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Abstract 

Previous studies have shown that Atp6v1c1, a regulator of the assembly of the V0 and V1 domains 
of the V-ATPase complex, is up-regulated in metastatic oral tumors. Despite these studies, the 
function of Atp6v1c1 in tumor growth and metastasis is still unknown. Atp6v1c1’s expression in 
metastatic oral squamous cell carcinoma indicates that Atp6v1c1 has an important function in 
cancer growth and metastasis. We hypothesized that elevated expression of Atp6v1c1 is essential 
to cancer growth and metastasis and that Atp6v1c1 promotes cancer growth and metastasis 
through activation of V-ATPase activity. To test this hypothesis, a Lentivirus-mediated RNAi 
knockdown approach was used to study the function of Atp6v1c1 in mouse 4T1 mammary tumor 
cell proliferation and migration in vitro and cancer growth and metastasis in vivo. Our data revealed 
that silencing of Atp6v1c1 in 4T1 cancer cells inhibited lysosomal acidification and severely im-
paired 4T1 cell growth, migration, and invasion through Matrigel in vitro. We also show that 
Atp6v1c1 knockdown with Lenti-c1s3, a lentivirus targeting Atp6v1c1 for shRNA mediated 
knockdown, can significantly inhibit 4T1 xenograft tumor growth, metastasis, and osteolytic le-
sions in vivo. Our study demonstrates that Atp6v1c1 may promote breast cancer growth and bone 
metastasis through regulation of lysosomal V-ATPase activity, indicating that Atp6v1c1 may be a 
viable target for breast cancer therapy and silencing of Atp6v1c1 may be an innovative therapeutic 
approach for the treatment and prevention of breast cancer growth and metastasis. 

Key words: Atp6v1c1 (C1), V-ATPase, breast cancer, lysosomal acidification, tumor bone metasta-
sis. 

Introduction 
The vacuolar H+-ATPase (V-ATPase) is believed 

to play an important role in tumor growth and me-
tastasis by increasing H+ secretion, allowing tumor 
cells to survive in hypoxic conditions and the conse-
quent acidic tumor microenvironment (1;2). Fur-
thermore, studies of breast cancer have shown that 

V-ATPases located at the plasma membrane of highly 
metastatic human breast cancer cells are involved in 
the acquisition of a more metastatic phenotype and 
that V-ATPase inhibitors decreased the invasion and 
migration of highly metastatic cells (3). In addition, 
functional expression of plasmalemmal V-ATPases in 
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drug-resistant human breast carcinoma cell lines is 
also involved in drug-resistance (4). Based on these 
findings, it is suggested that the V-ATPase complex is 
a potential target in breast cancer therapy and that it is 
an excellent candidate for anticancer drugs. However, 
many current V-ATPase inhibitors (e.g., bafilomycins) 
are highly toxic and not suitable for clinical use in 
humans (5). Therefore, defining the exact role and 
mechanism of V-ATPases in breast cancer cell growth 
and metastasis is very important, and may reveal a 
more specific therapeutic target and candidate for 
novel anticancer drugs. 

 V-ATPases are composed of an ATP-hydrolytic 
domain (V1) and a proton-translocation domain (V0), 
as well as the accessory subunits ac45 and M8-9 (6). 
The V1 domain is located in the cytoplasm and con-
tains eight different subunits (A–H). The V0 domain, 
an integral membrane bound domain, consists of a, c, 
c”, and d subunits in mammals (7-9). The V-ATPase is 
a tightly coupled enzyme that only exhibits activity 
when the enzyme is fully assembled with all subunits 
at the membrane; the C subunit is primarily respon-
sible for its enzymatic function through the control of 
a reversible dissociation of the V0 and V1 domains 
(9-12) with Atp6v1c1 acting as a coordinating subunit 
which mediates V-ATPase assembly by interacting 
with actin as well as ATP6 subunits v0a, v1g and v1e 
(7). Atp6v1c1, an isoform of the C subunit, was re-
cently shown to be the most strongly overexpressed 
gene in oral squamous cell carcinoma in humans 
compared to other subunits, which suggests that pH 
regulation, which can facilitate tumor growth and 
metastasis, is mainly controlled by Atp6v1c1 (C1) (13). 
Atp6v1c1 mRNA has also been shown to be expressed 
in breast cancer cell lines by microarray analysis 
(Supplementary Material: Fig. S1) (14) (15). However, 
the exact role and mechanisms of C1 in tumor growth 
and metastasis remain unknown. Together, these 
findings suggest that the subunit C1 may play an 
important role in breast cancer cell growth, invasion, 
and metastatic osteolytic lesions through its role in the 
regulation of V-ATPases. 

 To investigate the potential role of ATP6v1c1 in 
human cancers we used a mouse orthotopic xenograft 
model using mouse mammary tumor 4T1 (16). Mu-
rine ATP6v1c1 (protein: NP_079770.2, mRNA: 
NM_025494.3) shares considerable homology with the 
human ATP6v1c1 (protein: NP_001686.1, mRNA: 
NM_001695.4) when compared using ClustalW2 (17) 
with a 98 alignment score (>98% amino acid identity) 
for the proteins, and an 85 alignment score for the 
mRNA sequences. This extensive homology between 
the murine and human ATP6v1c1 sequences indicates 
that they are likely to have similar functions within 
the cell and cellular milieu, and, further, that a mouse 

model of ATP6v1c1 knockdown may reasonably be 
used to recapitulate the human system (18). With that 
in mind, we found that silencing Atp6v1c1 in meta-
static 4T1 mouse mammary cancer cells (4T1) greatly 
impairs 4T1 cell growth, migration, and invasion in 
vitro and that Lenti-c1s3 lentivirus can efficiently in-
hibit breast cancer growth, metastasis and induction 
of osteolytic lesions in vivo. To our knowledge, this is 
the first report that C1 deficiency can block breast 
cancer growth and metastasis. 

Materials and Methods 
Generation of Atp6v1c1-depleted 4T1 cells. 4T1 

cells (16) (ATCC) were cultured in RPMI medium 
1640 (Gibco/Life Technologies) supplemented with 
10% FBS (Gibco/Life Technologies). 24 hours after 
plating the lentivirus (Lenti-LacZ or Lenti-c1s3 (19)), 
generated using the pLB lentivirus system (Addgene, 
MA; plasmid #11619) (20), was added to cells for 8 
hours of infection. Loose virus was washed off and 
media changed at 8 hours and cells were trypsinized 
24 hours after infection and resuspended in culture 
media. Single cell suspensions of the infected cells 
were seeded in 96-well culture plates. GFP+ mono-
clones which express shRNA were observed as de-
scribed (19). We chose 4T1-LacZ as a control clone and 
4T1-c1s3-1, 4T1-c1s3-2, and 4T1-c1s3-11 clones as 
c1-depleted 4T1 clones for experiments. 

Immunoblotting assays. Immunoblotting was 
performed as described previously (19). Immunoblot-
ting antibodies were anti-Atp6v1c1 (H-300) and 
ATP6L (D-12) from Santa Cruz Biotechnology (CA, 
USA); anti-tubulin (E7) was from the Developmental 
Studies Hybridoma Bank (IA, USA); Atp6v1a (N1C1) 
was from Genetex (CA, USA). 

Immunohistochemistry assays. Were per-
formed as described (19). Briefly, primary antibody 
(α-Atp6v1c1 (H-300) (Santa Cruz, CA.), 1:600) was 
applied overnight at 4°C. The horseradish peroxidase 
avidin-biotin complex system (Rabbit Elite ABC Kit; 
Vector Laboratories) was used to visualize bound 
antibody. The experiments were performed in tripli-
cate on three independent occasions. 

Reverse Transcription-PCR (RT-PCR). These 
were performed as described (19). The gene-specific 
primers were: Atp6v1c1 (expected product of 523 bp) 
sense 5’-AATAATCTTGCCGTCTCTTCC-3’ and an-
tisense 5’-GCGTTTCATACTGCTTAATCC-3’, for 
Atp6v1c2 (common primers for c2-a and c2-b; ex-
pected product of 433 bp) sense 
5’-AACTTCAAAGTCTAACCTGTCC-3’ and anti-
sense 5’-GACAATATCGCTCAGTGTCC-3’; β-actin 
(expected product of 517 bp) sense 
5’-CATTGAACATGGCATTGTTACC-3’ and anti-
sense 5’-CAGCTCATAGCTCTTCTCCAGG-3’. All 
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assays were repeated three times. 
Cell growth and migration kinetics assays. 

Cells were plated in 24-well plates (1×104/well), after 
24, 48, and 72 hours cells were counted from three 
wells per treatment condition. The experiment was 
performed on three independent occasions (n=3). 
Migration was assessed in a wounded monolayer 
model using the scratch assay, as described (3). Five 
hours after injury of the monolayer, cell movement 
was captured under the microscope’s medium mag-
nification (100×). The experiment was performed in 
triplicate on three separate occasions (n=3). 

Cell invasion assay. Cell invasion was analyzed 
as described (21) with 10% FBS as a chemoattractant. 
After 20 hours of incubation in 37°C, 5% CO2, cells 
that had migrated through the membrane where they 
were fixed with methanol and stained with hematox-
ylin. Invading cells per field were counted (n=10) in 
triplicate using a light microscope (100× magnifica-
tion). 

Conditioned media assay. 4T1 mammary tumor 
cells were cultured in 24-well plates (1×104/well) in 
standard media conditions (RPMI 1640 supplemented 
with 10% FBS) or with 20% osteoclast conditioned 
media, from bone marrow derived macrophage oste-
oclast culture, generated as described (22) for 24 hours 
after the addition of the conditioned media 4T1 cells 
were. Experiments were carried out on three separate 
occasions (n=3). 

Primary breast cancer mouse model. All ani-
mals were maintained according to the Guide for the 
Care and Use of Laboratory Animals. For the spon-
taneous metastasis assay, anesthetized 7-week-old 
female BALB/c mice were divided into 5 groups with 
6 animals per group, and surgically exposed so that 
PBS or 1×105 4T1 or c1-depleted 4T1 cells could be 
inoculated into the left thoracic (#2) mammary fat pad 
in a 50μl volume. During day 10 to day 26 after im-
plantation, we monitored mean tumor diameter (TD) 
(23) then converted to volume under the assumption 
that the tumors are roughly spherical. Mice were eu-
thanized after being exposed to X-ray (Faxitron X-ray) 
on day 28, and then perfused with 4% paraformal-
dehyde in PBS (pH 7.4). The primary tumors were 
surgically removed and weighed. The lungs, liver, 
femur, and tibia were removed and immersed in 4% 
paraformaldehyde in PBS (pH 7.4) overnight at 4°C 
before further processing for histological analysis. The 
femur and tibia were scanned by micro computed 
tomography (Micro-CT) at 12 μm voxel resolution in 
all three axes on a Scanco Medical µCT 40 Micro-CT 
scanner. The ROI began 0.1 mm from the lowest point 
of the growth plate and moved distally for 300 slices. 
We used the default filters, gauss sigma at 0.7 and 
support at 1.0. The threshold for bone was ~235 mg 

HA/cm3. 
In vivo bioluminescent imaging (BLI) of mice. 

This assay was performed per the protocol from Cal-
iper Life Sciences. The spontaneous metastasis models 
were generated as described previously then 
4T1-LacZ, 4T1-c1s3-1 and 4T1-c1s3-2 cells were in-
fected to express luciferase via a separate lentiviral 
infection, using Pol-2 promoter driven expression of a 
chimeric Luc/GFP in a pSico vector (24). Then the 
cells were injected into the left thoracic (#2) mammary 
fat pad in a 50μl volume. After 32 days, mice were 
anesthetized by 2.5-3.5% isofluorane then injected 
with luciferin (Caliper Life Sciences; 150 mg Lucifer-
in/kg body weight) intra-peritoneally (i.p.) 10-15 
minutes before imaging using the IVIS® 100 biolu-
minescence imaging system (Xenogen Corp., Alame-
da, CA). Images were binned (2x2) with a wide-field 
of view (D), and f/1.0 with a 300s exposure time. 

Hematoxylin and eosin (HE), and tar-
trate-resistant acid phosphatase (TRAP) staining. 
These stains were performed as described (25). For 
metastasis detection, we sectioned regions of the 
lungs, livers and knee joints from 12 mice per group 
using 5µm paraffin embedded sections of paraform-
aldehyde fixed tissues and EDTA decalcified bone, 
which were stained with hematoxylin and eosin (Azer 
Scientific, Morgantown, PA). We examined the fol-
lowing regions: bone - femur proximal to the knee; 
liver – right lobe; and right lung – top/superior lobe, 
with 20 slides per region per mouse – selected to rep-
resent a full sectioning of the region of interest of the 
organ. Mice for whom metastatic mammary tumor 
cells were found on any slide of lung, liver, and bone 
sections were considered positive for metastasis as 
described (26). 

Statistical and data quantification analyses. 
Experimental data are reported as mean ± SEM 
(standard error of measurement) of three independent 
experiments, or more, as indicated in the respective 
figure legends and methods. Data were analyzed with 
the two-tailed Student's t-test. P-values<0.05 were 
considered significant. Data quantification analyses, 
including densitometry, were performed using the 
NIH ImageJ program (27). *, P < 0.05; **, P < 0.01; ***, 
P < 0.005 (throughout the paper). 

Results 
Single cell clone selection of 

Atp6v1c1-depleted 4T1 mammary tumor cells. To 
identify the role of the C subunit in breast cancer bi-
ology, we first checked C1 or C2 expression in 4T1 
cells using RT-PCR. We found that C1 was expressed 
in 4T1 cells while C2 (C2a and C2b) was not. We used 
mouse brain, kidney and lungs as positive controls 
(Fig. 1A). We selected c1-knockdown single subclones 



Int. J. Biol. Sci. 2013, Vol. 9 

 
http://www.ijbs.com 

856 

of 4T1 cells after infection with lentivirus of Len-
ti-LacZ or Lenti-c1s3 (19) by viewing GFP+ mono-
clones which express shRNAs. As a control, 4T1-LacZ 
clone expressing shRNA that specifically targets LacZ. 
The 4T1-c1s3-1 and 4T1-c1s3-2 clones (representative 
monoclones of total six monoclones) express shRNA 
that specifically targets C1 (Fig. 1B). Immunohisto-
chemistry (Fig. 1C) and western blot (Fig. 1D) assays 
showed that C1 expression was specifically and sig-
nificantly reduced in the 4T1-c1s3-1 and 4T1-c1s3-2 
clones (reduced by 85% and 60% respectively) com-
pared to 4T1-LacZ (Fig. 1D, E). Meanwhile, there was 
no significant difference in Atp6v1a and Atp6L ex-
pression between c1-depleted cells and control cells 
(Fig. 1D). 

Growth, migration, and invasion of 
Atp6v1c1-depleted 4T1 mammary tumor cells in 
vitro. We seeded the same number of cells and 
counted the cultured cells every 24 hours and, after 72 
hours, found that the number of 4T1, 4T1-LacZ, 

4T1-c1s3-1 and 4T1-c1s3-2 cells were 29.6, 21.8, 6.6 and 
15.07 folds (respectively) of that at 0 hour (Fig. 2A). 
Migration assay revealed that after 5 hours the wound 
area of both 4T1 and 4T1-LacZ cells had a significant 
diminution, while the wound area of 4T1-c1s3-1 and 
4T1-c1s3-2 cells remained unchanged despite the 
presence of several individually migrating cells (red 
arrows) in the 4T1-c1s3-2 cell culture (Fig. 2B). In ad-
dition, an in vitro invasion assay showed that the in-
vasion ability through Matrigel of 4T1-c1s3-1 and 
4T1-c1s3-2 cells significantly decreased (99% and 85% 
respectively) compared to that of 4T1-LacZ. There 
was no significant difference between 4T1 and 
4T1-LacZ cells, but the invasive capacity of 4T1-c1s3-1 
cells was significantly less than 4T1-c1s3-2 cells (Fig. 
2C, D). These results indicate that inhibition of C1 
expression greater than 60% in 4T1 cells significantly 
decreases cell growth, migration, and invasion in 
vitro. 

 
Fig 1. Single cell clone selection of Atp6v1c1-depleted 4T1 mammary tumor cells. A. RT-PCR assays of three mouse tissues and 4T1 cells were per-
formed with gene-specific primers for Atp6v1c1, Atp6v1c2, and β-actin. B. Select GFP+ single subclones of 4T1 cells. The 4T1-LacZ clone expresses siRNA that 
specifically targets LacZ. The 4T1-c1s3-1, 4T1-c1s3-2 clones express siRNA that specifically targets C1. Visualized by white light (L) or by fluorescent light (FL) 
(primary magnification ×100). C. Anti-Atp6v1c1 immunostaining of different 4T1 cells as indicated (primary magnification ×100). D. Atp6v1c1, Atp6v1a and Atp6L 
expression in different 4T1 cells as indicated by Western blotting. E. Quantification of Atp6v1c1 protein expression level in different 4T1 cells as indicated (nor-
malized to the tubulin level) (n=3). * P<0.05 compared with that of 4T1-LacZ cells. The cells shown were representative of the data (n=3). 
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Fig 2. Growth, migration, and invasion of Atp6v1c1-depleted 4T1 mammary tumor cells in vitro. A. Cell growth assay of different 4T1 cells as indicated. 
Results are mean ± s.e.m. (n=3). * P<0.05 compared with 4T1-LacZ by student’s t-test at the endpoint. B. Migration assay of different 4T1 cells as indicated. The cells 
between the red curves and marked by red arrows are the migration cells (primary magnification ×100). C. Invasion assay of different 4T1 cells as indicated (primary 
magnification ×100). D. Quantification of invasion cells per view area. Results are mean ± s.e.m. (n=10). * P<0.05 compared with that of 4T1-LacZ cells. # P<0.05 
compared with that of 4T1-c1s3-2 cells. The cells shown were representative of the data (n=3). 

 
Atp6v1c1 knockdown inhibits 4T1 mouse 

mammary tumor growth in vivo. To confirm the re-
sults from our in vitro study, we used an orthotopic 
breast cancer mouse model. We found that the tumors 
derived from 4T1-c1s3-1 and 4T1-c1s3-2 cells showed 
significantly slower growth during post-implantation 
day 0 to day 26, as shown by a smaller tumor volume, 
and weight 28 days after implantation than those de-
rived from 4T1-LacZ cells. (Fig. 3A, B, C) (n=24). In 

vivo bioluminescent imaging (BLI) of mice further 
showed that 4T1-c1s3-1 and 4T1-c1s3-2 mice have 
lesser tumor volume (day 16) and less detectable me-
tastasis (red arrow indicates metastasis) compared to 
4T1-LacZ mice 33 days after inoculation, and there 
was more necrosis (blue arrow) in the tumors of 
4T1-c1s3-2 mice (Fig. 3D, E) (n=12). 

Atp6v1c1 knockdown inhibits primary 4T1 
mouse mammary tumor metastasis and prolongs 
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survival after xenograft in vivo. To confirm the in 
vitro result that C1 knockdown inhibits 4T1 cells’ mi-
gration and invasion, we also analyzed the metastasis 
in the primary mouse breast cancer model. H&E 
staining confirmed that c1-depleted 4T1 mice have 
significantly less metastasis to lungs, liver, and bone 
compared to 4T1-LacZ mice, which have similar me-

tastasis to 4T1 mice (Fig. 4A, B). All of these data 
suggest that C1 knockdown can significantly decrease 
4T1 mammary tumor cell metastasis in vivo and that 
elevated C1 expression may be responsible for the 
higher risk of metastasis. It was further confirmed that 
ATP6v1c1 knockdown resulted in increased xenograft 
survival (Fig. 4C) over an extended time course. 

 
Fig 3. Atp6v1c1 knockdown inhibits 4T1 mouse mammary tumor growth and metastasis in vivo. A. Representative tumors from female BALB/c mice 28 
days after subcutaneous inoculation in the left thoracic (#2) mammary gland fat pad with PBS or 1×105 4T1 cells infected (or not) as indicated (n=24). B. The mean 
tumor diameter (TD) of tumors during the period between post-implantation day 0 and day 26. Results are mean ± s.e.m. (n=24). * P<0.05 for 4T1-c1s3-1 compared 
with 4T1-LacZ by student’s t-test at the endpoint. C. The weight of tumors on post-implantation day 28 (n=24). D. Bioluminescent Imaging (BLI) of mice as indicated 
(Red arrow indicates the metastatic site in BLI of mice and blue arrow indicates tumor necrosis). The images were representative of the data (n=12). Counts are 
photons detected. Images were captured with a 5min exposure. E. Whole body flux (photons/sec) quantification of mice injected with different 1×105 4T1 cells at day 
16 as indicated (n=12). Signal measured from a 5 minute exposure. * P<0.05 for 4T1-c1s3-1 compared with 4T1-LacZ by student’s t-test at the endpoint. 

 
Fig 4. Atp6v1c1 knockdown inhibits primary 4T1 mouse mammary tumor metastasis and prolongs survival after xenograft in vivo. A. Repre-
sentative H&E staining of lungs and livers (scale bar: 100μm) as indicated. Black arrows indicate the metastases. B. Number of mice bearing metastases in the lungs, 
liver, and bone from a primary mammary tumor based on H&E staining at day 33 (n=12 mice). Numbers indicate the number of mice bearing metastases. C. Survival 
of mice bearing tumors (n=15) over time. 
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Fig 5. Bone metastasis and lesions of primary mammary tumors 
derived from normal and Atp6v1c1-depleted 4T1 cells. A. X-ray of 
representative left femurs and tibias of the primary mammary tumor model 
(n=6). Red arrows show the bone lesion region. B. Micro-CT images show the 
region of interest (ROI). Red arrows indicate the bone lesion region. C-G, 
Results are labeled as 1: PBS injected sham control; 2: 4T1 xenografted mice; 3: 
4T1-LacZ control virus xenografted mice; 4: 4T1-c1s3-1 ATP6v1c1 knockdown 
xenografted mice; 5:4T1-c1s3-2 ATP6v1c1 knockdown xenografted mice. C. 
Quantification of femur relative bone volume over total volume (BV/TV). D. 
Quantification of femur trabecular bone number (Tb.N). E. Quantification of 
tibia relative bone volume over total volume (BV/TV). F. Quantification of tibia 
trabecular bone number (Tb.N). * p<0.05, ** p<0.01 compared to 4T1-LacZ 
mice. G. H&E staining of representative left femurs (n=6) (primary magnification 
×100). H. TRAP staining of osteolytic lesions shown in the left femur ROI. Red 
arrows indicate the TRAP+ osteoclasts. I. Quantification of TRAP+ osteoclasts 
per view area. Results are mean ± s.e.m. (n=5) (primary magnification ×100). 
*P<0.05 compared with that of 4T1-LacZ mice. (GP, growth plate; T.B, tra-
becular bone; T, Tumor; C.B., cortical bone). 

 
 
Bone metastasis and lesions arising from mu-

rine orthotopic xenografts with normal and 
Atp6v1c1-depleted 4T1 cells. Most advanced breast 
cancer patients develop osteolytic bone metastasis 
and lesions, which are a common cause of morbidity 
and sometimes mortality, causing extreme pain in 
advanced cancer patients (28). Therefore, we checked 
the bones of mice with mammary tumor xenografts. 
X-ray images revealed that the distal end of the left 
femur of 4T1 or 4T1-LacZ tumor bearing mice has 
thinner cortical bone and globular intumescences (red 
arrows), while there was no significant change visible 
in the bone of the PBS control, 4T1-c1s3-1 and 
4T1-c1s3-2 mice (Fig. 5A). The Micro-CT scanning of 
the region of interest (ROI) in Fig. 5A (Fig. 5B) showed 
that the femurs and tibias of 4T1 and 4T1-LacZ mice 
had obvious metastatic osteolytic lesions while those 
of 4T1-c1s3-1 and PBS groups had no obvious meta-
static bone destruction. There was metastatic osteo-
lytic lesion in the femur from 4T1-c1s3-2 mice but no 
obvious metastatic osteolytic lesion in the tibia. The 
Micro-CT quantification data (Fig. 5C, D, E, F) and 
H&E staining further confirmed the results (Fig. 5G). 
Meanwhile, we found that the number of TRAP+ OCs 
on the metaphysis bone surface of 4T1 and 4T1-LacZ 
mice was significantly greater (2 fold) than that of 
c1-depleted 4T1 mice, while there was no significant 
difference between 4T1-c1s3-1, 4T1-c1s3-2 and PBS 
groups (Fig. 5H, I). This data shows that C1 deficiency 
can effectively reduce 4T1 mammary tumor bone 
metastasis and metastatic bone lesions which may be 
attributed to a decrease in OCs or decreased OC ac-
tivity in local bone metastases. 

Discussion 
 V-ATPases located at the plasma membrane of 

highly metastatic human breast cancer cells are in-
volved in the acquisition of a more metastatic pheno-

type (3). The C subunit, a component of V-ATPase, 
regulates V-ATPase enzymatic function through the 
control of a reversible dissociation of the V0 and V1 
domains (9-12). Furthermore, ATP6v1c1 is the most 
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strongly overexpressed gene in oral squamous cell 
carcinoma compared to other subunits of V-ATPase, it 
was recently suggested to control tumor growth and 
metastasis (13). Therefore, we hypothesized that 
Atp6v1c1, as a regulator of V-ATPase activity, plays a 
key role in breast cancer metastasis. 

 In this study, we first found that C1, but not C2a 
or C2b, is expressed in the highly metastatic 4T1 
mouse mammary cancer cell line as well as human 
cancer cell lines (Supp. Fig. 1). This is similar to pre-
vious findings in which the subunit Atp6v1c1 was 
ubiquitously expressed in various tissues in mice, but 
C2a and C2b were expressed specifically in the lungs 
and kidney respectively (29; 30). Therefore, to address 
the function of C1 in breast cancer biology, we applied 
the 4T1 mouse mammary cancer cell line as a model 
(31) and used lentivirus-mediated siRNA to knock-
down C1 expression in 4T1 cells. The Lenti-c1s3 len-
tivirus that we used here expressed shRNA, which 
has been previously shown in osteoclasts to specifi-
cally and efficiently target Atp6v1c1 (NM_025494.3) 
but not to target other genes (including subunits 
ATP6v0a3 and Atp6v1a (19)). Lenti-LacZ lentivirus 
expressing LacZ shRNA was used as a control. 
We obtained six c1-depleted 4T1 cell clones using GFP 
as a tool for selection since GFP is co-expressed with 
the shRNA, and not natively expressed by mice, 
meaning that GFP+ cells express shRNA (19; 20; 32; 33) 
and chose two of them (4T1-c1s3-1 and 4T1-c1s3-2) as 
representatives for further studies. 

 We confirmed 4T1-c1s3-1 and 4T1-c1s3-2 by 
western blot, immunochemistry and AO staining. 
Importantly, C1 knockdown in 4T1 cells significantly 
inhibits mammary tumor cell growth, migration and 
invasion in vitro. This result was further supported by 
our in vivo data that 4T1 cells with C1 knockdown 
have significantly less tumor volume and less metas-
tasis to the lungs, liver, and bone. These decreases in 
tumor growth and metastasis were confirmed to fur-
ther result in an increase in tumor xenograft survival. 
However, this reduction in tumor metastasis may be a 
function of the significant reduction in tumor growth 
seen in the tumors with C1 knockdown although it is 
likely that the observed reduction in cancer cell mo-
tility and invasiveness is a major factor as well (Fig. 2). 
In addition, our data is similar to that produced by 
knockdown of ATP6L expression in hepatocellular 
carcinoma cells which can effectively retard cancer 
growth and suppress metastasis (26) and that knock-
down of a3 in B16-F10 cells inhibited invasiveness and 
metastasis to lung and bone (34) which seems to 
support the hypothesis that extracellular acidification 
may play a major role in this effect. To our 
knowledge, this is the first report that C1 deficiency 
can block mammary tumor metastasis and growth. 

 There are many potential causes which may 
underlie this change in tumor progression and growth 
in ATP6v1c1-knocked down mice, but previous liter-
ature suggests that the reduction in tumor growth and 
motility may be a function of a constellation of factors 
including, reductions in the function of low-pH de-
pendent cathepsins, especially in the extracellular 
milieu, acting in invasion and angiogenesis, presum-
ably to breakdown extracellular matrix (35-37) or via 
MMP9 which is known to be induced in acidic mi-
croenvironments (38-40). Further, the additional 
growth of cells in the presence of ATP6v1c1 may be a 
function of the acidic extracellular environment facil-
itating the release of growth factors such as VEGF and 
neutralizing cell killing factors such as NOx (40;41) or 
directly acting on osteoclast precursors to induce in-
vasion and osteoclastogenesis via activation of the 
NFAT pathway (42;43). Alternatively, inhibition of 
V-ATPase activity through C1 may result in increased 
cell death through HIF-1a and increased autophagy 
(44) for which, perhaps, certain free factors of the 
V-ATPase may act as signaling vectors. Intriguingly, 
we have found that, in contrast to control 4T1-LacZ 
cells, ATP6v1c1-deficient cells are not induced to in-
crease expression of RANKL by treatment with oste-
oclast conditioned media (Supp. Fig. 2) indicating that 
knockdown blocks at least one aspect of tu-
mor-osteoclast crosstalk which is known to enhance 
both tumor growth and osteolysis. 

 Eighty percent of patients with breast cancer 
develop bone metastases (45). Bone marrow is a pri-
mary site of metastasis, most likely due to its exten-
sive blood supply, available growth factors, and other 
aspects of the microenvironment (45). Once a tumor 
lodges in the bone, progressive tumor growth leads to 
osteoclast-mediated bone loss, which causes debili-
tating pain and pathological fractures (45;46). In turn, 
bone resorption by osteoclasts releases growth factors 
from the bone matrix that stimulate tumor growth 
and bone destruction (47). This reciprocal interaction 
between breast cancer cells and the bone microenvi-
ronment results in a vicious circle that increases both 
bone destruction and the tumor burden. Notably, C1 
knockdown in 4T1 cells effectively reduced primary 
4T1 mammary tumor metastatic bone lesions (Fig. 
5A-G), which may be due to c1-knockdown 4T1 mice 
having fewer OCs in tumor induced bone lesions 
compared to 4T1 and 4T1-LacZ mice (Fig. 5H, I). This 
may also be a factor of the decreased tumor growth in 
the ATP6v1c1 null tumors which could, via a mass 
effect, impact tumor cytokine production (e.g. Sup-
plementary Material: Fig. S2) and, hence, vicious cy-
cle-related activity (i.e. osteoclastogenesis and bone 
resorption resulting in tumor growth stimulation) 
however, we have also shown that knockdown of 
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ATP6v1c1 in 4T1 cells results in reduced invasion and 
migration (Fig. 2B-D) which are necessary for metas-
tasis and which, when diminished, would reduce the 
efficiency of tumor cell metastasis. Further, acidic 
microenvironments, such as those induced by tumors 
and osteoclasts, stimulate osteoclastogenesis through 
NFAT activity and recruitment of osteoclast precur-
sors (42; 43). These results may suggest that high ex-
pression of C1 is involved in 4T1 mammary tumor 
cell-mediated local immune reaction and inflamma-
tion in the bone microenvironment showed by less 
osteoclasts and osteolytic lesion, and that C1 defi-
ciency may inhibit the vicious circle between 
breast-cancer cell growth and cytokine secretion and 
bone resorption by osteoclasts and decrease breast 
cancer’s metastatic and osteolytic lesions. 

 The results of our present study show, for the 
first time, that 4T1 mammary tumor cell V-ATPase-c1 
knockdown can efficiently decrease breast cancer 
growth, metastasis, and formation of osteolytic le-
sions. Further studies will be required to identify 
other molecules that might be involved in breast can-
cer metastasis and metastatic osteolytic lesions 
through C1 and confirm their roles. Our results sug-
gest that C1 would be a useful target for treating 
breast cancer and even other cancers such as oral 
squamous cell carcinoma (13) by blocking tumor 
growth, metastasis and, especially, tumor related os-
teolysis. 

Supplementary Material 
Fig.S1-Fig.S2.  http://www.ijbs.com/v09p0853s1.pdf 
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