered saline (PBS) with 0.5% Tween-20, 
and immunostained. Scanning densitometry was carried out with the 
Quantity One Program (Bio-Rad, Hercules, CA).

Quantitative determination of HSP90a in medium that was 
conditioned by MCF-7 breast cancer cells stably expressing GFP 
and GFP-Rab27B was performed with a HSP90a enzyme-linked 
immunosorbent assay kit (Stressgen) according to the manufac-
turer’s instructions.

For gelatin zymography, CM (20 µL) was resuspended in 10 µL 
nonreducing sample buffer (0.5 M Tris–HCl [pH 6.8], 20% glyc-
erol, 4% SDS, 0.005% bromophenol blue) without boiling. 
Samples were loaded on Novex 10% zymogram gelatin substrate 
gels (Invitrogen). After electrophoresis, gels were washed twice for 
30 minutes in a 2% Triton X-100 (Bio-Rad) water solution at 
room temperature and incubated overnight at 37°C in MMP sub-
strate buffer (50 mM Tris–HCl [pH 7.5], 10 mM CaCl2). Gels 
were rinsed again in distilled water and stained with Coomassie 
Brilliant Blue as described above. Proteolytic activities appeared as 
clear bands of lysis against a dark background of stained gelatin.

Flow Cytometric Cell Cycle Analysis and Cell  
Proliferation Assay
For analysis of cell cycle distribution, the Coulter DNA Prep 
Reagents Kit (Beckman Coulter, Fullerton, CA) was used. Serum-
induced cell cycle progression was analyzed by growing MCF-7 
GFP and GFP-Rab27B stably transfected cells to 50% confluence, 
followed by serum starvation for 24 hours, and incubation in 
Dulbecco’s minimal essential medium supplemented with 0.5% fetal 
bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin 
(Invitrogen) for 24 hours. Cells were harvested by trypsinization, 
washed with PBS and exposed to DNA Prep Lyse for 1 minute, 
followed by incubation with DNA Prep Stain for 15 minutes at 
room temperature in the dark. Cellular DNA content was monitored 
on a Beckman Coulter Cytomics FC500 flow cytometer (Beckman 
Coulter). Cell cycle fractions were quantified using WinCycle soft-
ware (Phoenix Flow Systems, San Diego, CA).

To examine whether Rab27B affects cell proliferation in a GTP-, 
geranylgeranyl-, and HSP90a-dependent manner, three sets of ex-
periments were conducted: 1) proliferation rates of MCF-7 cells 
stably expressing GFP, GFP-Rab27B, GFP-Rab27B-Q78L, GFP-
Rab27B-T23N, and GFP-Rab27B-GER were compared; 2) prolifer-
ation rates of MCF-7 GFP-Rab27B cells transiently targeted with 
control or Rab27B siRNAs were studied; and 3) proliferation rates 
of MCF-7 GFP cells, treated with recombinant HSP90a, and 
MCF-7 GFP-Rab27B cells, challenged with control IgG or anti-
HSP90a neutralizing antibody, were evaluated. To obtain a growth 
curve under each condition, triplicate wells of seeded cells were each 
counted five times. Two investigators independently counted the 
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total number of cells in each well every 2 days for a total of 8 days 
with the use of a manual hemocytometer.

Animal Studies
Animal studies were in accordance with a protocol approved by the 
Local Ethics Committee of Ghent University Hospital. At the age 
of 4 weeks (1 week before cell inoculation), female Swiss nu/nu 
mice (10 mice per group) (Charles River Laboratories, Brussels, 
Belgium) were primed with a 1 mg estradiol pellet (Organon 
Laboratories, Cambridge, UK) implanted subcutaneously in the 
neck through surgical incision. Viable cells were injected into the 
mammary fat pad as a 50 µL suspension of 106 cells in Matrigel 
(Becton Dickinson). Tumor volume was estimated by using the 
equation, V = 0.4 × a × b2, where V is volume, a is the length of the 
major axis of the tumor, and b is the length of its minor axis. 
Intraperitoneal metastasis formation was assessed weekly via palpa-
tion and visual analysis of the blue and swollen appearance of the 
abdomen. Mouse survival time was defined as the time from injec-
tion until the animals died or were euthanized by cervical disloca-
tion per the protocol approved by the ethics committee, which 
specifically limited hemorrhagic ascites formation.

Development of ascites was monitored by the measurement of 
abdominal circumference and body weight. Ascites formation was 
scored positive when the abdominal circumference increased at 
least 15%. For the assessment of survival, per Local Ethics 
Committee of Ghent University Hospital guidelines, mice were 
euthanized when the abdominal circumference increased 60% 
above normal controls. Ascites fluid was collected, and hematolog-
ical parameters (number of erythrocytes, hemoglobin, and hemat-
ocrit) were evaluated by flow cytometry using an ADVIA 120 
Hematology System (Bayer Corporation, Tarrytown, NY).

Primary tumors and peritoneal metastasis were extracted, 
weighed, and fixed in 4% buffered formol for 12 hours, followed 
by a wash with PBS and transfer to 70% ethanol, and then em-
bedded in paraffin, sectioned, and stained with hematoxylin and 
eosin. Lung, liver, and spleen were analyzed for macroscopic 
metastasis. IHC using anti-Rab27B and anti-Ki67 antibodies was 
performed on paraffin sections, using an NexES automated slide 
staining system (Ventana Medical Systems, Tucson, AZ). Primary 
tumors were scored as invasive if they were firmly attached to the 
abdominal wall and if hematoxylin and eosin staining revealed 
massive infiltration of the muscular tissue of the abdominal wall by 
cancer cells. Proliferation was quantified as the percentage of 
Ki67-positive cancer cells per high-power field (objective 40× and 
eye piece 10×) averaged across 18 images from a total of three 
primary tumors per cell line.

GFP-Rab27B Vesicle Isolation
Parental or GFP-Rab27B MCF-7 cells (2 × 108 cells) were 
trypsinized and resuspended in culture medium. The cell suspen-
sion was centrifuged for 10 minutes at 500g, followed by three 
washes with 5 mL Dulbecco’s PBS (PBSD+). The cell pellet was 
resuspended in 1 mL homogenization solution (250 mM sucrose 
in PBSD+ supplemented with protease inhibitor cocktail [Roche 
Applied Science, Indianapolis, IN]). Cells were homogenized on 
ice via sonication on a Vibracell VCX130 (4 pulses of 5 seconds 
with amplitude of 30% each separated by 15-second intervals) 

(Sonics and Materials, Inc, Newton, CT). Different centrifuga-
tions were performed using a 70.1 Ti rotor Beckman Coulter 
centrifuge (Beckman Coulter): low-speed centrifugation at 3000g 
for 10 minutes at 4°C, followed by high-speed centrifugation at 
30 000g for 60 minutes at 4°C. A sample of the supernatant and the 
pellet was collected after each centrifugation step to confirm the 
presence of vesicle membrane–bound GFP-Rab27B in the super-
natant via western blot analysis. Next, the supernatant was incu-
bated at a 1:1 ratio (vol/vol), with anti-GFP–labeled magnetic 
microbeads suspended in homogenization solution (50 µL 
microbeads/10 × 106 cells) (MACS MicroBeads; Miltenyi Biotec, 
Auburn, CA) for 30 minutes on ice. Total samples (2 mL) were 
loaded on the automated MACS separator (Miltenyi Biotec). 
Vesicles were eluted in elution buffer (Miltenyi Biotec). After elu-
tion, homogenization buffer was added in a 1:1 (vol/vol) ratio. The 
purity of the vesicle fraction was checked before and after magnetic 
separation via flow cytometry (Calibur; Becton Dickinson). Vesicles 
were pelleted by centrifugation at 140 000g for 1 hour.

Liquid Chromatography–Mass Spectrometry/Mass 
Spectrometry
Vesicle pellets and CM (20 µL) were suspended in 60 and 10 µL 
reducing sample buffer, respectively (1 M Tris–HCl [pH 6.8], 
30% glycerol, 6% SDS, 3% b-mercaptoethanol, 0.005% bro-
mophenol blue) and boiled for 5 minutes at 95°C. Samples were 
run on NuPAGE 4%–20% Bis–Tris gradient gels (Invitrogen) 
in denaturating SDS buffer, stained with 0.5% Coomassie 
Brilliant Blue (Bio-Rad) in 40% methanol and 10% acetic acid for  
20 minutes, and destained in a solution composed of 40% methanol  
and 10% acetic acid. Gel bands were processed and analyzed by 
liquid chromatography–mass spectrometry/mass spectrometry 
(LC-MS/MS) as previously described (34). Raw MS/MS files 
were submitted to the NIH MASCOT Cluster (35) using 
MASCOT DAEMON. Data were searched against the 
UNIPROT-SPROT + UNIPROT-TREMBL database as 
described (34). For each peptide identification, MASCOT 
reports a probability-based ion score, which is defined as 210 × 
log10(P), where P is the absolute probability that the observed 
match between the experimental data and the database sequence 
is a random event. The significance threshold for inclusion of 
each peptide in the output file is the individual ion score meeting 
or exceeding its MASCOT identity score threshold (P < .05). 
MASS SIEVE was used to parse the MS/MS data from MASCOT 
and generate protein parsimony reports (http://www.proteomeco
mmons.org/dev/masssieve). Each protein was assigned to the 
functional classification based on the Gene Ontology annotation 
system using the DAVID database bioinformatics resources 
(http://david.abcc.ncifcrf.gov) (36). Only peptides that were 
detected in two separate experiments were retained.

Patient Samples, Quantitative Real-Time PCR, IHC, and 
Fluorescence In Situ Hybridization
Clinical data and primary breast carcinoma samples were collected 
for every consecutive patient with stages I–IV breast cancer at 
Ghent University Hospital between January 11, 2008, and 
December 31, 2008. Written informed consent was obtained from 
each patient according to the recommendations of the local ethics 
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committee. Adjacent histologically normal breast tissue was col-
lected in the same tissue sample from each patient. One part of the 
tumor, with adjacent normal tissue, was snap-frozen immediately 
and stored at 280°C for blinded quantitative real-time PCR and 
western blot analysis and one part containing tumor and normal 
cells was formalin-fixed for Rab27B IHC.

Western blotting was performed on lysates prepared from 
microdissected tumor tissue. Briefly, one section stained with he-
matoxylin and eosin was mounted with a coverslip, and the 
remaining adjacent serial sections were left without a coverslip for 
tissue removal. Using the covered slide stained with hematoxylin 
and eosin as the template, areas that were not of interest (contain-
ing stroma and accumulated collagen) were removed. The remain-
ing epithelial tissue, obtained from a minimum of 10 sections, was 
lysed and analyzed by western blotting.

The Rab27B protein IHC signal was scored on the following 
scale taking into account both the proportion of cells stained and 
the intensity staining in those cells: score 0, weak or absent cyto-
plasmic staining and less than 5% of cancer cells containing 
Rab27B localized to the plasma membrane or vesicle clusters; 
score 1, cytoplasmic staining and between 5% and 30% of the 
cancer cells containing Rab27B localized prominently to the 
plasma membrane or clustered vesicles; score 2, cytoplasmic stain-
ing and more than 30% of the cancer cells containing Rab27B 
localized prominently to the membrane and vesicles; two observers 
quantified independently.

Total RNA was isolated using the Trizol reagent (Invitrogen) 
according to the manufacturer’s protocol. RNA was treated with a 
DNase kit (DNA-free) to remove all remaining DNA according to 
the manufacturer’s protocol (Applied Biosystems, Austin, TX). 
RNA concentration and purity were measured on the Nanodrop 
ND-1000 (Nanodrop Technologies, Wilmington, DE). First-
strand cDNA was synthesized using a high-capacity RNA-to-cDNA 
kit (Applied Biosystems) according to the manufacturer’s guidelines. 
Quantitative real-time PCR was performed using 100 ng cDNA, 
Taqman gene expression master mix reagent, and Assays-On-
Demand (Applied Biosystems) for Rab27B (Assay ID Hs00188156_
m1), Rab27A (Assay ID Hs00608302_m1), Rab3D (Assay ID 
Hs00269915), and a control gene, PIAA (37) (Assay ID Hs99999904_
m1), on an ABI PRISM 7900 HT Sequence Detection System 
(Applied Biosystems) using the comparative CT method (DDCT), an 
approach to measure relative gene expression. The cycling condi-
tions were as follows: 2 minutes at 50°C, 10 minutes at 95°C, and 
40 cycles at 95°C for 15 seconds and 60°C for 60 seconds.

Fluorescence in situ hybridization was performed with a ded-
icated Rab27B probe set (RP11-99A1 and RP11-839G9; Chori, 
BACPAC Resources, Oakland, CA). Deparaffinized and heat-
pretreated tissue sections were digested with pepsin (in 8.5 mM 
NaCl [pH 2]; Sigma-Aldrich) and dehydrated in graded ethanol 
(75%, 80%, and 100%). The tissues on the slides were dena-
tured at 82°C for 5 minutes and hybridized at 45°C for 18 hours 
with the Rab27B probe set in a S2450 Hybridizer Instrument for 
In Situ Hybridization (DAKO, Stockholm, Sweden). In each 
case, 20 nonoverlapping, intact, interphase tumor nuclei identi-
fied by DAPI staining were evaluated, and Rab27B copy 
numbers in each nucleus were assessed. The patient samples 
were considered to contain amplified, or polysomic Rab27B 

gene expression if more than two signals were seen in at least 
10% of the tumor cells.

Statistical Analysis
All statistical calculations were performed using MedCalc (Version 
11.0; MedCalc Software, Mariakerke, Belgium). Comparisons 
were performed using a two-sided unpaired Student t test fol-
lowing D’Agostino–Pearson testing for normal distribution 
(Matrigel invasion assays, factor shape calculation, Ki67 prolifera-
tion index, and tumor weight) or x2 test (collagen type I invasion 
assays). For the cell proliferation assays, data were compared by 
two-way repeated measures analysis of variance test. Kaplan–Meier 
curves and log-rank testing were used for survival analyses. Rab27B, 
Rab27A, and Rab3D mRNA levels in clinical samples were com-
pared with the Mann–Whitney rank sum test. Frequency tables of 
the Rab27B IHC data were analyzed by the x2 test. All data pre-
sented are representative of at least three independent experiments. 
All statistical tests were two-sided. P values less than .05 were con-
sidered to be statistically significant, and where appropriate, the 
difference of means and the 95% confidence interval (95% CI) are 
indicated.

Results
Effect of Rab27B Overexpression on Morphology  
and Invasion
After transient transfection of human MCF-7 breast cancer cells, 
GFP-tagged Rab3D, Rab27A, and Rab27B each displayed a vesic-
ular distribution (Figure 1, A). MCF-7 cells transfected with a 
GFP control plasmid exhibited no morphological changes, whereas 
those transfected with GFP-Rab3D or GFP-Rab27A exhibited 
limited ruffling at the cell surface (Figure 1, A). By contrast, cells 
in which GFP-Rab27B was overexpressed formed cellular exten-
sions and a spread morphology and had a statistically significantly 
increased ability to invade Matrigel compared with the other three 
transfected cell types (number of invading cells, Rab27B express-
ing vs control, mean = 60.1 vs 5.0 cells, difference = 55.1 cells, 95% 
CI = 49.6 to 60.6 cells; P < .001) (Figure 1, B). When MCF-7, 
T47D, or ZR75.1 breast cancer cells were transfected with GFP-
Rab27B, the cells assumed a similarly changed morphology and 
were more invasive than control cells on a type I collagen substrate 
(number of invading cells of the total number of cells, Rab27B 
expressing vs control: MCF-7 cells, 24 of 234 [10%] vs two of 212 
[0.9%], P < .001; T47D cells, 16 of 229 [7%] vs five of 215 [2%], 
P = .02). GFP-Rab27A and GFP-Rab3D had no such effect 
(Figure 1, C and D, and data not shown).

Involvement of Rab27B in Matrix Invasion and G1 to S 
Phase Cell Cycle Progression
Next, we established MCF-7 cells that stably expressed GFP, 
GFP-Rab27B, GFP-Rab27A, and each of four mutants of GFP-
Rab27B; GFP-Rab27B-Q78L is a constitutively active mutant 
defective in GTP hydrolysis, GFP-Rab27B-T23N and GFP-
Rab27B-N133I are dominant negative mutants defective in GTP 
binding, and the GFP-Rab27B-GER mutant is impaired in  
geranylgeranyl modification and vesicle membrane targeting 
(Supplementary Figure 1, available online).
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Laser scanning confocal microscopy revealed a vesicular 
distribution for the GFP-Rab27A, GFP-Rab27B, and GFP-
Rab27B-Q78L proteins in these cells but a complete loss of 
vesicular localization for the GFP-Rab27B-T23N and GFP 
-Rab27B-GER proteins (Supplementary Figure 2, available 
online). Local spreading and invasion in type I collagen, apparent 
in GFP-Rab27B–transfected breast cancer cells, were also charac-
teristic of GFP-Rab27B-Q78L–transfected cells (number of in-
vading cells of the total number of cells, WT GFP-Rab27B–expressing 
cells vs GFP-Rab27B-Q78L–expressing cells vs control: 27 of 224 
[12%] vs 27 of 210 [13%] vs 3 of 211 [1%]; P < .001, for both 
GFP-Rab27B WT and Q78L vs control) (Figure 2, A and B). By 
contrast, GFP-Rab27A, GFP-Rab27B-T23N, GFP-Rab27B-
N133I, and GFP-Rab27B-GER–expressing MCF-7 cells did not 
change morphology nor invade the collagen matrix. F-actin stain-
ing with phalloidin–tetramethyl rhodamine isothiocyanate 
revealed a rounded appearance for MCF-7 GFP control cells, 
with membrane blebs and prominent cortical F-actin (Figure 2, 
C). MCF-7 GFP-Rab27B cells showed elongated cell mor-
phology, with multiple protrusions. GFP-Rab27B vesicles accu-
mulated at the cell periphery (Figure 2, C). We quantified cell 
spreading by calculating the factor shape of the cells, (perimeter)2/
(4p area), which describes the deviation of the shape from a geo-
metric circle. For control cells, this value was 1.65 ± 0.23, indi-
cating poor spreading; for GFP-Rab27B cells, the value was 
5.59 ± 0.35, indicating statistically significant spreading (differ-

ence = 3.94, 95% CI = 3.74 to 4.13, P < .001). Transient targeting 
of Rab27B by single or pooled siRNAs depleted Rab27B protein 
by 70%–80%, as assessed by western blotting, and was accompa-
nied by loss of the elongated cell morphology (factor shape value, 
after transfection with pooled siRNAs, was 2.1 ± 0.3) and loss of 
invasion into Matrigel and collagen type I matrices (Figure 2, D, 
and data not shown).

Next, we investigated the impact of Rab27B expression on cell 
cycle progression and proliferation. The results of a screen using a 
commercial “proteome profiler” antibody array indicated that ec-
topic expression of GFP-Rab27B was associated with a mitogenic 
signature in MCF-7 cells (data not shown). Cell cycle progression 
was studied by flow cytometric cell cycle analysis after serum star-
vation followed by readdition of 0.5% serum. We found that 
GFP-Rab27B initiates G1 to S phase transitions in MCF-7 cells 
(Figure 2, E). In addition, expression of the positive cell cycle reg-
ulators cyclin A and cyclin E increased, whereas expression of the 
negative cell cycle regulator p27 decreased, in MCF-7 cells trans-
fected with GFP-Rab27B or GFP-Rab27B-Q78L (Figure 2, F). 
By contrast, transfection of GFP-Rab27B-T23N, -N133I, or 
-GER was associated with increased expression of p27 but reduced 
expression of cyclin A and cyclin E. MCF-7 cells that expressed 
GFP-Rab27B consistently demonstrated much higher levels of cell 
proliferation than control cells transfected with only GFP at lim-
iting (0.5%) serum concentrations (P < .001) (Figure 2, G). 
Furthermore, GFP-Rab27B enhanced MCF-7 proliferation under 

Figure 1. Effect of ectopic expression of Rab3D, 
Rab27A, or Rab27B on the formation of cellular 
extensions and invasiveness. A) Morphology of 
MCF-7 cells transiently transfected with green 
fluorescent protein (GFP), GFP-Rab3D, GFP-
Rab27A, or GFP-Rab27B-expressing plasmids. 
Twenty-four hours after transfection, cells were 
fixed and nuclei were stained with 4′,6-diamidino-
2-phenylindole (DAPI) (blue). Laser scanning 
confocal images show punctuate GFP signal 
(green) that is indicative of localization of GFP 
fusion protein to vesicles. Scale bar, 20 µm. B) 
Matrigel invasion assay with GFP-Rab–transfected 
MCF-7 cells. Twenty-four hours after transient 
transfection with GFP-Rab–expressing plasmids, 
105 MCF-7 cells were seeded on top of a Matrigel-
coated filter, and their migration toward medium 
containing serum was quantified by microscopic 
evaluation (total magnification ×400). The mean 
total number of invading cells counted after 
72 hours from 10 different fields is shown with the 
upper 95% confidence intervals from the means 
of three independent experiments performed 
in triplicate. P values were calculated using 
two-sided Student t tests. Statistically significant 
P values are indicated. C and D) Morphology and 
invasiveness of GFP-Rab–transfected MCF-7 and 
T47D breast cancer cells. In (C), phase-contrast 
images are shown of cells seeded on type I col-
lagen matrix 24 hours after transient transfec-
tion. In (D), the invasion index was calculated by 
counting the number of invading and noninvad-
ing cells into type I collagen matrix in 10 fields. 
Invasion indices are means and upper 95% con-
fidence intervals derived from the means of 
three independent experiments performed in 
triplicate. P values were calculated using x2 tests; 
statistically significant P values are indicated. 
Scale bar, 50 µm. In (A) and (C), arrows indicate 
cellular extensions and local spreading.
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limiting serum concentrations in a GTP- and geranylgeranyl-
dependent manner. A similar enhancement of growth under low 
serum concentrations was observed following transfection of 
GFP-Rab27B into T47D and ZR75.1 breast cancer cells (data not 
shown). In supporting experiments, transient targeting of Rab27B 
by a combination of both siRNAs precluded Rab27B-stimulated 
proliferation (P < .001) and Rab27B-induced cyclin A expression 
(Figure 2, H).

Effect of Rab27B Overexpression on Invasive Tumor 
Growth in Nude Mice
To further investigate whether Rab27B enhances invasive tumor 
growth in vivo, we implanted 106 MCF-7 cells stably transfected 
with GFP-Rab27A, or GFP-Rab27B and its mutants, or a similar 
number of control GFP-transfected MCF-7 cells into the mam-
mary fat pads of Swiss nu/nu mice and monitored tumor and 
metastasis formation for 10 weeks. All mice displayed visible mam-
mary tumors 2 weeks after injection. No apparent toxicity was 
observed in mice bearing control MCF-7 GFP xenografts (n = 10), 
but 37.5% of the mice bearing MCF-7 GFP-Rab27B xenografts (n = 
40) developed hemorrhagic ascites in the peritoneal cavity that 
resulted in death (at 10 weeks, MCF-7 GFP- vs GFP-Rab27B–
injected mice, survival was 100% vs 62.5%, hazard ratio of death = 
0.26, 95% CI = 0.08 to 0.88, P = .03) (Figure 3, A and B). Ascites 
fluid was collected from six of these mice; the mean volume was 1.6 ± 
0.2 mL, and the number of red blood cells present was approxi-
mately 20% of that in the peripheral blood (2.2 ± 0.35 × 106/mm3). 
The tumor aggregates present in the ascites yielded a 57-kDa 
GFP-Rab27B immunoreactive protein (Figure 3, C), indicating 
they were derived from the xenograft, and consisted of a rim of five 
to 10 cell layers surrounding a necrotic center (Figure 3, D).

The primary MCF-7 GFP-Rab27B xenografts showed massive 
muscular invasion compared with the MCF-7 GFP xenografts 
(Figure 3, E). At 10 weeks, approximately 80% and 60% of nude 
mice injected with GFP-Rab27B and GFP-Rab27B-Q78L MCF-7 
cells, respectively, developed invasive xenografts (Figure 3, F). By 

contrast, MCF-7 xenografts that expressed GFP alone, GFP-
Rab27B-T23N, GFP-Rab27B-N133I, GFP-Rab27B-GER or 
GFP-Rab27A were nearly all noninvasive, that is, confined within 
fibrotic capsules. IHC of the primary GFP-Rab27B xenograft with 
a specific Rab27B antibody (Supplementary Figure 3, available 
online) revealed Rab27B localization in the cytoplasm and at cell– 
cell contacts (Figure 3, G). Also at 10 weeks, the MCF-7 GFP-
Rab27B and GFP-Rab27B-Q78L xenografts had an approximately 
eightfold larger volume and fourfold increased resected tumor 
weight than the MCF-7 GFP, GFP-Rab27B-T23N, GFP-
Rab27B-N133I, GFP-Rab27B-GER, and GFP-Rab27A xeno-
grafts (means: weight of control GFP xenograft = 0.11 g, WT 
xenograft = 0.39 g, Q78L xenograft = 0.35 g; difference: control vs 
WT= 0.28 g, 95% CI = 0.26 to 0.30, P < .001; difference, control 
vs Q78L = 0.24 g, 95% CI = 0.21 to 0.26, P < .001) (Figure 3,  
H and I). Furthermore, Ki67 staining showed that 86% of MCF-7 
GFP-Rab27B cancer cells were in a proliferative state compared 
with 33% of MCF-7 GFP cells (difference = 53%, 95% CI = 48% 
to 58%, P < .001) (Figure 3, J).

Functional Implication of HSP90a Secretion in  
Rab27B-Overexpressing Cells
GFP-Rab27B secretory vesicles were isolated from MCF-7 GFP-
Rab27B cells by a combination of differential centrifugation and 
enrichment using anti-GFP antibody–coated magnetic beads and a 
benchtop automated magnetic cell sorter. Proteomic analysis was 
performed on 97% pure GFP-Rab27B vesicles, as measured by flow 
cytometry (Supplementary Figure 4, available online). The 1276 
proteins that were identified with high confidence (ie, in two sepa-
rate experiments) were assigned to 16 clusters that included proteins 
involved in vesicle trafficking, cellular metabolism, cell maintenance, 
cell signaling, GTPases, and chaperones (Supplementary Figure 4 
and Supplementary Table 1, available online). HSP90a is known to 
play an essential extracellular role in cancer cell invasion (38) and 
was among the chaperones detected. Polyacrylamide gel analysis of 
the CM from MCF-7 GFP-Rab27B cells revealed 90 kDa proteins 

Figure 2. Rab27B GTP- and geranylgeranyl-dependent cancer cell inva-
sion and cell cycle progression in vitro. A) Phase-contrast images 
showing morphology of MCF-7 cells stably transfected to express green 
fluorescent protein (GFP), GFP-Rab27A, GFP-Rab27B (wild type, WT), or 
GFP-Rab27B mutants. GFP-Rab27B-Q78L (constitutive active), -N133I 
(dominant negative), and -GER (impaired geranylgeranylation and ves-
icle targeting) were the mutants used. Arrows indicate cellular exten-
sions and local spreading. Scale bar, 50 µm. B) Quantification of type I 
collagen invasion by the cells shown in (A). Invasion assays were per-
formed as in Figure 1, D. Invasion indices are means and upper 95% 
confidence intervals derived from the means of three independent ex-
periments performed in triplicate. P values were calculated using x2 
tests. Statistically significant P values are indicated. C) Laser scanning 
confocal images of the F-actin cytoskeleton (phalloidin–tetramethyl rho-
damine isothiocyanate) (red) and GFP (green) localization in MCF-7 GFP 
and GFP-Rab27B cells cultured for 24 hours on a collagen type I matrix. 
Arrow indicates cortical F-actin, and arrowhead indicates membrane 
blebs. Scale bar, 20 µm. D) Invasion by Rab27B-expressing MCF-7 cells 
in which Rab27B was depleted. MCF-7 cells that expressed GFP-Rab27B, 
with or without transfection of control small interfering RNA (siRNA) 
(siCON) or Rab27B siRNAs (siRab27B-1 and/or -2), were seeded on a 
Matrigel-coated filter. The inset panel shows the impact of the Rab27B 
siRNAs on Rab27B expression in these cells by immunoblotting. The 
numbers of invasive cells were counted after 72 hours in 10 different 
fields and are expressed as the mean with upper 95% confidence inter-

vals of three independent experiments performed in triplicate. P values 
shown are for comparisons with the siCON transfection using two-sided 
Student t tests. E) Effect of Rab27B on cell cycle progression. MCF-7 GFP 
and GFP-Rab27B cells were grown to 50% confluence, followed by 24 
hours serum starvation, and 24 hours serum-induced (0.5%) cell cycle 
progression. Percentages of MCF-7 GFP and GFP-Rab27B cells in G1, S, 
and G2 stage of the cell cycle, as measured by flow cytometry, are rep-
resented as the means with upper 95% confidence intervals of two 
independent experiments. F) Western blot analysis in mutant Rab27B-
transfected MCF-7 cells of the positive (cyclin A and E) and negative 
(p27) G1 to S phase cell cycle regulators. Protein levels were quantified 
as immunostaining intensity relative to tubulin. G) Measurement of cell 
proliferation rates of MCF-7 cells stably expressing GFP, GFP-Rab27B, or 
GFP-Rab27B mutants as in (A). A total of 10 000 cells were plated into 
each well of a total of 15 wells on day 1 to establish one growth curve 
under each condition in triplicate. The total number of cells per well was 
manually counted every 2 days until day 8. Mean number of cells is 
plotted with upper 95% confidence intervals. P values were calculated 
using the two-way repeated measures analysis of variance test. 
Statistically significant P values are indicated; data were compared with 
the GFP control. H) Measurement of cell proliferation rates of MCF-7 
GFP-Rab27B cells transiently transfected with control (siCON) or pooled 
Rab27B siRNAs (siRab27B-1 and -2). The experiment was performed as 
in (G). An inset panel shows the effect of this siRNA on cyclin A expres-
sion in MCF-7 GFP-Rab27B cells. Tubulin was used as loading control.

Figure 2 (continued).
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Figure 3.  Effect of Rab27B on invasive tumor growth in vivo. Nude 
mice were injected in the mammary fat pad with MCF-7 cells express-
ing green fluorescent protein (GFP), GFP-Rab27A, GFP-Rab27B (wild 
type, WT), or mutant GFP-Rab27B proteins (Q78L, T23N, N133I, and 
GER). A) Tumorigenesis in nude mice with MCF-7 GFP-Rab27B xeno-
grafts vs controls. Mice with MCF-7 GFP-Rab27B xenografts (lower 
panel) developed hemorrhagic ascites (blue and swollen appearance 
of the ventral side) and tumor aggregates (arrows) in the peritoneal 
cavity and attached to organs such as the ovary. MCF-7 GFP xeno-
grafts (upper panel) developed no hemorrhagic ascites. Inset: Pelleted 
tumor aggregates from the peritoneal fluid of one mouse. Scale bar, 
13 mm. B) Effect of Rab27B expression on survival of mice with xeno-
grafts. Kaplan–Meier curves with 95% confidence intervals and log-
rank testing (P = .031) are shown for nude mice injected with MCF-7 
GFP cells (n = 10) vs MCF-7 GFP-Rab27B cells (n = 40; four different 
clones with 10 mice per group). C) Expression of GFP-Rab27B in 
tumor aggregates. A western blot loaded with 60 µg peritoneal tumor 
aggregate and immunostained with primary Rab27B and tubulin anti-
bodies is shown. D) Hematoxylin and eosin (H&E) staining of a perito-
neal tumor aggregate. Scale bar, 100 µm. E) H&E staining of MCF-7 
GFP (upper panel) and GFP-Rab27B (lower panel) xenografts. 
Arrowheads indicate striated muscle tissue; arrows indicate areas of 
muscular invasion by cancer cells to the peritoneal side (P). Scale bar, 
100 µm. F) Relative invasiveness of xenografts expressing WT and 
mutant Rab27B proteins. Percentage of invasive tumors was deter-

mined by the total number of mice with an invasive xenograft in the 
peritoneal wall as assessed by macroscopic observation and immuno-
histochemistry (n = 10 mice per group). Precise percentages for a 
single experiment are shown. G) Cellular localization of Rab27B in 
MCF-7 GFP-Rab27B xenografts. Arrow indicates peripheral Rab27B 
distribution; arrowheads indicate Rab27B vesicle clustering appearing 
in the cytoplasm and at cell–cell contact. Scale bar, 25 µm. H) Mean 
tumor volume in nude mice bearing xenografts that expressed WT or 
mutant Rab27B proteins (n = 10 mice per group). Tumor size was 
assessed weekly by measurement of the external diameter of the xe-
nografts for 10 weeks. GFP expression was maintained in the xeno-
grafts throughout this time period (data not shown). Error bars 
represent 95% confidence intervals. I) Mean tumor weight after sur-
gical resection of xenografts expressing WT or mutant Rab27B 
proteins. Mice were killed at variable time points (ie, the ethical end-
point that limits hemorrhagic ascites formation or the experimental 
endpoint at 10 weeks) after injection of stably transfected MCF-7 cells 
(n = 10 mice per group). Error bars represent upper 95% confidence 
intervals. P values were calculated using two-sided Student t tests; 
statistically significant P values are indicated. J) Immunohistochemical 
staining of MCF-7 GFP and GFP-Rab27B xenografts to detect Ki67, a 
proliferation marker. The mean number of proliferating MCF-7 GFP-
Rab27B cells, calculated from 18 images of three primary tumors per 
cell line, was 85.50 ± 4.04 vs 32.56 ± 2.68 proliferating control cells 
(two-sided Student t test, P < .001). Scale bar, 50 µm.

that were identified by mass spectrometry as HSP90a and HSP90b 
(Figure 4, A). Enzyme-linked immunosorbent assay assays con-
firmed that HSP90a secretion was sevenfold higher in the CM 
prepared from MCF-7 GFP-Rab27B cells compared with MCF-7 
GFP cells (Figure 4, B). Western blotting measured HSP90a levels 
that were 4.4- and 4.9-fold higher in the CM of MCF-7 cells that 
expressed GFP-Rab27B and constitutively active GFP-Rab27B-
Q78L, respectively, compared with CM from control MCF-7 GFP 
cells (Figure 4, C, upper panel); cells that expressed GFP-Rab27A, 
GFP-Rab27B-GER, or the GTP-binding mutant showed much less 

HSP90a secretion, that is, 0.4-, 0.4-, or 1.8-fold, respectively, that 
of MCF-7 GFP cells. However, western blot analysis revealed no 
difference in intracellular levels of HSP90a or HSP90b among 
MCF-7 cells expressing GFP, GFP-Rab27A, and GFP-Rab27B or 
its mutants (Figure 4, C, lower panel). In spite of this finding, 80% 
depletion of Rab27B protein expression by RNA interference 
(Figure 4, D, lower panel) was associated with a 50% reduction in 
HSP90a secretion into the CM of GFP-Rab27B MCF-7 cells 
(Figure 4, D, upper panel), whereas HSP90b secretion remained 
unchanged.
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Figure 4.  Selective stimulation of heat-
shock protein (HSP)90a secretion by 
Rab27B through GTP- and geranylgera-
nyl-dependent mechanisms. A) 
Secretome profiling of invasive MCF-7 
green fluorescent protein (GFP)-Rab27B 
cancer cells identified HSP90a and 
HSP90b. The number of matched pep-
tides and the percentage of sequence 
coverage are indicated for both proteins. 
The mass spectrometry/mass spectrom-
etry spectrum recorded on a [M+2H]2+ 
ion at m/z 618.69 corresponds to a 
unique peptide [DQVANSAFVER], 
derived from HSP90a. Peptides fragment 
along the amide backbone to produce 
sequence-specific fragment ions; ions 
containing the C-terminal fragment are 
known as “y” ions, whereas ions con-
taining the N-terminal fragment are 
known as “b” ions. The search engine 
Mascot uses this information to report 
probability-based scores for each pep-
tide. See “Materials and Methods” for 
more details. B) Quantification of HSP90a 
levels in conditioned medium (CM) of 
GFP- vs GFP-Rab27B-expressing (wild 
type, WT) MCF-7 cells using enzyme-
linked immunosorbent assay. Results 
are means with upper 95% confidence 
intervals of two independent experi-
ments with three replicates. C) Western 
blot analysis of HSP90a and HSP90b in 
CM (upper panel) and in total protein ly-
sates (lower panel) of transfected MCF-7 
cells. Relative intensity was quantified 
with HSP90b or tubulin as a loading con-
trol. D) Impact of Rab27B silencing (siR-
ab27B-1 and -2) vs control silencing 
(siCON) on the expression of GFP-
Rab27B protein (lower panel) and secre-
tion of HSP90a and HSP90b (upper 
panel) in the CM of MCF-7 GFP-Rab27B 
cells. Protein levels were quantified as 
immunostaining intensity relative to tu-
bulin and HSP90b, respectively.

In additional experiments, we examined the ability of HSP90 or 
its inhibitors to affect invasive growth. We first explored the ability 
of 1 µM concentrations of an HSP90 inhibitor, geldanamycin, or 
its derivative, 17-AAG (39), to reverse the invasive potential of 
MCF-7 GFP-Rab27B cells in the type I collagen invasion assay 
described previously. Each of these drugs was able to inhibit inva-
sion by 85% (P < .001) (Figure 5, A) at this concentration, and less 
than 1% toxicity was observed in Trypan blue exclusion assays. 
Geldanamycin and 17-AAG are able to inhibit both secreted and 
intracellular HSP90a and HSP90b. Therefore, to determine 
whether invasion could be inhibited by reducing only extracellular 
HSP90 activity, we also tested the effect of an anti-HSP90a–spe-
cific neutralizing antibody, which reversed the invasive phenotype 
of MCF-7 GFP-Rab27B cells by 4.3-fold (P < .001) (Figure 5, B). 
Finally, we examined whether addition of HSP90 to the cell  
culture medium could promote invasion. We observed a dose- 
dependent increase in type I collagen invasion by MCF-7 cells 
treated with 1–10 µg/mL recombinant HSP90a (P = .04 at 5 µg/
mL, and P = .003 at 10 µg/mL, x2 test) (Figure 5, C); however,  
addition of 10 µg/mL recombinant HSP90b had no effect.

Next, we examined the role of HSP90a in Rab27B-induced 
proliferation and Rab27B-increased cyclin A expression. The anti-
HSP90a–specific neutralizing antibody (5 µg/mL) reversed the 
increased proliferation of MCF-7 GFP-Rab27B cells by fivefold  
(P < .001) (Figure 5, D) and inhibited cyclin A expression by twofold  
(Figure 5, E). In accordance, we observed increased proliferation 
of MCF-7 cells upon addition of 10 µg/mL recombinant HSP90a 
to the culture medium (P < .001) (Figure 5, D) and increased cyclin 
A expression (Figure 5, E) at a 10 µg/mL concentration that was 
similar to that found in the secretome of Rab27B-overexpressing 
cells.

What is the molecular mechanism of HSP90a in promoting 
invasive growth? It is known that HSP90a serves as an extracel-
lular chaperone for MMP-2, a protease that degrades extracellular 
matrix (38); the active form is 68 kDa, produced by cleavage of a 
peptide from the 72-kDa pro-protein. Extracellular 68 kDa 
MMP-2 activity increased 2.1-fold in MCF-7 cells transfected 
with GFP-Rab27B and 5.3-fold in MCF-7 cells expressing consti-
tutively active GFP-Rab27B-Q78L but was decreased in MCF-7 
variants transfected with the dominant negative or geranylgeranyl  
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Figure 5. The role of heat-shock protein 
(HSP)90a and matrix metalloproteinase 
(MMP)-2 in Rab27B-dependent inva-
sion. A) Phase-contrast images showing 
morphology (upper panels) and quanti-
fication of collagen type I invasion by 
MCF-7 green fluorescent protein (GFP)-
Rab27B cells (lower panel) treated with 
the HSP90a inhibitors 17-(allylamino)-
17-demethoxygeldanamycin (17-AAG) 
and geldanamycin (GA) (1 µM) for 24 
hours or left untreated (Control, Con). B) 
Morphology (upper panels) and quanti-
fication (lower panel) of the invasive 
phenotype induced by GFP-Rab27B in 
MCF-7 cells cultured on collagen type I 
matrix treated for 6 hours with HSP90a 
neutralizing antibody (1 µg/mL) or the 
control IgG isotype. C) Morphology 
(upper panel) and quantification (lower 
panel) of the invasive phenotype 
induced by HSP90 in MCF-7 GFP cells 
cultured on collagen type I matrix and 
treated for 24 hours in the presence or 
absence (Control, Con) of recombinant 
(rec) HSP90a protein (1, 5, and 10 µg/
mL) or recombinant HSP90b protein (10 
µg/mL). In (A), (B), and (C), arrows indi-
cate cellular extensions and local 
spreading. Scale bar, 100 µm. Invasion 
indices are means and upper 95% confi-
dence intervals derived from the means 
of three independent experiments per-
formed in triplicate. P values are calcu-
lated using the x2 test; statistically 
significant P values are indicated. D) 
Measurement of cell proliferation rates 
of MCF-7 GFP cells treated with recom-
binant HSP90a (10 µg/mL) or left un-
treated (Con) and of MCF-7 GFP-Rab27B 
cells challenged with a HSP90a neutral-
izing antibody (5 µg/mL) or control im-
munoglobulin (Con IgG). Proliferation 
assay was performed as in Figure 2, G. 
Mean number of cells is plotted with 
upper 95% confidence intervals.  
P values are calculated using the two-way  
repeated measures analysis of variance test. E) Cyclin A expression was 
evaluated in MCF-7 GFP cells treated with recombinant HSP90a (10µg/
mL) or left untreated (Con) and in MCF-7 GFP-Rab27B cells challenged 
with HSP90a neutralizing or control antibody. Intensity was quantified 
relative to tubulin. F) Analysis of MMP-2 activity in conditioned medium 
(CM) from cultured MCF-7 cells expressing GFP, GFP-Rab27B (wild 

type, WT), or the GFP-Rab27B mutants (Q78L, N133I, and GER) by gel-
atin zymography. G) Gelatin zymography of MMP-2 activity in CM from 
MCF-7 GFP-Rab27B cells that were preincubated with exogenously 
added proMMP-2 (100 ng/mL) in serum-free medium for 24 hours. In (F) 
and (G), arrowhead indicates 72 kDa proMMP-2 and arrow indicates 68 
kDa active protease.

mutants of Rab27B (Figure 5, F). In agreement, recombinant 
proMMP-2 that was exogenously added to MCF-7 GFP-Rab27B 
cells was activated in an HSP90a-dependent manner as demon-
strated by the inhibitory effects of the specific anti-HSP90a neu-
tralizing antibody (Figure 5, G).

Expression of Rab27B in Primary Human Breast Tumors
We next analyzed the expression of the Rab27B protein in 59 pri-
mary breast tumors by IHC using our Rab27B-specific antibody 
(Figure 6, A and B, and Supplementary Table 2, available online). 
Breast tumors with no or weak cytoplasmic Rab27B expression and 
with less than 5% of cancer cells showing membrane localization 
and/or vesicle clustering, that is, score = 0, were ER negative (10 
of 10, 100%), whereas tumors with cytoplasmic Rab27B distribution 
and prominent membrane localization and/or vesicle clustering, 
that is, a score 1 or 2, were ER positive (49 of 49, 100%; P < .001). 

Conversely, ER status was perfectly associated with Rab27B status. 
Furthermore, there was a statistically significant association 
between Rab27B score 2 (>30% of cancer cells showing prominent 
Rab27B localization at the plasma membrane or vesicle clusters) 
and positive lymph node metastases (P < .001) as well as tumor 
grade (P = .001) (Figure 6, B). Lysates from MCF-7 GFP-Rab27B 
cells or from epithelial tissues microdissected from fresh-frozen 
primary human breast cancer tissue with immunohistochemical 
scores of 0, 1, or 2 were subjected to western blotting with our 
Rab27B-specific polyclonal antibody. Similar Rab27B expression 
levels were observed in MCF-7 cells that stably expressed ectopic 
GFP-Rab27B and in microdissected breast tissue with an IHC 
score of 2 (that tended to metastasize more frequently to the lymph 
nodes) (Supplementary Figure 5, available online). Endogenous 
Rab27B levels in noninvasive MCF-7 cells had expression levels 
similar to those in microdissected breast tissue with an IHC score 
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of 1 (that had a less aggressive character); ER-negative breast 
tumors did not express Rab27B (Supplementary Figure 5, available 
online).

We next investigated the relative expression of Rab3D, 
Rab27A, and Rab27B mRNAs in 20 tumor samples by quantita-
tive real-time PCR. Median expression of Rab3D and Rab27A 
did not statistically significantly differ between normal and 
tumor tissue (P = 1.0 and P = .37, respectively) (Figure 6, C). By 
contrast, median expression of Rab27B was 10-fold higher in 
tumor tissue compared with normal tissue (P = .004, Mann–
Whitney test). To investigate the relationship between Rab27B 
mRNA expression and clinical parameters, the 20 tumor samples 
were divided into two groups according to ER status (Figure 6, 
D). As might be predicted from our previous IHC results, 
Rab27B mRNA expression levels statistically significantly dif-
fered between ER-negative vs ER-positive tumor samples (P = 
.019 and P < .001), whereas no statistically significant difference 
was observed between normal samples and ER-negative tumors 
(P = .22). In addition, the median accumulation of Rab27B 
mRNA was twofold higher in the ER-positive group of patients 
with lymph node metastases compared with those without lymph 
node metastases (P = .049) (Figure 6, D). On 17 of the 20 tumor 
samples, we performed both quantitative real-time PCR and 
IHC and demonstrated that in 14 (82%) of the 17 samples  

analyzed, Rab27B mRNA expression strictly followed protein  
expression. We performed fluorescence in situ hybridization 
analysis on 10 tumor samples randomly selected among the 17 
tumor samples that had an immunohistochemical score of 2,  
but this test revealed no amplification of the RAB27B gene 
(Supplementary Table 2, available online).

Discussion
Known hallmarks of malignancy include defective vesicular traf-
ficking of growth factor receptors and unbalanced recycling of 
integrin- and cadherin-based adhesion complexes (40). In this ar-
ticle, we have identified a new key mechanism that links the secre-
tory small GTPase Rab27B with HSP90a secretion leading to 
MMP-2 stabilization, activation, and cancer cell invasion. We dem-
onstrate that in ER-positive human breast cancer cells, the Rab27B-
regulated secretory pathway delivers proinvasive signals involved in 
the degradation of extracellular matrix components. In addition to 
promoting reorganization of the actin cytoskeleton, Rab27B also 
induces G1 to S cell cycle progression and cellular proliferation 
(Figure 2). Rab27B promotes the invasive growth of primary 
tumors and the multiplication of peritoneal metastases established 
from MCF-7 human breast cancer xenografts (Figure 3). The func-
tional impact of the Rab27B small GTPase in vitro and in vivo 

Figure 6.  Rab27B expression in clinical breast cancer specimens. A) 
Representative Rab27B stained primary breast cancer samples that il-
lustrate immunohistochemical scores of 0, 1, and 2. Scale bar, 100 µm. 
B) Associations of Rab27B immunohistochemical scores with estrogen 
receptor (ER) status and other clinicopathological data for 59 primary 
breast tumors. The x2 test was used to test for differences between 
categorical variables. C) Relative levels of Rab3D, Rab27A, and Rab27B 

mRNA expression in normal tissue (N, n = 5) vs primary breast carci-
noma (T, n = 20). D) Expression of Rab27B mRNA in five normal tissues 
vs 20 primary breast carcinomas. Tumor samples were divided into 
three groups according to ER status and lymph node (LN) involvement. 
In (C) and (D), mRNA expression was measured by quantitative real-
time polymerase chain reaction in triplicate. Horizontal bars represent 
median for each group (two-sided Mann–Whitney test).
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depends exclusively upon lipid targeting (ie, geranylgeranylation) 
and GTP binding (Figures 2 and 3).

Human Rab27A and Rab27B are structurally very similar and 
are functional homologs with respect to melanosome transport 
(29). However, the functions of the A and B isoforms are not 
always redundant, as shown by the distinct roles of Rab27A and 
Rab27B in granule exocytosis in human neutrophils and mouse 
bone marrow–derived mast cells (41,42). Recently, Wang et al. 
(25) showed that increased expression of Rab27A further enhances 
the already established invasive and metastatic phenotypes of the 
ER-negative human breast cancer cell lines MDA-MB-231 and 
MDA-MB-435 (28). In these models, Rab27A had a perinuclear 
and non-cytoskeleton–associated localization pattern, suggesting a 
nonsecretory function for Rab27A in MDA-MB cell lines (25). The 
invasive potential of Rab27A in MCF-7 cells and the role of WT 
Rab27B and its GTP-binding mutants were not explored (25).

How does Rab27B achieve invasive growth? Proteomic analysis 
of purified GFP-Rab27B vesicles and of the secretome of MCF-7 
GFP-Rab27B identified HSP90a as a potential proinvasive growth 
regulator. Extracellular HSP90a was already known to stimulate 
keratinocyte migration (43), wound healing (44), and cancer cell 
invasion (38). Our data show that intracellular HSP90a, but not b, 
is secreted into the extracellular environment in a Rab27B-specific, 
GTP-dependent, and geranylgeranyl-dependent manner (Figure 
4, A–C). Consistent with this finding, the use of siRNAs targeting 
Rab27B in addition to HSP90a neutralizing antibodies, pharma-
cological inhibitors, and recombinant HSP90 proteins demon-
strated the critical role for Rab27B and HSP90a in enhancing 
breast cancer cell invasion and proliferation (Figures 4, D, and 5, 
A–E).

Elucidation of the clientele of receptors, growth factors, and 
proteases that is regulated by extracellular HSP90a and of how 
this molecule functions extracellularly in stimulating invasive 
growth comprises a very ambitious goal. We cannot rule out a 
combination of mechanisms that includes the stabilization of inter-
actions by growth factors with the extracellular domains of growth 
factor receptors (45). One reported client protein is MMP-2, a 
protease that requires association with extracellular HSP90a for its 
activity (38,46). A well-characterized property of invasive cancer 
cells is their ability to accelerate the degradation of extracellular 
matrix by MMPs and to release and activate growth factors 
(47,48).

MMPs show increased expression and activation in almost all 
human cancers with poor clinical prognoses (49). MMPs are at-
tractive cancer targets, but clinical trials of broad-spectrum MMP 
inhibitors have failed to establish increased patient survival (50). 
This brings to question the adequacy of attempts to develop 
MMPs as drug targets, which may have failed because MMP inhib-
itors advanced to clinical trials without adequate understanding of 
MMP activation cascades (49). Pro-MMPs are secreted, chaper-
oned, and activated extracellularly by proteolytic digestion of the 
inhibitory propeptide domain. Excessive extracellular MMP acti-
vation in cancers with poor clinical prognosis may require specific 
chaperoning functions that are not required by normal physiology. 
Extracellular chaperoning could open a new window for future 
targeting of MMP activation. We verified that MMP-2 activation 
depends on extracellular HSP90a chaperoning and showed that it 

is associated with Rab27B activity; interestingly, we found no such 
regulation for MMP-9 (Figure 5, F and G, and data not shown). 
One possible explanation is that extracellular HSP90a clients, 
among them MMP-2, confer to cells a gain in matrix degradation 
and growth factor activation leading to increased invasive growth.

It is known that elevated expression of intra- and extracellular 
HSP90a predicts decreased survival in various cancers (51,52). 
Specifically, in ER-positive breast tumors, HSP90 expression was 
associated with lymph node metastasis and decreased survival; 
however, these authors did not distinguish between HSP90a and 
HSP90b (53). It is not surprising that HSP90 has been suggested 
as a promising target for the treatment of various cancers and that 
clinical phase I and phase II trials are ongoing (54). Nevertheless, 
caution is needed because this molecular chaperone assists in the 
cellular function of many client proteins involved in physiology 
and malignancy. Targeting extracellular and cell surface HSP90a 
will not affect the stability of intracellular client proteins. Recently, 
a cell-impermeable HSP90a inhibitor was shown to affect F-actin 
organization and inhibited metastatic growth in a mouse mela-
noma model (55). Hyperacetylation of extracellular HSP90a, 
involved in MMP-2 chaperoning and activation, may add further 
target specificity as demonstrated by treatment with an anti-acetyl 
lysine-69 HSP90a antibody in a cell culture breast cancer invasion 
model (46). Future experiments should reveal whether Rab27B is 
implicated in secretion of the hyperacetylated HSP90a.

ER-positive breast cancers, which comprise the majority of breast 
malignancies, carry a better prognosis for disease-free survival and 
overall survival than ER-negative breast cancers (56). Nevertheless, 
some ER-positive breast cancers are more invasive and tend to 
metastasize more frequently than other ER-positive tumors. A low 
degree of differentiation and the presence of metastasis in the axillary 
lymph nodes are typical characteristics. The underlying reasons for 
the more aggressive character are poorly understood (56).

In this study, Rab27B expression was identified as a key factor 
for the increased invasiveness, tumor size, and metastasis of various 
ER-positive breast cancer cell lines, both in vitro and in vivo. 
Critically, in human breast cancer specimens, the presence of 
Rab27B protein proved to be associated with a low degree of dif-
ferentiation, presence of lymph node metastasis, and a positive ER 
status (Figure 6, A and B). In agreement, levels of Rab27B mRNA 
were highest in ER-positive breast cancers with lymph node 
metastasis and lowest in ER-negative tumors (Figure 6, D). Also, 
during the course of our experiments, Wright et al. (57) found 
higher mean Rab27B mRNA levels in ER-positive than in 
ER-negative invasive breast carcinoma tissues. The molecular and 
biological relevance of our data is further supported by the simi-
larity of the Rab27B expression level and localization pattern in 
breast cancer cell lines expressing ectopic GFP-Rab27B, their 
primary xenografts, and patient-derived breast cancer tissue. Based 
on this body of evidence, Rab27B is as a major effector of invasive-
ness and metastasis and provides an important marker in the signa-
ture of ER-positive breast cancers with poor prognosis.

The study has several potential limitations. One is the use of 
immunocompromised mice as preclinical models of human malig-
nancies. Xenografts do not always reflect the heterogeneity and 
complexity seen in human tumors. Furthermore, tumor growth in 
athymic mice may not necessarily recapitulate the pattern of tumor 
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growth that occurs in humans because of immune surveillances. 
The xenograft model could be extended by studies of spontaneous 
or transgenic models of breast cancer. Second, our study could be 
strengthened if invasive and ER-positive breast cancer cell lines 
were available in the scientific community: to our knowledge, there 
are none. These cell lines would be very useful to check endoge-
nous Rab27B levels and to target it by siRNA treatment. Third, 
our study did not explain in detail how Rab27B-dependent secre-
tion of HSP90a is mechanistically implicated in invasive growth. 
Although we could confirm the results obtained by Eustace et al. 
(38) and Yang et al. (46), that showed the importance of extracel-
lular HSP90a in the activation of MMP-2; we do not have evi-
dence of whether MMP-2 is necessary and sufficient for the 
invasive growth mechanisms induced by Rab27B (38,46). Therefore, 
we cannot rule out the possibility that a combination of extracel-
lular substrates might be important for the Rab27B-dependent 
invasive growth program.

In conclusion, dysregulation of Rab27B expression might prove 
to be a generalized feature of human tumors. Considerable thera-
peutic potential may reside in efforts to control Rab27B levels and 
to modulate Rab27B-regulated pathways through pharmacological 
or genetic interventions.

Supplementary Data

Supplementary data can be found at http://www.jnci.oxfordjournals 
.org/.
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