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Abstract
Metastasis, or the spread of tumor cells from a primary site to secondary sites in
the body, is the leading cause of cancer mortality. The development of therapeutics that
target key components of this cascade is thus of critical importance. Metastasis requires
that cells migrate and invade through extracellular matrix. The vacuolar (H+)-ATPases
(V-ATPases) are ubiquitously expressed, ATP-dependent proton pumps that have been
implicated in invasion and migration. V-ATPases acidify intracellular compartments as
well as the extracellular space of specialized cells, and consist of a peripheral V1 domain
and a membrane-embedded V0 domain. Reversible assembly of these domains is a key
mechanism to regulate activity. Elucidation of pump structure, regulation, and function in
tumor cells is critical to determine whether it could serve as a drug target. This thesis
offers insight into the V-ATPase as a novel therapeutic target to limit metastasis.
Subunit a of the V0 domain consists of a C-terminal domain involved in proton
translocation and an N-terminal domain involved in assembly and V-ATPase localization
to specific cellular membranes. Despite its importance, there is no high-resolution
structure for subunit a. We have used homology modeling to construct a model of the Nterminal domain of Vph1p, a yeast subunit a isoform. This model was tested by assessing
the accessibility of unique cysteine residues to chemical modification. This method has
allowed for identification of regions of subunit a that likely interface with V1. The results
from this study offer insight into how we may develop isoform-specific inhibitors.
In yeast, assembly is regulated by the Ras/cAMP/PKA pathway downstream of
glucose. The mechanisms by which PKA modulates pump assembly is not known. We
have performed an EMS mutagenesis screen to identify regulators of V-ATPase assembly
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downstream or independent of PKA in yeast. Our screening method isolated several
mutants that are potentially defective in glucose-dependent disassembly. Future work will
identify the mutated genes that yield this phenotype and enhance our understanding of
how V-ATPase activity may be modulated in both yeast and higher eukaryotes.
The V-ATPase is present on the plasma membranes of at least some invasive
cancer cells and inhibition of V-ATPases reduces cancer cell invasion. It has thus been
proposed that plasma membrane pumps are critical for invasion. To test this, we
employed both an antibody and small molecule approach to specifically ablate plasma
membrane V-ATPase activity. Inhibition of these pumps significantly reduces invasion
and migration of breast cancer cells in vitro. In mammals, V-ATPase localization is
controlled by isoforms of subunit a (a1-a4). Previous work from our lab has shown that
the a3 isoform is overexpressed in a number of highly invasive breast cancer cell lines
and reduction of its expression reduces in vitro invasion. Using an a3-specific antibody,
we found that a3 localizes to the leading edge of migrating breast cancer cells and, using
a3-specific siRNA knockdown, have shown that a3 is critical for migration of breast
cancer cells. Importantly, using quantitative RT-PCR, we have found that a3 is
overexpressed in all 43 human breast cancer samples tested relative to normal breast
tissue. Moreover, using immunofluorescence microscopy, we have shown that a3 is
expressed at higher levels in invasive breast carcinoma relative to solid tumors and
normal breast tissue. The results from these studies suggest that a3-containing plasma
membrane V-ATPases may represent a novel and important anti-metastatic target.
An important question is how V-ATPases might contribute to breast cancer
metastasis. We have begun to explore the hypothesis that V-ATPases at the plasma
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membrane of breast cancer cells provide an acidic extracellular environment that aids in
the proteolytic activation and catalytic activity of pH-dependent proteases such as
cathepsins. These proteases may in turn promote invasion by digestion of extracellular
matrix and activation of other proteases. Future studies will explore both the mechanism
by which V-ATPases promote tumor cell invasion and the role of plasma membrane and
a3-containing V-ATPases in metastasis in vivo.
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Chapter 1
Introduction
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The vacuolar (H+)-ATPase is a large, membrane-associated, multi-subunit protein
that utilizes the energy derived from ATP hydrolysis to transport protons from the cytosol
into intracellular compartments or across the plasma membrane. This proton pump is
ubiquitously expressed in eukaryotic cells and is present on a variety of intracellular
membranes. As a result, the V-ATPase plays a number of important roles within the cell,
such as organelle acidification, membrane trafficking, protein degradation, zymogen
activation, and secretory vesicle loading (Cotter et al., 2015a; Forgac, 2007). The pump is
also present on the plasma membrane of specialized cells, such as osteoclasts and renal
intercalated cells, where it is involved in bone resorption and pH homeostasis,
respectively (Breton and Brown, 2013; Cotter et al., 2015a; Forgac, 2007). Recent work
has implicated the V-ATPase in a number of human diseases, particularly cancer. This
dissertation will discuss insights gleaned from studies focusing on V-ATPase structure
and regulation that will be relevant as we evaluate the potential of this enzyme as a drug
target (Chapters 2 and 3) and will detail our work in elucidating the role of the V-ATPase
in human breast cancer (Chapters 4, 5, and 6).

Mechanism and structure of the V-ATPase
The V-ATPase is composed of fourteen distinct subunits that are organized into
two structural domains: the peripheral V1 domain and the membrane-embedded V0
domain (Table 1.1 and Table 1.2). The V1 domain is responsible for ATP hydrolysis and
consists of eight subunits (A-H, in the stoichiometry A3B3C1D1F1G3E3H1), while the V0
domain is responsible for proton translocation and contains the subunits a, d, e, and the
proteolipid ring subunits c and c”. Yeast contain a third proteolipid subunit, c’
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Yeast V-ATPase Subunits
V1 Domain
Subunit
Gene
A
VMA1
B
VMA2
C
VMA5
D
VMA8
E
VMA4
F
VMA7
G
VMA10
H
VMA13
V0 Domain
Subunit
Gene
a
VPH1
STV1
d
VMA6
c
VMA3
c'
VMA11
c"
VMA16
e
VMA9
Table 1.1: Yeast V-ATPase subunits and gene names
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Mammalian V-ATPase Subunits

Subunit
A
B
C
D
E
F
G

H

Subunit
a

d
c
c"
e

Subunit
Ac45
PRR

V1 Domain
Isoforms
B1
B2
C1
C2a/b
E1
E2
G1
G2
G3
-

Gene
ATP6V1A
ATP6V1B1
ATP6V1B2
ATP6V1C1
ATP6V1C2
ATP6V1D
ATP6V1E1
ATP6V1E2
ATP6V1F
ATP6V1G1
ATP6V1G2
ATP6V1G3
ATP6V1H

V0 Domain
Isoforms
Gene
a1
ATP6V0A1
a2
ATP6V0A2
a3
ATP6V0A3/TCIRG1
a4
ATP6V0A4
d1
ATP6V0D1
d2
ATP6V0D2
ATP6V0C
ATP6V0B
ATP6V0E

Accessory subunits
Isoforms
Gene
ATP6VAP1
ATP6VAP2

Table 1.2: Mammalian V-ATPase subunits and gene names
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(Cotter et al., 2015a; Forgac, 2007) (Figure 1.1). The V1 and V0 domains are able to
dissociate from one another as a means of regulation, as will be discussed later. When
dissociated, free V1 is catalytically inactive and V0 cannot translocate protons (Kane,
1995, 2012; Parra and Kane, 1998). Work in recent years has provided a number of
insights into the structure and mechanism of the V-ATPase, described below, that will be
helpful as we evaluate the potential of this proton pump as a drug target.

Rotary mechanism of the V-ATPase
The rotary ATPase family
The V-ATPase is a member of the rotary ATPase family and is thus related
evolutionarily to the F1F0 ATP synthases (F-ATPases) and the archaebacterial ATPases
(A-ATPases). Rotary ATPases are large, multi-subunit enzymes that consist of a
membrane-embedded, ion translocating domain (F0, A0, or V0) coupled to a peripheral
catalytic domain that synthesizes or hydrolyzes ATP (F1, A1, or V1) (Cross and Müller,
2004; Muench et al., 2011). The F-ATPase is present in eukaryotes as well as in oxidative
bacteria (Marshansky et al., 2014; Muench et al., 2011). Unlike the V-ATPase, which
hydrolyzes ATP to drive proton transport, the primary physiological function of the FATPase is to synthesize ATP (Forgac, 2007). During cellular respiration, the transport of
electrons through the electron transport chain results in the driving of protons across the
the inner mitochondrial membrane, leading to the development of an electrochemical
proton gradient (Mitchell, 1979). The energy derived from the transport of protons down
this gradient allows for the generation of ATP from ADP and phosphate. (Muench et al.,
2011; Stewart et al., 2014). The V-ATPase is even more closely related evolutionarily to
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Figure 1.1: The structure of the V-ATPase. A, Cartoon depiction of the V-ATPase with
labeled subunits. The V1 peripheral domain, made up of subunits A-H, is responsible for
ATP hydrolysis, while the membrane-embedded V0 domain, made up subunits a, c, c’,
c”, d, and e, is responsible for proton translocation. The non-homologous region of
subunit V1A and the critical arginine residue of subunit V0a are also indicated. Protons
enter the pump through a cytosolic hemichannel in subunit a, where they protonate
glutamic acid residues in the proteolipid ring. ATP hydrolysis at the interface of subunits
A and B drives rotation of a central stalk (made up of D, F, and d), which in turn drives
rotation of the proteolipid ring. Subunits E, G, C, H, and the N-terminus of subunit a
make up three peripheral stalks that stabilize the pump during rotation. During
proteolipid ring rotation, the protonated glutamic acid residues come into contact with
Arg735 in subunit a. The proton is then displaced and exits the pump through a luminal
hemichannel. Figure adapted from Forgac (2007). B, The most recent cryo-EM structure
of the V-ATPase with known crystal structures of individual subunits from S. cerevisiae
and T. thermophilus fitted into the map. All subunits are present except for subunit e,
which is lost during detergent solubilization. Figure adapted from Zhao et al., (2015).
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the A-ATPases, which are found in archaea and some bacteria (Cross and Müller, 2004).
The A-ATPases can synthesize ATP or act as an ion pump (Forgac, 2007; Muench et al.,
2011). For example, the A-ATPase present in Thermus thermophilus functions as a
proton-driven ATP synthase (Nakano et al., 2008). In species such as Enterococcus hirae
or Clostridium fervidus, however, the A-ATPase functions as an ATP-driven sodium
pump (Murata et al., 2005; Speelmans et al., 1993). The A-ATPase of other species, such
as Meiothermus ruber, functions as an ATP-driven proton pump (Srinivasan et al., 2011).
Given the close evolutionary relationship between the three different classes of rotary
ATPases, structural and mechanistic details of the F- and A-type ATPases have been
informative in enhancing our understanding of the V-ATPase.

The rotary mechanism
The F-, A-, and V-type ATPases all employ a rotary mechanism to drive ATP
synthesis or ion transport. Our understanding of this mechanism is drawn upon work
performed on the F-ATPase. F1 consists of three copies each of the α and β subunits. The
catalytic sites are primarily present on the β subunit (Boyer, 1989, 1997). Boyer et. al.
proposed a ‘binding change mechanism’ of ATP synthesis in the F-ATPase. Boyer
demonstrated that energy input is required for ATP release, but not ATP formation
(Boyer et al., 1973). Furthermore, the β subunit catalytic sites operate cooperatively in
that ATP release does not occur unless ADP and phosphate are bound to a separate site.
Boyer also provided important evidence that the catalytic sites are identical to one
another (Hutton and Boyer, 1979), with each site interconverting between different
conformational states. He speculated that these conformational states (later termed
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‘open’, ‘loose’, and ‘tight’) allow for ATP release, ADP and phosphate binding, and ATP
synthesis to occur at the same site and that interconversion between these states occurs in
response to the rotation of other F1 subunits (Boyer, 1997; Hutton and Boyer, 1979;
Kresge et al., 2006). The first crystal structure of F1 supported this concept (Abrahams et
al., 1994).
Initial crosslinking studies suggested that the interconversion of conformational
states at the catalytic sites of F1 occurs in response to rotation of the γ subunit, which is
part of the central stalk surrounded by the α and β subunits (Duncan et al., 1995; Zhou et
al., 1996). This was observed directly when Noji et al. fixed the α3β3γ complex to a glass
plate and the γ subunit was connected to a fluorescent actin filament. Rotation of the actin
filament was observed in the presence of ATP (Noji et al., 1997). Subsequent
experiments demonstrated that the γ subunit and the F0 proteolipid subunits rotate
together during ATP synthesis and hydrolysis (Nakanishi-Matsui et al., 2010; Pänke et
al., 2000; Sambongi et al., 1999; Tanabe et al., 2001). Together, these studies indicate
that the rotation of these subunits allows for the coupling of energy between ATP
synthesis or hydrolysis and ion transport. In the case of ATP synthesis, rotation of the
proteolipid ring during proton transport promotes γ subunit rotation, which subsequently
allows for ATP synthesis in F1. In the reverse direction, the energy from ATP hydrolysis
allows for rotation of γ subunit, which in turn promotes proteolipid ring rotation and ion
transport against the electrochemical gradient (Hirata et al., 2003; Nakanishi-Matsui et
al., 2010; Pänke et al., 2000; Sambongi et al., 1999; Tanabe et al., 2001).
Subsequent studies revealed that the other rotary ATPases operate through a
similar mechanism. Rotation of single molecules of the T. thermophilus A1 domain in the
8

presence of ATP has been observed (Imamura et al., 2003). This is coupled to proteolipid
ring rotation (Yokoyama et al., 2003). Rotation of the V-ATPase subunit G occurs when
the proteolipid ring of the Saccharmoyces cerevisiae yeast V-ATPase is fixed to a glass
plate (Hirata et al., 2003). Electron cryomicroscopy (cryo-EM) has recently allowed for
visualization of the structures of the three different rotational states of the S. cerevisiae
V-ATPase. This work demonstrated that flexibility of nearly every subunit is critical for
rotational catalysis to occur (Figure 1.1B) (Zhao et al., 2015).
In summary, the V-ATPase depends upon a rotary mechanism to transport protons
across intracellular and plasma membranes. Protons enter the V-ATPase through subunit
a, where they come into contact with the proteolipid ring (Cotter et al., 2015a; Forgac,
2007). They protonate a conserved glutamic acid residue present in each of the
proteolipid ring subunits. ATP hydrolysis at the interface of V1A (homologous to F1β)
and V1B (homologous to F1α) drives rotation of a central stalk and results in proteolipid
ring rotation (Cotter et al., 2015a; Forgac, 2007; Marshansky et al., 2014). The stator
subunits A, B, and a are kept stationary during rotation by peripheral stalks. As the
proteolipid ring rotates, the protonated glutamic acid residue comes into contact with an
arginine residue in subunit a and the proton exits the pump (Cotter et al., 2015a; Forgac,
2007). This mechanism will be explained further in subsequent sections.

Structure and function of the V1 subunits
The peripheral V1 domain has a molecular weight of 650 kDa and is made up of
eight subunits, A-H. It consists of three subdomains: the A3B3 hexamer that hydrolyzes
ATP, a central stalk that rotates in response to hydrolysis, and peripheral stalks that both
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prevent stator subunit rotation and help regulate the V1V0 interaction (Cotter et al.,
2015a; Forgac, 2007). A detailed discussion of each subdomain can be found below.

The A3B3 hexamer
Subunits A and B of the V-ATPase are homologous to the β and α subunits of the
F-ATPase, respectively, and make up part of the stator. The crystal structure of F1
indicates that the hexamer consists of alternating β and α subunits (Abrahams et al.,
1994). A number of studies have confirmed that A3B3 of the V-ATPase has a similar
structure (Benlekbir et al., 2012; Radermacher et al., 2001; Zhang et al., 2003; Zhao et
al., 2015). ATP hydrolysis occurs at three of the six A/B interfaces (Liu et al., 1997;
MacLeod et al., 1998). Mutagenesis of the yeast VMA1 (subunit A) gene has found that
the majority of the catalytic site at the A/B interfaces is present on subunit A (Liu and
Kane, 1996; Liu et al., 1997; MacLeod et al., 1998). Recently, the crystal structure of the
A3B3 hexamer of the T. thermophilus A-ATPase was solved. This structure provided
further support that ATP hydrolysis primarily occurs on the A subunit. It also identified
hydrophobic clusters present at the A/B interface that are likely involved in the
interconversion between the three rotational states (Maher et al., 2009). Finally, the
recent cryo-EM structure of the rotational states of the V-ATPase found that the hexamer
experiences a small degree of ‘twist’ during rotational catalysis despite being part of the
stator (Zhao et al., 2015).
Previous studies have suggested that the three non-catalytic A/B interfaces also
contain a nucleotide-binding site and that these sites are primarily made up of B subunit
residues. It was speculated that nucleotide binding at these sites may help regulate pump
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activity (Vasilyeva and Forgac, 1996; Vasilyeva et al., 2000). The B subunit lacks the
glycine-rich P loop required for nucleotide binding and it was thus proposed that ATP
may bind through an alternative mechanism (Maher et al., 2009; Vasilyeva et al., 2000).
However, structural analysis of the A-ATPase A3B3 hexamer has found that it is unlikely
that the residues that make up the proposed non-catalytic nucleotide binding site are able
to bind ATP or regulate pump activity. Furthermore, this study found that mutagenesis of
these residues does not impair ATP hydrolysis. The authors proposed that previous
studies reporting on the binding of nucleotide analogues to the non-catalytic interfaces
were actually observing binding to a conserved site on the B subunit that is critical for
hydrolysis at the catalytic interfaces (Maher et al., 2009).
Though the A subunit is highly homologous to the F1β subunit, there is one
region, known as the ‘non-homologous loop,’ that is present in subunit A but not F1β
(Figure 1.1). This region is made up of 90 amino acids and is conserved between VATPases (Bowman et al., 1988; Forgac, 2007; Hirata et al., 1990; Puopolo et al., 1991;
Shao et al., 2003; Zimniak et al., 1988). In the crystal structures of the A-ATPase subunit
A and the A3B3 hexamer, this region is visualized as a bulge that extends from the outer
surface of subunit A (Maegawa et al., 2006; Maher et al., 2009). Single mutations in this
region in yeast either alter V-ATPase coupling efficiency or prevent the ability of the
pump to dissociate in vivo (Shao et al., 2003). In yeast, dissociation of the two domains
occurs in response to glucose depletion (see ‘Regulated Assembly’). Interestingly, the
non-homologous domain of subunit A was found to bind V0 in a glucose-dependent
manner (Shao and Forgac, 2004), although the most recent cryo-EM structural data of the
yeast V-ATPases indicates that it is unlikely that this domain would interact with V0 in
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the intact pump in vivo (Zhao et al., 2015). Nevertheless, the non-homologous loop
appears to be involved in regulation of assembly (Forgac, 2007).

The central stalk
The energy derived from ATP hydrolysis is coupled to the rotation of a central
stalk, consisting of subunits V1D, V1F, and V0d, that connect the A3B3 hexamer to V0.
These subunits are each present in a single copy. Subunits D and F make up a central
shaft that penetrates the A3B3 hexamer (Benlekbir et al., 2012). The E. hirae A-ATPase
DF crystal structure has offered insight into this portion of the central stalk. Subunit D
contains a long coiled-coil domain that is in close proximity to the A3B3 hexamer. A βhairpin region that contacts the A3B3 hexamer is also present. When this region is mutated
and the mutant DF complex is bound to A3B3, ATPase activity decreases, suggesting that
the β-hairpin enhances activity (Saijo et al., 2011). The E. hirae subunit F binds the
middle of subunit D and helps stabilize this subunit. The N-terminus of subunit F
contains a globular domain, while its C-terminus contains an α-helical domain that
bundles with the subunit D coiled-coil. This helix also interacts with the A3B3 hexamer in
E. hirae and likely helps stimulate enzymatic activity (Saijo et al., 2011). The crystal
structures of the yeast V-ATPase F(1-94) and the DF complex were solved in 2013 and
2015, respectively, and demonstrated strong structural similarity to the E. hirae complex
(Balakrishna et al., 2015; Basak et al., 2013).
Analysis of the D and F structures in the yeast V-ATPase have offered new
insight into mechanism. The recent eukaryotic structural studies found that the globular
N-terminal domain of subunit F is connected to the C-terminal α-helix through a flexible
12

linker domain. In the two conformational structures of DF, this linker was found in both
bent and extended conformations. This flexibility alters the interactions that the Cterminus of F can make with subunit D during rotation (Balakrishna et al., 2015). The
flexible loop of subunit F also likely allows its C-terminal helix to interact with various
regions of subunits A and B near the nucleotide binding sites. The authors of this study
reference that their unpublished work indicates that the C-terminus of F is required for VATPase assembly and activity (Balakrishna et al., 2015). Interestingly, subunit F was also
recently found to be critical for the T. thermophilus V1 domain to generate rotary torque
(Kishikawa et al., 2014).
Studies of the eukaryotic DF complex have identified a loop consisting of the
amino acids 26GQITPETQEK35 in the N-terminus of subunit F. This loop is unique to
eukaryotes, is likely facing subunit V1H, and is flexible (Balakrishna et al., 2015; Basak
et al., 2013). Subunit H has been proposed to play a major regulatory role in preventing
ATP hydrolysis in the free V1 domain by interacting with subunit F (Jefferies and Forgac,
2008). It is possible that this N-terminal loop of subunit F is involved in this process, as
will be discussed in further detail below.

The peripheral stalks: the EG heterodimers
The remainder of the V1 subunits contribute to the formation of three peripheral
stalks that bridge the V1 and V0 domains, keep the complex assembled during rotation,
and prevent rotation of the stator subunits (Forgac, 2007; Zhang et al., 2008). The
peripheral stalks represent a major structural divergence between the V-ATPase and the
other rotary ATPases. The F-ATPases only contain one (Dunn et al., 2000; Rubinstein et
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al., 2003) and the A-ATPases contain two (Lau and Rubinstein, 2012). Subunits E and G
are present in three copies per pump and form three heterodimers that run down the
enzyme (Benlekbir et al., 2012; Zhao et al., 2015). The C-terminus of each E subunit
interacts with the B subunits of V1, while the G subunit C-terminus only interacts with
subunit E (Benlekbir et al., 2012). The N-termini of the EG heterodimers are oriented
towards the V0 domain, where they interact with subunits that make up the interface of
the two domains. EG1 interacts with the N-termini of V0a and subunit H, EG2 with the Nterminus of V0a and the foot domain of subunit C, and EG3 with the head domain of
subunit C (Benlekbir et al., 2012; Zhang et al., 2008). The structure of this interfacial
region is of interest given that the in vivo disassembly is a means of regulating activity.
A recent crystal structure of the yeast EG heterodimer bound to the head domain
of subunit C has revealed that the heterodimers are present as a long coiled coil, with the
C-terminus forming a globular domain that is angled such that E could interact with V1 in
the intact enzyme (Oot and Wilkens, 2010). The N- and C-termini of E and G are tightly
packed, yet the middle portion is marked by bulkier side chains and a bulge in subunit G
that push E and G apart. This region is connected to the rigid termini by flexible hinges.
It was hypothesized that this flexible middle region allows for movement of the termini
relative to one another without altering heterodimer structure and that it may also allow
the heterodimers to play a role in regulating assembly (Oot and Wilkens, 2010).
Cryo-EM of the free V1 domain indicates that the peripheral stalks are rigid
(Muench et al., 2014), while cryo-EM of the intact V-ATPase revealed that the
heterodimers experience bending of the coiled-coil during rotation (Zhao et al., 2015). It
has been proposed that rotary ATPases require elastic coupling of the two functional
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domains, which will be discussed in further detail below (Zhao et al., 2015). The
combination of intrinsic rigidity and flexibility of the peripheral stalks support the
concept of the EG heterodimers acting as a ‘spring’ to store transient elastic energy
during pump rotation (Marshansky et al., 2014; Muench et al., 2014; Zhao et al., 2015).

Subunit C
Subunit C is unique to the eukaryotic pump (Drory et al., 2004; Oot and Wilkens,
2010). It falls away from V1 during disassembly and rejoins during assembly (Curtis et
al., 2002; Kane, 1995; Parra et al., 2000). The crystal structure of the yeast subunit C
revealed that it contains globular ‘head’ and ‘foot’ domains connected by an elongated
region (Drory et al., 2004). α-helices in the elongated region provide flexibility that
allows subunit C to maintain its subunit interactions during rotation (Drory et al., 2004;
Zhao et al., 2015). Subunit C connects EG2 and EG3. Cfoot interacts with the subunit E
from EG2 (Benlekbir et al., 2012). Chead binds EG3 with high affinity, likely due to its
ability to interact with both E and G. Fitting of the EGChead structure to the cryo-EM V1
structure suggests that the flexible region of EG experiences strain to allow for the
Cfoot/EG2 interaction. This likely ‘spring loads’ the EG coil, allowing subunit C to easily
release during dissociation (Benlekbir et al., 2012; Oot and Wilkens, 2010).

Subunit H
Subunit H is important for the regulation of V1 activity (Diab et al., 2009). The
crystal structure of the yeast subunit H revealed that it contains a large α-helical Nterminal domain and a smaller C-terminal domain connected by a flexible linker
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(Sagermann et al., 2001). As stated, this subunit is critical for ATPase inhibition in free
V1 (Diab et al., 2009). Crosslinking studies suggest that the loss of subunit H-V0a
interactions during disassembly allows the C-terminal domain of H to interact with
subunit F of the central stalk and inhibit rotation in free V1 (Jefferies and Forgac, 2008).
The flexible linker is required for H to come into contact with these sites (Benlekbir et
al., 2012). The DF crystal structure indicates that an N-terminal loop of subunit F is likely
oriented towards subunit H, as stated above. This loop is in close proximity to the βhairpin region of subunit D that promotes ATPase activity (Balakrishna et al., 2015; Saijo
et al., 2011). The H/F interaction may reduce V1 activity in part by causing
conformational changes in the regions of subunit D that are critical for optimal ATPase
activity or rotation (Balakrishna et al., 2015; Basak et al., 2013). Subunit H may also
inhibit activity by interacting with other V1 subunits (Diab et al., 2009).

Structure and function of the V0 subunits
The membrane-embedded V0 domain of the V-ATPase has a molecular weight of
260 kDa and is responsible for translocating protons from the cytosol into the lumen of
intracellular compartments or the extracellular space. It is made up of six subunits: a, d, e,
c, c’ (only present in yeast), and c” (Cotter et al., 2015a; Forgac, 2007) A discussion of
each subunit can be found below.

Subunit d
Subunit d is part of the central stalk. Unlike the remainder of V0, it is not an
integral membrane protein (Bauerle et al., 1993; Forgac, 2007). The structure of its
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homologue in T. thermophilus suggests that it has three helical domains that make up a
funnel shape (Iwata et al., 2004). Subunit d sits on the cytoplasm-facing opening of the
proteolipid ring. As part of the central stalk, it interacts with D and F, connecting the V1
and the V0 rotary subunits (Benlekbir et al., 2012; Iwata et al., 2004; Zhang et al., 2008;
Zhao et al., 2015). Its location allows it to take part in both assembly and coupling of the
two domains (Ediger et al., 2009; Iwata et al., 2004; Owegi et al., 2006). Its interaction
with subunits D and F is weaker in the yeast V-ATPase than in the E. hirae A-ATPase,
likely to facilitate dissociation (Basak et al., 2013). The interaction of subunit d with the
proteolipid ring is also weak. An interaction with the N-terminus of subunit a is required
to keep it from being released from free V0 (Couoh-Cardel et al., 2015; Ediger et al.,
2009). Contrary to previous speculation, subunit d is not required for inhibiting proton
transport in free V0 (Couoh-Cardel et al., 2015).

Subunit e
Subunit e is a small, hydrophobic membrane protein that is conserved between VATPases (Compton et al., 2006; Sambade and Kane, 2004). It was first identified in
bovine chromaffin granules and Manduca sexta (Ludwig et al., 1998; Merzendorfer et al.,
1999). A mutagenesis screen led to its identification in yeast (Sambade and Kane, 2004).
It is hypothesized to be adjacent to subunit a, although recent studies have suggested it
may be at the base of the proteolipid ring (Compton et al., 2006; Rawson et al., 2015).
Disruption of its gene results in loss of pump activity, as is the case for all pump subunits
(Sambade and Kane, 2004). Subunit e will not reach the vacuole if a cell is lacking any
V0 subunits. Further, it is required for the formation of V0 and its transport out of the
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endoplasmic reticulum (Compton et al., 2006; Sambade and Kane, 2004). Subunit e
function is poorly understood. Given that it lacks hydrophilic residues, it is unlikely that
it plays a direct role in proton transport (Compton et al., 2006; Sambade and Kane, 2004).
A recent study found that detergent solubilized V-ATPases lack subunit e and that these
pumps still exhibit in vitro ATP hydrolysis and proton transport (Bueler and Rubinstein,
2015). While subunit e may be directly involved in in vivo V-ATPase activity, it is
possible that it plays an alternative role that would reconcile these recent results with
earlier findings that it is essential for in vivo pump function, such as one that relates to
assembly.

The proteolipid ring
In yeast, the V-ATPase proteolipid ring consists of the hydrophobic subunits c, c’,
and c”. c’ is not present in the mammals. (Marshansky et al., 2014; Powell et al., 2000).
Ring rotation in response to ATP hydrolysis is critical for proton transport, and each of
the proteolipid subunits is required for activity and assembly (Forgac, 2007; Hirata et al.,
1997) In yeast, the ring consists of single copies of c’ and c” and multiple copies of c
(Powell et al., 2000). The E. hirae A-ATPase crystal structure and cryo-EM structures of
the yeast V-ATPase have revealed that the ring likely contains ten subunits (Murata et al.,
2005; Zhao et al., 2015).
Subunits c and c’ contain four transmembrane α-helices (TMs), with both termini
facing the lumen. c” has a fifth helix at its N-terminus that is not necessary for function
(Flannery et al., 2004; Nishi et al., 2003). Each subunit contains a critical glutamic acid
residue, present in TM4 of subunits c and c’ and TM3 of subunit c” (Hirata et al., 1997;

18

Wang et al., 2007). These residues are reversibly protonated during rotational catalysis to
allow for proton transport from the cytosol to the lumen (Forgac, 2007). Given that the
ring likely contains ten subunits, ten protons are transported across the membrane for
every three ATP molecules hydrolyzed. This puts the ATP:H+ ratio at 3:10 and creates a
symmetry mismatch between the domains. The pump must thus experience elastic
coupling as well as a combination of subunit flexibility and rigidity to simultaneously
accommodate the required conformations of each domain (Zhao et al., 2015).
Despite the structural similarities between the proteolipid subunits, they cannot
substitute for one another (Nishi et al., 2003). V-ATPase function is dependent upon a
particular orientation of the subunits within the ring, with c’ adjacent to c” in yeast
(Wang et al., 2007). Cryo-EM of the yeast V-ATPase suggests that the overall structure
of the proteolipid ring consists of an inner and outer ring of transmembrane helices, with
TM1 of c” likely oriented towards the middle of the proteolipid ring (Zhao et al., 2015).
The helices containing the glutamic acid residues are present in the outer ring, where they
can interact with subunit a (Wang et al., 2007; Zhao et al., 2015).

Subunit a
Subunit a is a 100 kDa integral membrane protein divided into two domains: a 50
kDa cytoplasmic N-terminal domain and a 50 kDa membrane-embedded C-terminal
domain (Forgac, 2007; Leng et al., 1999). It is involved in a number of important roles,
including proton transport and assembly, and is part of the stator (Finnigan et al., 2012;
Forgac, 2007). Subunit a will be extensively discussed in Chapters 2 and 5.
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The N-terminus of a (NT-a) serves a number of functions. First, it contains
information required to localize the pump to specific membranes within the cell. Subunit
a is present in two isoforms in yeast: Vph1p and Stv1p. These isoforms have similar
primary and secondary sequences (Finnigan et al., 2012; Manolson et al., 1994). Under
normal circumstances, Vph1p is localized to the vacuole and Stv1p to the Golgi
(Kawasaki-Nishi et al., 2001a; Manolson et al., 1994). Chimeric mutants containing the
N-terminus of one isoform and C-terminus of the other demonstrated that the N-terminus
encodes the information required for localizing the pump. NT-Vph1p localizes to the
vacuole and NT-Stv1p to the Golgi (Kawasaki-Nishi et al., 2001b). The Golgi
localization signal in NT-Stv1p was recently identified (Finnigan et al., 2012).
NT-a also plays an important role in V-ATPase assembly, as it serves as part of
the interface between the V1 and V0 domains (Cotter et al., 2015a). Biochemical studies
and cryo-EM structures of the intact V-ATPase suggest that NT-a likely interacts with
two EG heterodimers, subunit H, and subunit C of the V1 domain (Benlekbir et al., 2012;
Liberman et al., 2013; Zhao et al., 2015). The interactions it makes with V1 must be
broken during dissociation and re-formed during assembly. It is thus likely that NT-a is
sensitive to the events that control assembly and disassembly (Cotter et al., 2015a;
Forgac, 2007). Interestingly, while Vph1p-containing V-ATPases experience glucosedependent disassembly at the vacuole, Stv1p pumps do not dissociate in the Golgi but
will disassemble when forced to localize to the vacuole (Kawasaki-Nishi et al., 2001a).
This suggests that the environment dictates whether the pump disassembles.
NT-a undergoes a large conformational change during disassembly. In the intact
pump, it is oriented upwards towards the V1 domain. In free V0, it bends and interacts
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with subunit d (Couoh-Cardel et al., 2015; Qi and Forgac, 2008; Wilkens and Forgac,
2001). It was thus suggested that NT-a serves to inhibit proton translocation in free V0
when the pump is disassembled. Interestingly, proteolytic removal of NT-a does not
make free V0 permeable to protons (Qi and Forgac, 2008). It has been suggested that the
movement of NT-a during dissociation causes a conformational change in its C-terminal
domain to inhibit proton transport in free V0 (Couoh-Cardel et al., 2015).
The C-terminal domain of a plays a critical role in proton transport. Several
biochemical studies have revealed that it consists of eight transmembrane helices with the
C-terminus oriented towards the cytoplasm (Kartner et al., 2013; Toei et al., 2011; Wang
et al., 2008). This domain contains two hemichannels, one in contact with the cytoplasm
and the other with the lumen, that allow proton transport in and out of the pump. Buried
polar and charged residues in the hemichannels facilitate transport (Kawasaki-Nishi et al.,
2001c; Leng et al., 1999; Toei et al., 2011; Wang et al., 2008). Mutagenesis experiments
indicate that the luminal hemichannel is made up of TM3, TM4, and TM7, while the
cytoplasmic hemichannel consists of TM7 and TM8 (Toei et al., 2011). An arginine
residue (R735) in TM7 is essential for proton translocation (Kawasaki-Nishi et al.,
2001c) and interacts with the glutamic acid residues in the proteolipid ring (KawasakiNishi et al., 2003). Protons thus can enter the cytoplasmic hemichannel and protonate a
glutamic acid residue in the proteolipid ring. As the ring rotates, the glutamic acid comes
into contact with R735 of subunit a, which stabilizes the glutamic acid in a deprotonated
state. The proton is displaced and exits through the luminal hemichannel (Figure 1.1A)
(Cotter et al., 2015a).
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The residues of TM7 suggested to make up the luminal and cytoplasmic
hemichannels exist on the same helical face, suggesting that this helix may swivel, as has
previously been suggested for the F-ATPase (Moore and Fillingame, 2013; Toei et al.,
2011). Swiveling would allow for sequential opening of the cytoplasmic and luminal
hemichannels during pump rotation (Toei et al., 2011). The recent cryo-EM structure of
the intact V-ATPase (Figure 1.1B) has provided the highest resolution of the subunit a
C-terminus and revealed that the TMs involved in proton transport are present as two
tilted helices contacting the outer proteolipid ring. It was proposed that glutamic acid
residues from two proteolipid subunits come into contact with subunit a simultaneously,
with one receiving a proton from the cytoplasmic hemichannel and the other releasing a
proton into the lumen (Zhao et al., 2015). Future studies are required to reconcile prior
work with this new data.
Vph1p-V-ATPases are more assembled and exhibit a higher coupling efficiency
than pumps containing the Stv1p subunit a isoform, indicating that V1 and V0 of Stv1pV-ATPases are more loosely associated (Kawasaki-Nishi et al., 2001a). Chimeric
mutants of the two isoforms revealed that the C-terminal domain controls assembly and
coupling efficiency (Kawasaki-Nishi et al., 2001b). These differences may help to
account for the fact that the pH of the Golgi lumen is less acidic than that of the vacuole
(Kawasaki-Nishi et al., 2001a).
Given the important roles subunit a plays in the pump, elucidation of its structure
is of great interest. Despite this, the complexity of this subunit has made it difficult to
characterize structurally and there is currently no high-resolution crystal structure. AATPase subunits are easier to crystallize due to increased subunit stability and lack of
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reversible assembly. Recently, the N-terminal domain of subunit I from the M. ruber AATPase, homologous to subunit a, was solved. This structure revealed that the Nterminus of subunit I has a ‘barbell’ shape, with two lobes connected by a helical region
(Srinivasan et al., 2011). Though the primary sequence homology between subunits a and
I is low, the predicted secondary structure is highly conserved (Finnigan et al., 2012).
Chapter 2 of this dissertation details the development and assessment of a structural
model of the N-terminus of Vph1p based upon the subunit I crystal structure.

Accessory subunits in mammals
The mammalian V-ATPase lacks c’, but interacts with two accessory subunits,
PRR (the pro-renin receptor) and Ac45 (Table 1.2) (Ichihara and Kinouchi, 2011;
Ludwig et al., 1998; Supek et al., 1994). A truncated form of PRR that contains its
transmembrane domain, termed M8.9, was initially found to associate with the V-ATPase
in bovine chromaffin granules (Ludwig et al., 1998). It has subsequently been shown that
PRR likely interacts with subunits c and d of the V-ATPase (Cruciat et al., 2010). The VATPase-related functions of PRR are still being elucidated, though several studies
suggest that it is critical for pump activity. PRR ablation in mouse cardiomyocytes
reduces assembly of the V0 domain and reduces protein degradation in autophagic
vesicles (Kinouchi et al., 2010). Furthermore, reduction of PRR in mouse podocytes
results in intracellular vesicle alkalization and impaired autophagy (Riediger et al., 2011).
PRR also serves as an adaptor between the V-ATPase and components of the Wnt
signaling pathway, which will be discussed in subsequent sections (Cruciat et al., 2010).
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Ac45 has been shown to associate with the V-ATPase in some mammalian tissues
(Supek et al., 1994). Electron microscopy studies suggest that it likely contacts the
proteolipid ring on the luminal side (Wilkens and Forgac, 2001). As with PRR, the
precise functions of Ac45 are still being elucidated. However, it is thought be critical for
V-ATPase activity in at least some cell types. For example, knockdown of Ac45 in
mouse osteoclasts reduces assembly of the V0 domain and impairs intracellular vesicle
acidification and osteoclast resorption (Qin et al., 2011). Furthermore, overexpression of
Ac45 increases secretory granule acidification in Xenopus pituitary melanotrope cells
(Jansen et al., 2010).

Subunit isoforms in the mammalian V-ATPase
All of the subunits for the yeast V-ATPase are encoded for by a single gene, with
the exception of subunit a, which has two isoforms. In mammalian cells, a number of VATPase subunits are present in several isoforms (Table 1.2). Subunits B, E, H, and d are
present in two isoforms in mammals, while subunits C and G are present in three.
Expression of specific isoforms can be tissue specific (Forgac, 2007). For example, while
subunit B2 is expressed ubiquitously, subunit B1 is only expressed in epididymal and
renal cells as well as hair cells of the inner ear (Karet et al., 1999; Pietrement et al., 2006;
Toei et al., 2010). Similarly, subunit G2 expression is limited to the brain, G3 to the
kidney and epididymis (Forgac, 2007; Murata et al., 2002), and subunit d2 is enriched in
osteoclasts and present in the kidney and epididymis (Smith et al., 2005; Toei et al.,
2010). Subunit E1 expression is limited to the testis, where it is critical for acidification
of sperm acrosomes (Sun-Wada et al., 2002). The inclusion of specific isoform
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combinations into the holoenzyme are also likely tissue specific (Forgac, 2007; Toei et
al., 2010).
Subunit a exists in four isoforms in mammals, a1-a4. The subunit a isoforms are
thought to localize the pump to specific membranes in the cell, as in yeast (Cotter et al.,
2015a; Forgac, 2007). The a1 and a2 isoforms are expressed in a number of tissue types
(Nishi and Forgac, 2000; Pietrement et al., 2006) and are also likely intracellular. For
example, a1 is highly expressed in the brain, where it has been identified in synaptic
vesicles (Morel et al., 2003; Nishi and Forgac, 2000). a2 has been detected in endosomes
(Hurtado-Lorenzo et al., 2006; Marshansky, 2007) as well as the Golgi of several cell
types (Saw et al., 2011; Toyomura et al., 2003). Subunit a3 is also present intracellularly
in a number of tissues and is highly expressed in mature osteoclasts, where it localizes the
V-ATPase to the plasma membrane (Toyomura et al., 2000, 2003). Subunit a4 is not as
ubiquitously expressed as subunits a1-a3. While likely also present intracellularly, it has
been demonstrated to localize the pump to the plasma membranes of epididymal clear
cells and renal intercalated cells (Breton and Brown, 2013; Pietrement et al., 2006). It is
of note that the lack of reliable isoform-specific antibodies has hindered our full
understanding of V-ATPase isoform localization.

Structure of the V-ATPase holoenzyme
While a number of studies have focused on elucidating V-ATPase structure, it is
difficult to obtain high-resolution crystal structures of the holoenzyme due to the fact that
it is a large, multi-subunit, membrane-embedded enzyme with inherent instability (Cotter
et al., 2015a; Liberman et al., 2013). At the time of this writing, cryo-EM studies have
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offered the highest resolution of an intact V-ATPase structure. The most recent structure
has offered a number of insights (referenced extensively above) into the three different
rotational states of the enzyme at resolutions ranging from 6.9Å to 8.3Å (Figure 1.1B)
(Zhao et al., 2015). Until a high-resolution crystal structure exists, we must rely upon
alternative methods in order to enhance our understanding of V-ATPase mechanism,
function, and regulation. Furthermore, a better understanding of subunit-subunit
interactions- such as those at the interface of NT-a and the V1 domain in both yeast and
mammals- will guide drug development to target V-ATPase activity in vivo. Chapter 2 of
this dissertation details the identification of several potential NT-a/V1 interaction sites.

The V-ATPase in normal physiology
The V-ATPase is present on intracellular membranes as well as the plasma
membranes of specialized cells. Their ability to drive proton transport allows them to
function in acidification of intracellular organelles and extracellular space. They can also
establish an electrochemical proton gradient to drive the transport of other molecules. As
a result, the V-ATPase plays vital roles in many aspects of normal physiology. Their
importance in normal cell function is highlighted by the observation that complete
inhibition of V-ATPase function is lethal in higher eukaryotes (Gottlieb et al., 1995;
Ishisaki et al., 1999; Karwatowska-Prokopczuk et al., 1998). In yeast, loss of more than
80% of V-ATPase activity results in a conditional lethality, termed the Vma- phenotype,
wherein cells are unable to survive at neutral pH or elevated calcium conditions (Liu and
Kane, 1996; Nelson and Nelson, 1990). This conditional lethality has allowed for a
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thorough examination of the roles the V-ATPase plays in normal yeast physiology, many
of which can be extended to higher eukaryotes and will be described below.

The primary functions of intracellular V-ATPases
The V-ATPase is present in a number of intracellular membranes, such as
endosomes, lysosomes, the Golgi, and secretory vesicles. Many pH-dependent processes
within the cell are thus dependent upon the pump. As shown in Figure 1.2, these
processes include receptor-mediated endocytosis, membrane and protein trafficking,
zymogen activation, protein degradation, and the loading of secretory vesicles (Cotter et
al., 2015a; Forgac, 2007), and will be described in further detail below.
The V-ATPase generates a progressively more acidic pH from early to late
endosomes that is required for endocytosis and proper membrane trafficking (Forgac,
2007). During receptor-mediated endocytosis, ligands such as LDL bind their receptors
and the ligand-receptor complexes are internalized in clathrin-coated vesicles. In the early
endosome, ligands dissociate from their receptors and are trafficked along the endocytic
pathway. The receptors are typically recycled back to the plasma membrane (Geuze et al.,
1983; Maxfield and McGraw, 2004). V-ATPases in early endosomes provide the low pH
required for the dissociation of ligand/receptor complexes and subsequent recycling of
receptors back to the plasma membrane (Forgac, 2007; Geuze et al., 1983; Johnson et al.,
1993; Maxfield and McGraw, 2004). The V-ATPase is also involved in iron uptake. The
low pH of the endosome is required for dissociation of iron from transferrin after
endocytosis of the transferrin-receptor complex. Apotransferrin has a high affinity for the
transferrin receptor at low pH. It is thus recycled back to the cell surface with the
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Figure 1.2: Key intracellular roles of the V-ATPase. The V-ATPase plays a number of
critical roles inside all eukaryotic cells. The low pH provided by the V-ATPase allows for
dissociation of ligands from their receptors after receptor-mediated endocytosis and for
recycling of receptors back to the plasma membrane. The pump plays a key role in
membrane trafficking, as V-ATPase-dependent acidification is required for the budding
of endosomal carrier vesicles. Dissociation of lysosomal proteins from M6P receptors
and recycling of M6P receptors back to the Golgi is also dependent upon the V-ATPase.
In late endosomes and lysosomes, the pump provides the low pH required for lysosomal
protease activation and activity required for protein degradation. In secretory vesicles, the
internal positive membrane potential and proton gradient established by the V-ATPase
drives uptake of small molecules such as neurotransmitters. The V-ATPase and its V0
domain may also play roles in membrane fusion, although this remains controversial.
Figure adapted from Jefferies et al., (2008).
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receptor, where the more neutral pH environment prompts its release (Dautry-Varsat et
al., 1983). Interestingly, the V-ATPase has recently been shown to be required for the
recycling of cholesterol from endosomes to the plasma membrane, an important step for
clathrin-coated vesicle formation (Kozik et al., 2013).
Transport of ligands to late endosomal compartments is mediated by endosomal
carrier vesicles that bud off from early endosomes and fuse with late endosomes.
Inhibition of the V-ATPase blocks the formation of endosomal carrier vesicles (Clague et
al., 1994). Recruitment of the coat proteins βCOP and εCOP, which are required for
endosomal carrier vesicle formation, is dependent upon endosomal acidification (Aniento
et al., 1996). Vesicle budding from early endosomes also requires the Arf6 G-protein,
which is activated by the GDP/GTP exchange factor ARNO (cytohesin-2). Arf6 and
ARNO are recruited to endosomes in a V-ATPase-dependent manner (Maranda et al.,
2001). It was subsequently demonstrated that ARNO interacts with the N-terminus of
subunit a in a pH-dependent manner and that loss of this interaction inhibits protein
trafficking through endosomal compartments (Hosokawa et al., 2013; Hurtado-Lorenzo
et al., 2006). Members of the Arf family are involved in endocytosis in part through the
recruitment of coat proteins. Indeed, Arf6 has been implicated in the recruitment of coat
proteins required for endosomal carrier vesicle formation (Hurtado-Lorenzo et al., 2006;
Peters et al., 2001b). The pH-dependent recruitment of βCOP and εCOP (Aniento et al.,
1996) may thus be a reflection of the pH-sensitive ARNO/V-ATPase interaction. In this
sense, the V-ATPase may serve as a pH sensor to regulate trafficking. The transport of
internalized ligands from late endosomes to lysosomes is also inhibited upon treatment
with the V-ATPase inhibitor bafilomycin (van Weert et al., 1995).
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The V-ATPase is required for the trafficking of lysosomal proteases from the
Golgi to the lysosome. Newly synthesized lysosomal proteases contain a mannose-6phosphate (M6P) recognition marker that binds the M6P receptor in the Golgi. The
receptor-bound complexes are delivered to late endosomes. The low pH provided by the
V-ATPase releases the proteases from the M6P receptor, allowing receptor recycling to
the Golgi and prompting protease delivery into the lysosome (Forgac, 2007; Ghosh et al.,
2003; Hinton et al., 2009a). V-ATPase inhibition leads to the saturation of M6P receptors
and the proteases are subsequently secreted (Ghosh et al., 2003; Kubisch et al., 2014).
The low pH provided by the V-ATPase allows for proper lysosomal function.
Lysosomal proteases such as the cathepsins are delivered from the Golgi as zymogens
and require the low pH of the late endosomes and lysosomes for activation. These
proteases also function optimally at the low pH of the lysosome (Appelqvist et al., 2013;
Turk et al., 2012). The proton gradient generated by the V-ATPase allows for the coupled
transport of the breakdown products (such as amino acids) into the cytosol and for
sequestration of calcium from the cytosol (Cotter et al., 2015a; Hinton et al., 2009a).
Recent work has suggested that the lysosomal V-ATPases may also play key roles in
nutrient sensing and the activation of key signaling pathways within the cell (Stransky
and Forgac, 2015; Zoncu et al., 2011).
The V-ATPase plays several roles in secretory vesicles. V-ATPase inhibition has
been shown to result in mislocalization of plasma membrane proteins to the vacuole in
yeast, suggesting that the pump is required for protein sorting in the secretory pathway
(Huang and Chang, 2011). Second, V-ATPases present in secretory vesicles provide a
proton gradient and an internally positive membrane potential. The proton gradient drives
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uptake of small molecules such as norepinephrine through a proton antiporter, while the
positive membrane potential allows for uptake of molecules such as glutamate (Cotter et
al., 2015a; Hinton et al., 2009a; Moriyama et al., 1990). Finally, the low pH provided by
the V-ATPase is required for the processing of prohormones such as proinsulin to their
mature forms before secretion (Rhodes et al., 1987; Sun-Wada et al., 2006).

The V-ATPase in membrane fusion
A role for the V-ATPase that remains controversial is whether the V0 domain is
required for membrane fusion. In this model, SNARE pairing from donor and acceptor
membranes brings two V0 proteolipid rings into close contact. A proteolipid pore
promotes lipid mixing between the two membranes and allows for membrane fusion
(Figure 1.2) (Bayer et al., 2003; Peters et al., 2001a). V0-dependent fusion has been
proposed to be independent of acidification. In yeast, subunit c mutations that allow for
acidification but not vacuole fusion have been identified (Strasser et al., 2011). A
potential acidification-independent role for V0 has also been demonstrated in synaptic
vesicle fusion in Drosophila (Hiesinger et al., 2005; Williamson et al., 2010) and rats (Di
Giovanni et al., 2010), insulin secretion in mouse islet cells (Sun-Wada et al., 2006),
Hedgehog secretion in C. elegans (Liégeois et al., 2006), osteoclast fusion in mice (Lee et
al., 2006), and phagosome-lysosome fusion in zebrafish microglia (Peri and NüssleinVolhard, 2008). There is also evidence that V0 serves as a secretory vesicle pH sensor to
regulate fusion (Poëa-Guyon et al., 2013).
These studies have been the source of uncertainty in the field. Yeast vacuolar
fusion has been shown to require acidification (Ungermann et al., 1999), and it is difficult
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to reconcile this with the data above. Critics have suggested that mutations in yeast V0
subunits that support acidification, but not fusion, exhibit small defects in acidification
that are sufficient to impair fusion (Coonrod et al., 2013; Strasser et al., 2011). The VATPase machinery may also not be essential for fusion. A yeast Vph1 mutation that
renders the V-ATPase catalytically inactive and impairs fusion has recently been
identified. This phenotype is rescued by expression of a plant proton pump, suggesting
that acidification, not the V-ATPase itself, is necessary for fusion (Coonrod et al., 2013).
V-ATPase-mediated acidification has also been speculated to play a role in
autophagosome-lysosome fusion. However, a recent study in Drosophila has shown that
the V-ATPase is not required for this fusion event, and that bafilomycin inhibits fusion
through inhibition of a secondary target, a calcium pump. However, this study did not
address the relative acidification changes in the autolysosome in response to V-ATPase
subunit depletion versus bafilomycin treatment (Mauvezin et al., 2015). More research is
required to better understand the mechanisms by which the V-ATPase contributes to
fusion and whether this mechanism is conserved between different contexts.

Additional roles for the V-ATPase
In yeast, a number of roles for the V-ATPase have been characterized in addition
to what is described above. First, the pump plays an important role in the regulation of
yeast cytosolic pH, likely in conjunction with the yeast plasma membrane proton pump
Pma1p (Martínez-Muñoz and Kane, 2008; Tarsio et al., 2011) Next, the V-ATPase drives
calcium uptake into the vacuole, indicating that it plays a key role in yeast calcium
homeostasis. This prevents mutants with a Vma- phenotype from growing in high
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calcium conditions (Kane, 2006). Vma yeast mutants are also more sensitive to salt.
Increased V-ATPase assembly and activity occurs in response to high salt in order to
remove ions from the cytoplasm and prevent osmotic stress (Li et al., 2012). Finally, it
has been suggested that maintenance of vacuolar acidity preserves mitochondrial function
and extends yeast lifespan, potentially by allowing for vacuolar sequestration of neutral
amino acids that could otherwise disrupt the mitochondria (Hughes and Gottschling,
2012; Stephan et al., 2013). Future work is required to assess whether these functions
extend into all higher eukaryotic cells.

The functional roles of plasma membrane V-ATPases
As stated above, intracellular V-ATPases play critical roles in all eukaryotic cells.
In higher eukaryotes, V-ATPases are also present on the plasma membrane of specialized
cells (see Figure 1.3). Their ability to acidify the extracellular space and establish a
membrane potential allows them to take part in several important physiological
processes, as will be described in detail below (Cotter et al., 2015a; Forgac, 2007).
In mammals, bone remodeling is achieved by the coordinated activities of boneforming osteoblasts and bone-resorptive osteoclasts (Qin et al., 2012). During resorption,
osteoclasts tightly attach to bone and become polarized, resulting in the formation of a
ruffled border membrane. Acid secretion across this membrane directly contributes to
bone resorption and activates pH-dependent proteases to degrade bone matrix (Hinton et
al., 2009a; Qin et al., 2012). V-ATPases are expressed in high density at the ruffled
border membrane and transport the protons necessary for acidification of the extracellular
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Figure 1.3: Key roles of plasma membrane V-ATPases. V-ATPases are present on the
plasma membrane of specialized cells in higher eukaryotes and play a number of
important roles. A, Osteoclast plasma membrane V-ATPases provide an acidic
microenvironment required for proper bone resorption. Mutation of these V-ATPases
results in osteopetrosis, which is marked by dense, brittle bones as a result of defective
bone resorption. Osteoclast V-ATPases also represent a therapeutic target for
osteoporosis. B, Plasma membrane V-ATPases in renal α-intercalated cells of the kidney
acidify the urine to promote acid/base homeostasis in the body. Disruption of these VATPases results in renal tubular acidosis. C, In the epididymis, plasma membrane VATPases acidify the epididymal lumen in order to maintain sperm in a quiescent state
during maturation. These V-ATPases may represent a potential target for male
contraception. D, Activation of neutrophils and macrophages results in cytosolic
acidification. Plasma membrane V-ATPases are required for maintenance of a neutral
cytosolic pH. E, Plasma membrane V-ATPases in insect goblet cells establish a luminal
positive membrane potential that drives a K+/2H+ antiporter, allowing for potassium ion
transport into the lumen. Figure adapted from Jefferies et al., (2008).
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space between the osteoclast and the bone (Figure 1.3A) (Blair et al., 1989; Qin et al.,
2012; Väänänen et al., 1990). V-ATPase activity is required for bone resorption both in
vitro (Sundquist et al., 1990) and in vivo (Visentin et al., 2000). The subunit a isoform a3
is highly expressed in osteoclasts relative to its expression in other cell types (Manolson
et al., 2003; Toyomura et al., 2000). a3 is localized to late endosomes and lysosomes in
pre-osteoclasts, but is trafficked to the plasma membrane upon osteoclast maturation
(Toyomura et al., 2003). a3 deficiency in mouse osteoclast cells results in an inability to
acidify the extracellular environment without affecting lysosome acidification (Li et al.,
1999). This suggests that V-ATPases containing the other subunit a isoforms may
compensate for the loss of a3 intracellularly, but not at the plasma membrane. Indeed,
staining for subunits a1 and a2, which localize the pump intracellularly, has been reported
in osteoclasts (Toyomura et al., 2000, 2003). Mutations in or depletion of a3 in mice
cause severe osteopetrosis, a disease marked by the inability to resorb bone (Li et al.,
1999; Ochotny et al., 2011; Scimeca et al., 2000). In humans, a3 mutations cause over
half of autosomal recessive osteopetrosis cases. (Frattini et al., 2000; Michigami et al.,
2002; Pangrazio et al., 2012; Smith et al., 2005). These results indicate that a3-containing
V-ATPases at the osteoclast plasma membrane are required for bone resorption.
The V-ATPase plays a key role in acid/base homeostasis. In the kidney, plasma
membrane V-ATPases are present in proximal tubule cells and intercalated cells of the
distal tubule and collecting duct. V-ATPases at the proximal tubule apical membrane aid
in bicarbonate reabsorption by allowing it to cross the membrane as CO2 (Hinton et al.,
2009a). In α–intercalated cells, apical membrane V-ATPases secrete protons to remove
acid from the body (Figure 1.3B). β–intercalated cells in the collecting duct express V-

35

ATPases on the basolateral membrane, allowing for bicarbonate transport into the urine
to reduce alkylosis (Breton and Brown, 2013). The V-ATPase is also present on the
apical membrane of epididymal clear cells, where they secrete protons to create a low
luminal pH required to maintain sperm in a quiescent state during maturation (Figure
1.3C) (Shum et al., 2009). The density of plasma membrane V-ATPases in renal and
epididymal clear cells is highly regulated through the trafficking of V-ATPase-rich
vesicles to the cell surface (see ‘Regulated Trafficking’) (Breton and Brown, 2013).
Subunit a4 is highly specific for the kidney, epididymis, and inner ear (Breton and
Brown, 2013). It localizes to the plasma membranes of renal intercalated cells, proximal
tubule cells, and epididymal clear cells (Breton and Brown, 2013; Oka et al., 2001;
Pietrement et al., 2006; Shum et al., 2009). The expression and localization of B1 is
similar, indicating that a4/B1-containing pumps are critical for proton transport across the
membranes of these cells (Breton and Brown, 2013; Da Silva et al., 2007; Karet et al.,
1999; Paunescu et al., 2004; Pietrement et al., 2006). B1 and a4 mutations result in renal
tubular acidosis, marked by the inability to secrete sufficient amounts of acid into the
urine (Karet et al., 1999; Smith et al., 2000; Stover et al., 2002). Patients with these
mutations often also exhibit hearing loss, as a4/B1-containing V-ATPases are required to
maintain the pH of the inner ear endolymph (Karet et al., 1999; Lorente-Cánovas et al.,
2013). Whether these mutations impair fertility is unknown (Breton and Brown, 2013;
Karet et al., 1999).
Plasma membrane V-ATPases in macrophages and neutrophils regulate cytosolic
pH (Figure 1.3D). Cytosolic pH regulation is critical in these cells as inflammatory
environments are often acidic. Furthermore, activation of these cells during an immune
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response generates metabolic acid (Brisseau et al., 1996; Nanda et al., 1992, 1996). In an
acidic environment, the V-ATPase is likely the primary proton transporter regulating
cytosolic pH, given that the activities of other transporters are suboptimal in these
conditions. In macrophages, the V-ATPase is constitutively present at the plasma
membrane (Brisseau et al., 1996; Hinton et al., 2009a). In neutrophils, they are trafficked
to the plasma membrane upon activation (Nanda et al., 1996). These pumps may also
establish acidic microenvironments that promote pathogen death or activation of
proteases required for immune cell migration (Brisseau et al., 1996; Nanda et al., 1996).
Microvascular cell migration is a key component to angiogenesis. Interestingly,
microvascular cells express V-ATPases at their leading edge during migration, and pump
inhibition reduces cell migration (Rojas et al., 2004, 2006). Plasma membrane V-ATPase
expression is not as robust in diabetic microvascular cells, and these cells are slower to
recover cytosolic pH after an acute acid load (Rojas et al., 2004). These results suggest
that plasma membrane V-ATPases contribute to both microvascular cell migration and
cytosolic pH regulation. Altered pump localization may contribute to abnormalities in
angiogenesis in diabetes (Rojas et al., 2004, 2006).
The V-ATPases are expressed on the apical membrane of insect goblet cells,
where they serve to energize the membrane in order to drive ion transport into the midgut
(Figure 1.3E). In M. sexta, the midgut lumen is alkaline in order to support the activity of
its digestive enzymes. The lumen is also high in potassium, a necessary consequence of
its diet (Hinton et al., 2009a; Jefferies et al., 2008). The plasma membrane V-ATPases of
the goblet cells create a luminal positive membrane potential. This potential is utilized by
a K+/2H+ antiporter in order to drive potassium ion transport into the lumen. This role of

37

plasma membrane V-ATPases in this system is unique in that the net result is an alkaline
luminal pH (Jefferies et al., 2008; Wieczorek et al., 1991)

Regulation of V-ATPase activity
The V-ATPase is involved in a wide variety of physiological functions. It is thus
necessary to tightly regulate pump activity in order to meet the demands of the cell. There
are a number of mechanisms by which the cell controls activity, such as by reversible
assembly of the two domains and regulated trafficking of V-ATPases to the plasma
membrane (Cotter et al., 2015a; Forgac, 2007). These and other mechanisms of
regulation will be discussed below.

Reversible disulfide bond formation
V-ATPase activity is sensitive to sulfhydryl reagents, and the oxidation and
reduction of key cysteine residues in subunit A regulate V-ATPase activity. V-ATPase
activity in isolated bovine brain clathrin-coated vesicles is inhibited by the formation of a
disulfide bond between Cys-254 and Cys-532 of subunit A, at the catalytic site. This
bond renders the pump unable to hydrolyze ATP and can be reversed under reducing
conditions (Feng and Forgac, 1992a, 1992b, 1994). V-ATPase activity in vacuoles
isolated from Neurospora crassa is stabilized under reducing conditions. Exposure to
oxidative reagents inhibits activity (Dschida and Bowman, 1995). Yeast V-ATPases
containing a mutation at one of the key cysteine residues in subunit A are resistant to
disulfide bond formation and the cells are able to survive oxidizing conditions (Liu et al.,
1997; Oluwatosin and Kane, 1997). It is unclear whether this regulatory mechanism
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occurs in vivo in higher eukaryotes, although the corresponding subunit A cysteine
residues are conserved across all species examined.

Changes in coupling efficiency
The efficiency of coupling between ATP hydrolysis and proton transport is
thought to regulate V-ATPase-dependent acidification. This is supported from studies
that have found that V-ATPases containing different subunit a isoforms in yeast exhibit
differences in coupling efficiency. Vph1p-containing pumps are more tightly coupled
than Stv1p-containing pumps, and this likely contributes to the differences in the luminal
pH of the vacuole and Golgi (Kawasaki-Nishi et al., 2001a). This mode of regulation is
further supported by the observation that certain mutations in subunits A and d can
enhance coupling efficiency (Forgac, 2007; Owegi et al., 2006; Shao et al., 2003). The
mechanisms by which coupling efficiency is modulated in vivo is not known.

Regulated trafficking to the plasma membrane
In certain cell types, the activity of plasma membrane V-ATPases is regulated
through the modulation of pump density at the cell surface. In renal α-intercalated cells
and epididymal clear cells, which are highly endocytic, V-ATPase density at the apical
membrane is regulated through endocytosis and exocytosis of vesicles that are rich in VATPases (Breton and Brown, 2013; Forgac, 2007). A dense pool of V-ATPase-rich
vesicles is present just below the apical membrane in these cells. Fusion of these vesicles
with the apical membrane results in the formation of microvilli, which increases the cell
surface area across which protons can be extruded (Breton and Brown, 2013; Madsen and
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Tisher, 1984). While exocytosis of V-ATPase-rich vesicles is a SNARE-dependent
process, their endocytosis is not clathrin-dependent (Banerjee et al., 1999; Breton et al.,
2000; Brown et al., 1987). As the endocytosing vesicles are densely coated with VATPases, it is speculated that the pump itself may direct trafficking of the vesicle (Breton
and Brown, 2013).
In both renal cells and epididymal clear cells, trafficking of the pump is regulated
by soluble adenylate cyclase (sAC), which is activated by bicarbonate ions. In clear cells,
V-ATPase trafficking to the apical membrane is induced upon an increase in bicarbonate
ion levels as a result of alkalization of the luminal fluid (Breton and Brown, 2013; PastorSoler et al., 2003). In proximal tubule cells, V-ATPase trafficking to the apical membrane
is induced by increased levels of luminal bicarbonate in order to promote bicarbonate
resorption. Apical membrane V-ATPase accumulation in α-intercalated cells occurs in
response to low cytosolic pH in order to reduce systemic acidosis (Breton and Brown,
2013; Gong et al., 2010; Păunescu et al., 2010).
sAC activation increases the concentration of cyclic-AMP (cAMP), which in turn
activates protein kinase A (PKA). Indeed, V-ATPase trafficking to the apical membrane
in intercalated and clear cells is dependent upon PKA activity (Gong et al., 2010; PastorSoler et al., 2008). PKA directly phosphorylates the V-ATPase subunit A to induce apical
membrane localization. While it is unknown how this phosphorylation promotes
trafficking, it is of note that the phosphorylation site is present in the non-homologous
region of subunit A (Alzamora et al., 2010). Activation of AMP kinase (AMPK) occurs
during periods of metabolic stress and promotes energy balance and ATP conservation.
AMPK activation prevents the apical accumulation of the V-ATPase in both intercalated
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and clear cells (Gong et al., 2010; Hallows et al., 2009). This is mediated through direct
phosphorylation of subunit A, although at a different site than PKA phosphorylation
(Alzamora et al., 2013). In renal proximal tubule cells, trafficking of the V-ATPase has
also been reported to be regulated by PKA and AMPK (Al-bataineh et al., 2014).
V-ATPase trafficking is regulated through several additional mechanisms. For
example, trafficking to the proximal tubule apical membrane can occur in response to
glucose in a PI3K-dependent manner (Sautin et al., 2005). Trafficking in renal and
epididymal cells is also regulated through hormonal cues (Breton and Brown, 2013). For
example, aldosterone regulates luminal acidification and electrolyte balance in the
kidney, and has been found to promote V-ATPase trafficking to the apical membrane
through phospholipase C/protein kinase C-dependent pathways (Rothenberger et al.,
2007; Wagner et al., 2004; Winter et al., 2011). The actin cytoskeleton also plays an
important role in modulating trafficking. Several V-ATPase subunits interact with actin
(Chen et al., 2004; Holliday et al., 2000; Vitavska et al., 2003). In epididymal clear cells,
disruption of actin dynamics by inhibition of the actin-severing protein gelsolin reduces
V-ATPase trafficking to the plasma membrane (Beaulieu et al., 2005), while inhibition of
the actin polymerizing proteins RhoA/ROCKII enhances trafficking (Shum et al., 2011).
Osteoclasts that are actively degrading bone are present in an ‘activated’ state. Activation
involves the formation of a ruffled border membrane at the bone attachment site, and as a
result, the cells become highly polarized. In this state, the majority of the cellular VATPases are present at the ruffled border membrane. Interestingly, the interaction
between actin and the V-ATPase varies depending upon the activation state of the
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osteoclast, suggesting that actin plays a role in ensuring V-ATPase polarization during
activation (Lee et al., 1999).

Regulated assembly
One of the best-studied mechanisms of V-ATPase regulation is that of reversible
assembly. As mentioned above, the V1 and V0 domains are able to disassemble and
reassemble in vivo. Free V1 and free V0 cannot hydrolyze ATP or translocate protons,
respectively, and thus disassembly is a means of inhibiting pump activity. This is at least
one way in which cells are able to regulate acidification of intracellular compartments.
This mechanism has been observed in several systems, including yeast, insects, and
mammalian cells, and will be discussed in further detail below (Figure 1.4) (Cotter et al.,
2015a; Forgac, 2007; Kane, 2006).

Regulated assembly in yeast
In yeast, dissociation of the V-ATPase occurs in response to glucose depletion
(Figure 1.4). This occurs rapidly, does not require new protein synthesis, and reverses
upon glucose readdition, suggesting that this process may be under the control of
signaling pathways (Kane, 1995). This process allows for ATP conservation when energy
sources are limited. It is of note that V-ATPase assembly is not an all-or-nothing
response, and complete disassembly is not observed in vivo (Kane, 2006). Assembly has
traditionally been measured through co-immunoprecipitation of V1 and V0 subunits,
fractionation of cell homogenates into membrane and cytosolic fractions followed by
Western blot using antibodies specific for V1 subunits, and immunofluorescence of fixed
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Figure 1.4: Regulated assembly of the V-ATPase in yeast and mammalian cells.
Reversible disassembly of the V1 and V0 domains is an important mechanism by which
V-ATPase activity is regulated in vivo, as free V1 domains cannot hydrolyze ATP and
free V0 domains cannot translocate protons. Disassembly and reassembly have been
observed in both yeast and higher eukaryotes, occur rapidly, and do not require new
protein synthesis. In yeast, disassembly occurs in response to glucose depletion, likely as
a means of conserving ATP, and requires intact microtubules. Reassembly occurs upon
glucose readdition. Assembly in yeast is promoted by PKA and interactions with the
RAVE complex and the glycolytic enzyme aldolase. In mammalian cells, assembly
occurs during dendritic cell maturation in a PI3K and mTORC1-dependent manner in
order to promote antigen processing. Promotion of assembly also occurs in response to
amino acid starvation, potentially as a means of decreasing lysosomal pH to enhance
protein degradation, as well after stimulation with growth factors such as EGF. Assembly
in mammalian cells may be dependent upon glucose in certain cell types, potentially in a
PI3K-dependent manner. Figure adapted from Cotter et al., (2015)a.
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cells to determine V1 domain localization. These experiments indicate that some fraction
of the entire V1 domain dissociates from V0 during disassembly, rather than only select
subunits (Cotter et al., 2015a; Kane, 2006). Interestingly, recent studies measuring yeast
V-ATPase disassembly in vivo through the use of fluorescently tagged subunits suggest
that only V1C is released into the cytosol (Tabke et al., 2014). This likely destabilizes the
V1/V0 interaction and results in complete dissociation of the two domains when cells are
disrupted (Cotter et al., 2015a).
V-ATPase assembly and disassembly are separately controlled processes.
Disassembly requires intact microtubules (Tabke et al., 2014; Xu and Forgac, 2001).
Subunit C directly interacts with microtubules during dissociation from V1 (Tabke et al.,
2014). Assembly requires the presence of RAVE (regulator of the ATPase of vacuolar
and endosomal membranes) (Figure 1.4). RAVE is a heterotrimeric complex that
consists of the proteins Rav1p, Rav2p, and Skp1p (Seol et al., 2001). RAVE binds free
V1 and C and is required for stable assembly of the pump as well as glucose-dependent
reassembly (Seol et al., 2001; Smardon and Kane, 2007; Smardon et al., 2002). rav1Δ
and rav2Δ mutants exhibit a mild, temperature sensitive Vma- phenotype characterized
by reduced V-ATPase activity (SKP1 is an essential gene). These mutants exhibit
reduced assembly, reduced reassembly after glucose stimulation, and an inability for
subunit C to stably interact with V1/V0 (Seol et al., 2001; Smardon and Kane, 2007;
Smardon et al., 2002).
In the RAVE complex, Rav2p and Skp1p both interact with Rav1p but do not
interact with each other. Rav2p binds to the Rav1p N-terminus, while Skp1p binds to the
Rav1p C-terminus (Smardon et al., 2015). All three proteins are stably part of the
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complex, even when RAVE is not bound to V1, and are essential for complex function
(Seol et al., 2001; Smardon et al., 2002). Rav1p and Rav2p are thought to promote VATPase assembly, while Skp1p is required for release of RAVE from the membrane
(Brace et al., 2006).
The Rav1p C-terminus binds peripheral stalk subunits E and G in the V1 domain
(Smardon et al., 2002, 2015). Loss of Rav1p or subunits E or G in yeast all disrupt the
V1-RAVE interaction (Seol et al., 2001; Smardon et al., 2002). Rav1p also binds the Nterminus of Vph1p, but not Stv1p, suggesting that RAVE is an isoform-specific assembly
factor (Smardon et al., 2014). Vph1p is thought to interact with Rav1p at the linker
between the Rav1p N- and C-terminal domains (Smardon et al., 2015) Interestingly,
subunit C interacts with Rav2p and the C-terminus of Rav1p. The presence of two
binding sites for subunit C likely allows RAVE to correctly orient this subunit into the VATPase (Smardon et al., 2015) These interactions occur independently of the V1-RAVE
interaction (Smardon and Kane, 2007). The interactions described above suggest that
Rav1p and Rav2p promote V-ATPase assembly by bringing V1, C, and V0 together and
ensuring the correct establishment of subunit-subunit interactions at the V1/V0 interface
(Smardon et al., 2015).
The glucose sensitivity of the V-ATPase-RAVE interactions is unclear. The V1RAVE interaction itself does not appear to be glucose-sensitive, as it is not increased
upon glucose depletion in cells that lack intact V0. This suggests that RAVE binds V1
whenever the two domains are dissociated. This interaction is reversible upon glucose
readdition, suggesting that RAVE dissociates from the assembled pump (Smardon et al.,
2002). A recent study has shown that RAVE is recruited to the vacuole in a glucose-

45

dependent manner. This occurs in the absence of subunit C, suggesting that the subunit
C-RAVE interaction is not the glucose sensor. Whether the Vph1p-RAVE interaction is
glucose sensitive requires future study (Smardon et al., 2015).
There have been several indications that glycolysis is involved in regulating VATPase assembly in yeast. Assembly increases with glucose concentration, and flux
through glycolysis is required for reassembly. The glucose analog 2-deoxyglucose cannot
induce reassembly after glucose depletion, suggesting that metabolism beyond the
hexokinase step is required. Aside from glucose, only rapidly fermentable sugars such as
mannose or fructose can induce reassembly. Poorly fermentable sugars result in
disassembly (Parra and Kane, 1998). Interactions between the V-ATPase and glycolytic
enzymes have also been observed. Aldolase interacts with subunits B, E, and a. The
aldolase-V-ATPase interaction increases in response to glucose (Figure 1.4) (Lu et al.,
2004). Point mutations in aldolase that disrupt this interaction, but not its enzymatic
activity, result in disassembly. The interaction between subunit B and aldolase is essential
for V-ATPase assembly (Lu et al., 2007). Overall, the aldolase interaction is thought to
stabilize the pump in an assembled state (Forgac, 2007). Phosphofructokinase (PFK)
interacts with the C-terminal domain of subunit a in yeast and mammalian cells (Chan
and Parra, 2014; Su et al., 2003, 2008). Disruption of PFK causes a partial defect in
glucose-dependent reassembly in yeast, likely by compromising the ability of RAVE to
promote reassembly (Chan and Parra, 2014). It is possible that the V-ATPase is present in
a supercomplex with the glycolytic enzymes that allows for the interactions described as
well as for close proximity to both the ATP and the acid generated from glycolysis (Chan
and Parra, 2014; Kane, 2012).
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Regulation of V-ATPase assembly is controlled by signaling pathways. Results
from a study employing a transposon mutagenesis screen in yeast have suggested that
glucose-mediated assembly is under the control of the Ras/cAMP/PKA pathway (Figure
1.4). Loss of the IRA1 or IRA2 genes result in defective dissociation of the V-ATPase in
response to glucose depletion or upon replacement of glucose with the poorly
fermentable carbon source raffinose (Bond and Forgac, 2008). Ira1p and Ira2p are RasGTPase-activating proteins (Ras-GAPs) that negatively regulate Ras activity (Tanaka et
al., 1990). In yeast, Ras activates adenylate cyclase, increases cAMP levels, and thus
activates PKA. This pathway is activated by glucose and inactivated in nutrient-poor
conditions, reflecting the V-ATPase assembly state (Rolland et al., 2002). Indeed,
constitutively active Ras and PKA maintain the V-ATPase in an assembled state even in
the absence of glucose (Bond and Forgac, 2008).
The mechanism by which PKA promotes V-ATPase assembly is unclear. In
insects, V-ATPase activity on the apical membranes of certain epithelial cells energizes
the membrane to drive potassium secretion into the lumen, as discussed above. In the
salivary glands of the Calliphora vicina blowfly, increased assembly and activity occurs
in response to serotonin. This effect is mediated through cAMP and PKA (Dames et al.,
2006; Rein et al., 2008). The PKA catalytic subunits translocate to the apical membrane
upon activation, where PKA may target the V-ATPase (Voss et al., 2009). In M. sexta,
disassembly at the midgut apical membrane occurs in response to starvation (such as
during molting) (Sumner et al., 1995). PKA phosphorylates subunit C in M. sexta.
However, subunit C is not phosphorylated in the holoenzyme. Subunit C may thus be
transiently phosphorylated by PKA (Voss et al., 2007). As mentioned above, PKA-
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mediated phosphorylation of subunit A in α-intercalated cells results in translocation of
the pump to the apical membrane (Alzamora et al., 2010). This supports the concept that
PKA can phosphorylate the pump to modulate activity, albeit through a different
mechanism than the promotion of V-ATPase assembly.
Previous work in the Forgac laboratory using differential gel electrophoresis
(DIGE) did not show glucose-dependent phosphorylation of the V-ATPase in yeast, and
mutation of all of the PKA consensus sites in subunit C does not disrupt glucosedependent assembly (Sarah Bond and Rachel Liberman, unpublished work). PKA may
thus promote assembly in yeast through a cytosolic mediator. The yeast screen that
identified the Ras/cAMP/PKA pathway as a regulator of assembly was a transposon
mutagenesis screen, and thus essential genes were unlikely to be identified. Chapter 3 of
this dissertation will discuss a chemical mutagenesis screen performed in yeast in order to
identify cytosolic mediators involved in V-ATPase assembly/disassembly that are
downstream or independent of PKA. This screening method allows for the identification
of essential genes involved in this process.
Assembly is also under control of pH. Disassembly is prevented and activity
increased when yeast cells are grown at neutral extracellular pH in minimal medium. This
likely maintains vacuolar acidity when other mechanisms are not available (Diakov and
Kane, 2010). It was recently shown that increased glycolytic flux results in an elevated
cytosolic pH in yeast. Elevated cytosolic pH was found to enhance V-ATPase assembly,
which in turn led to PKA activation. This indicates that the pump acts as a pH sensor to
activate PKA (Dechant et al., 2010). These results conflict with studies that suggest PKA
activates assembly (Bond and Forgac, 2008). It is possible that these differences are a
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result of the yeast strain or techniques employed (i.e. the Dechant study assessed
assembly in vivo; the Bond study in vitro). Alternatively, there may be a positive
feedback loop between PKA and V-ATPase assembly (Cotter et al., 2015a). Future study
is required to understand how PKA regulates assembly.
There are also structural considerations with regard to the regulation of assembly.
Disassembly requires a catalytically active pump, as this process is partially inhibited
upon treatment with the specific inhibitor concanamycin A (ConA) as well as upon
introduction of V0 mutations that prevent proton transport (Parra and Kane, 1998). This
suggests that an inactive pump is kept in a tightly associated, locked state. Mutations that
block disassembly without inhibiting activity have also been identified. Mutation of a
highly conserved residue in the G subunit prevents glucose-dependent disassembly and
enhances assembly relative to wild-type without altering activity, likely by enhancing
stability (Charsky et al., 2000). As mentioned earlier, mutations in the subunit A nonhomologous domain block dissociation without altering activity (Shao et al., 2003) and
this domain binds V0 in a glucose-dependent manner (Shao and Forgac, 2004).
Other factors promote assembly independent of glucose in yeast. It was recently
found that V-ATPase activity and assembly increase in high salt conditions (Li et al.,
2012, 2014). One of the mechanisms by which yeast cells deal with salt stress is through
the sequestration of sodium ions into the vacuole through the action of the Na+/H+
antiporter. Increased V-ATPase assembly (and thus activity) at the vacuole is required in
these conditions in order to prevent the depletion of the proton gradient by these
antiporters (Li et al., 2012). Enhanced V-ATPase assembly in high salt conditions has
been found to occur in a manner that is dependent upon the signaling lipid
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phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2). PI(3,5)P2 levels increase during
periods of stress. PI(3,5)P2 stabilizes V-ATPase assembly, likely by binding the Nterminus of Vph1p (Li et al., 2014). It has been speculated that PI(3,5)P2 competes with
subunit d binding to Vph1p in order to induce Vph1p into a more assembly-competent
state (Couoh-Cardel et al., 2015).
Finally, there is evidence that V-ATPase assembly is mediated by environmental
cues. Prevention of vacuolar acidification by chloroquine inhibits glucose-dependent
disassembly without inhibiting activity. The inability to dissociate when vacuolar pH
rises may represent an effort by the cell to prevent further alkalization of this
compartment (Shao and Forgac, 2004). Stv1p-containing V-ATPases at the Golgi do not
disassemble. However, when Stv1p is overexpressed and forced to the vacuole, it is able
to undergo glucose-dependent disassembly (Kawasaki-Nishi et al., 2001a). Similarly,
when Vph1p-containing pumps are localized to compartments that are less acidic than the
vacuole, such as prevacuolar compartments, they experience reduced disassembly in
response to glucose depletion (Qi and Forgac, 2007). Collectively, these results suggest
that the luminal environment plays a part in the regulation of disassembly.

Regulated assembly in mammalian cells
Regulated assembly of the V-ATPase has been studied in a number of mammalian
cell types. Dendritic cells of the immune system, which are antigen-presenting cells,
undergo maturation after pathogen exposure. Mature dendritic cells display increased
endocytosis and antigen processing in order to present antigenic peptides and promote an
immune response (Liberman et al., 2014; Trombetta et al., 2003) V-ATPase assembly
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increases upon maturation, which likely allows for the development of a more acidic
lysosomal environment that is required for antigen processing (Trombetta et al., 2003).
Dendritic cells can be present in a semi-mature state, where they present self-antigens to
promote tolerance. Induction of a semi-mature state also enhances V-ATPase assembly
and proton transport (Liberman et al., 2014). This response is inhibited in the presence of
PI3K and mTORC1 inhibitors (Figure 1.4). While this may indicate that the PI3K/
mTORC1 signaling pathway stimulates assembly in these cells, it is also possible that
disruption of this pathway inhibits maturation. Whether this pathway directly modulates
assembly warrants future investigation (Liberman et al., 2014).
PI3K may be involved in promoting V-ATPase assembly in other cell types. In
human proximal tubule cells and porcine renal epithelial cells, glucose readdition after
depletion induces V-ATPase reassembly (translocation to the apical membrane also
occurs, see ‘Regulated Trafficking’). Unlike yeast, this response does not require flux
through glycolysis. This effect is dependent upon PI3K activity, and constitutively active
PI3K promotes assembly despite glucose depletion (Figure 1.4) (Sautin et al., 2005).
In A549 human lung cells and HeLa cells, high glucose enhances assembly
(Kohio and Adamson, 2013). Unlike renal cells, these effects are dependent upon
glycolytic flux (Kohio and Adamson, 2013; Sautin et al., 2005). Increases in pump
activity in MDCK and A549 cells also occur in response to influenza infection in a PI3Kand ERK-dependent manner (Marjuki et al., 2011). It is possible that influenza binding to
cells enhances V-ATPase activity/assembly in a PI3K/ERK-dependent manner in order to
promote endosomal acidification required for viral entry into the cell (Marjuki et al.,
2011). Interestingly, high glucose conditions enhance influenza infection of MDCK cells
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in a V-ATPase-dependent manner (Figure 1.4) (Kohio and Adamson, 2013). The fact
that increased V-ATPase assembly and activity in high glucose conditions enhances
influenza infection may provide an explanation as to why diabetic patients are more
susceptible to viral infection (Kohio and Adamson, 2013).
In pancreatic islets and insulin-secreting cells, glucose reduces secretory granule
pH in a V-ATPase-dependent manner, although whether this effect is mediated through
alterations in assembly is unknown (Stiernet et al., 2006; Tompkins et al., 2002). It was
also shown that PKA inhibits glucose-stimulated, V-ATPase-mediated acidification of
secretory granules in insulin-secreting cells (Tompkins et al., 2002). This contrasts later
work suggesting that glucose-stimulated V-ATPase activity in pancreatic β cells leads to
PKA activation (Dechant et al., 2010). Future work is required to clarify the relationship
between the V-ATPase and PKA downstream of glucose in insulin-secreting cells.
A recent study has found that V-ATPase assembly and endosome acidification is
enhanced in primary rat hepatocytes upon stimulation with epidermal growth factor
(EGF) (Figure 1.4). V-ATPase inhibition was found to reduce EGF-stimulated mTORC1
activation. mTORC1 is a master regulator of cell growth and proliferation and responds
to signals that relay the energy and nutrient status of the cell. It is thought that EGFstimulated V-ATPase activity is required for the generation of essential amino acids
involved in mTORC1 activation (Xu et al., 2012c). Interestingly, amino acid starvation
was recently shown to enhance V-ATPase assembly, implicating the pump as an amino
acid sensor (Stransky and Forgac, 2015). This increased assembly does not depend upon
either PI3K or mTORC1 activity and does not appear to be required for amino acid
stimulation of mTORC1 activity. Enhanced assembly likely increases lysosomal
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acidification, activation of pH-dependent proteases, lysosomal protein breakdown, and
finally, amino acid availability during starvation (Figure 1.4) (Stransky and Forgac,
2015).
As stated above, assembly in yeast requires the RAVE complex. In higher
eukaryotes, rabconnectin-3a is a homolog of yeast Rav1p. Loss of rabconnectin-3a or
rabconnectin-3b in Drosophila follicle cells prevents acidification of intracellular
compartments and results in protein accumulation in late endosomes (Yan et al., 2009).
Similar results were observed upon rabconnectin-3b knockdown in keratinocytes and
MCF7 breast cancer cells (Sethi et al., 2010). Acidification of synaptic vesicles from
zebrafish hair cells is impaired upon disruption of rabconnectin-3a, likely in response to
reduced V-ATPase assembly (Einhorn et al., 2012). Proteomic analysis has recently
demonstrated that rabconnectin-3 proteins interact with the V-ATPase in proton-secreting
mouse kidney cells and that rabconnectin-3a is essential for V-ATPase-mediated reacidification of cortical collecting duct cells after bafilomycin treatment (Merkulova et
al., 2015). Collectively, these results suggest that rabconnectin-3 proteins may serve a
similar function in higher eukaryotes as the RAVE complex in yeast. Future studies are
required to examine whether this is the case.
Several additional potential regulators of assembly have been identified in
mammalian cells. Although the function of the transmembrane protein TM9SF4 is poorly
understood, it has been found to interact with the V-ATPase in colon cancer cells. Loss of
TMP9SF4 reduces V-ATPase activity and assembly, suggesting that this protein may
stimulate or stabilize assembly in these cells (Lozupone et al., 2015). The hemeresponsive gene 1 (HRG-1) protein interacts with the yeast subunit c and has been

53

suggested to be involved in glucose-dependent reassembly (O’Callaghan et al., 2010).
Furthermore, HRG-1 overexpression enhances glucose uptake and V-ATPase trafficking
to the plasma membrane in MCF7 cells (Fogarty et al., 2014).
In summary, regulated assembly is an important mechanism to regulate VATPase activity in yeast, insects, and mammalian cells. Given that the V-ATPase has
been implicated in a number of diseases, it is of interest to elucidate the mechanisms
controlling assembly and disassembly in order to develop safe and effective modulators
of V-ATPase activity. While the studies above suggest that regulation of V-ATPase
assembly may vary depending upon cell context, it is likely that several common
pathways exist between organisms and cell types. Chapter 3 will describe our efforts to
identify the signaling pathways controlling assembly in yeast, with the hopes that our
findings may be applicable to V-ATPase regulation in mammalian cells.

The V-ATPase in human disease
Given the roles the V-ATPase plays in normal physiology, it is unsurprising that
recent work has implicated it in a number of different disease states. This includes viral
and toxin entry, several genetic diseases, neurodegenerative diseases, and cancer. The
role of the pump in these disorders will be described in further detail below.
Toxins such as anthrax and diphtheria toxin require the V-ATPase for entry into
the cell (Cotter et al., 2015a; Forgac, 2007). These toxins enter the cell through
endocytosis and are trafficked through endosomes, where the low pH provided by the
pump results in the development of a membrane pore through which the cytotoxic
peptide of the toxin enters the cytosol. Diphtheria entry occurs in early endosomes
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(Abrami et al., 2004; Forgac, 2007; Lemichez et al., 1997). By contrast, anthrax toxin is
first incorporated into vesicles within endosomal carrier vesicles. Low pH within the
lumen of the endosomal carrier vesicle promotes translocation of the cytotoxic peptides
into the interior of the enclosed vesicles. Finally, fusion of the vesicles with the
endosomal carrier vesicle membrane allows for entry of the cytotoxic peptides into the
cytoplasm of the cell (Abrami et al., 2004; Gruenberg and van der Goot, 2006)
Enveloped viruses, such as Ebola, influenza, and vesicular stomatitis virus, also enter the
cells via endocytosis. In this case, low endosomal pH stimulates fusion of the endosomal
membrane and viral envelope, permitting release of the viral genetic material into the
cytoplasm (Forgac, 2007; Gruenberg and van der Goot, 2006).
The subunit a isoforms of the V-ATPase have been linked to several genetic
diseases. As mentioned, mutations in subunit a3 result in osteopetrosis (Frattini et al.,
2000; Michigami et al., 2002; Pangrazio et al., 2012; Smith et al., 2005), while mutations
in a4 result in renal tubular acidosis (Smith et al., 2000; Stover et al., 2002). The role of
the V-ATPase in osteoclast function suggests that it may be a drug target to reduce bone
loss during osteoporosis (Forgac, 2007). Mutations in a2 can cause wrinkly skin
syndrome, likely as a result of abnormal protein glycosylation and impaired Golgi
function in fibroblasts (Kornak et al., 2008). In Drosophila, loss of the subunit a isoform
that most closely resembles mammalian a1 causes adult-onset neurodegeneration
(Williamson et al., 2010), likely by making cells more susceptible to insult from
Alzheimer’s related proteins (Williamson and Hiesinger, 2010). In these cells, a1 was
hypothesized to play a role in promoting the endolysosomal protein degradation required
for protection against neurotoxic peptides (Williamson and Hiesinger, 2010; Williamson
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et al., 2010) While these studies suggest that a1 mutations may be correlated to
neurodegenerative diseases, future work is required to assess whether a1 plays a role in
protein degradation in mammalian neurons.
In yeast, Vma21p is an ER chaperone protein that is essential for the assembly of
V0 (Forgac, 2007). Mutations in the homologous gene in humans cause X-linked
myopathy with excessive autophagy (XMEA). These patients experience a significant,
global reduction (70-90%) of V-ATPase activity. In this case, decreased pump activity
initiates autophagy. Cells experience autophagic cell death when autolysosomes are
unable to properly degrade their contents. Interestingly, this disorder only affects skeletal
muscles, suggesting that other tissues are able to survive with reduced V-ATPase activity
(Ramachandran et al., 2013).

The role of the V-ATPase in cancer
Unlike normal cells, which exist in neutral environments (pHe = 7.2-7.4), cancer
cells often exist in acidic microenvironments (pH= 6.5-6.9) (Estrella et al., 2013). Cells
are able to survive in this environment by maintaining a slightly alkaline intracellular pH
despite the low extracellular pH. This dysregulated pH is maintained by proton pumps
and exchangers at the plasma membrane, and confers several advantages to the cell.
Dysregulated pH enhances cancer cell proliferation, survival, and resistance to
chemotherapy (Cotter et al., 2015a; Webb et al., 2011). It also aids in metastasis, or the
spread of a primary tumor to secondary sites in the body. This process requires that
cancer cells invade and migrate through extracellular matrix and survive in nutrient-poor,
hypoxic environments (Valastyan and Weinberg, 2011). An acidic extracellular pH
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enhances cancer cell invasion, primarily by promoting the activity of pH-dependent
proteases (Gillet et al., 2009; Martínez-Zaguilán et al., 1996; Webb et al., 2011). An
alkaline cytosolic pH enhances cytoskeletal remodeling necessary for cell migration
(Cotter et al., 2015a; Webb et al., 2011). Targeting the mechanisms by which cancer cells
establish this dysregulated pH represents a strategy for limiting tumor growth and
metastasis. Recent studies have suggested that the V-ATPase plays critical roles in
cancer, particularly with regard to breast cancer invasion and migration. This will be
discussed in detail below and serve as the focus of Chapters 4-6 of this dissertation.

V-ATPase localization and expression in cancer cells
The first indication that the V-ATPase plays a role in cancer came in 1993, when
it was found that the pump is present on the plasma membranes of a subset of tumor cells,
where it plays a role in cytosolic pH regulation (Martinez-Zaguilan et al., 1993). It was
then demonstrated that invasive MB231 human breast cancer cells express active VATPases both intracellularly and at the plasma membrane. By comparison, noninvasive
MCF7 breast cancer cells do not express plasma membrane V-ATPases (Sennoune et al.,
2004). Subsequent work supported these findings. MCF10a immortalized breast
epithelial cells do not express plasma membrane pumps (Capecci and Forgac, 2013).
MCF10CA1a breast cancer cells are an invasive line generated from MCF10a cells that
were H-Ras transformed and selected for their ability to metastasize in mice (Santner et
al., 2001; Soule et al., 1990). Unlike the parental MCF10a line, MCF10CA1a cells
express plasma membrane V-ATPases (Capecci and Forgac, 2013).
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In addition to breast cancer cells, V-ATPases are present on plasma membranes of
a variety of invasive cancer cells. This includes melanoma (Nishisho et al., 2011), Ewing
sarcoma (Avnet et al., 2013), rhabdomyosarcoma, osteosarcoma, and chondrosarcoma
(Perut et al., 2014), as well as liver (Xu et al., 2012a), ovarian (Kulshrestha et al., 2015),
prostate (Michel et al., 2013), lung (Lu et al., 2013), esophageal (Huang et al., 2012), and
pancreatic cancer cells (Chung et al., 2011). The presence of plasma membrane pumps in
invasive tumor cells, but not normal or noninvasive cells from the same tissue, suggests
that the V-ATPase plays important roles in cancer.
Certain V-ATPase subunits are overexpressed in cancer cell lines and tumor
samples. V1C is overexpressed in oral squamous cell carcinoma samples relative to
normal tissue by both qPCR (Otero-Rey et al., 2008; Pérez-Sayáns et al., 2010) and
immunohistochemistry (García-García et al., 2012). Subunits V0e and V0c expression
were increased in select samples, although not to the same degree observed for V1C
(Otero-Rey et al., 2008). Subunit V0c is overexpressed at the mRNA and protein level in
hepatocellular carcinoma relative to normal liver tissue (Xu et al., 2012a). Upregulation
of V0c mRNA has also been reported in pancreatic cancer (Ohta et al., 1996).
Immunohistochemical staining for V1E has shown overexpression in both pancreatic
(Chung et al., 2011) and breast tumor samples (Hendrix et al., 2013). Interestingly, V1E
expression increases with tumor grade in pancreatic cancer (Chung et al., 2011). V1A
immunohistochemical staining was also recently found to be increased in gastric tumor
samples and correlated with tumor grade, lymph node metastasis, and decreased survival
(Liu et al., 2015). Similarly, V-ATPase expression has been reported to correlate with
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tumor grade in esophageal cancer (Huang et al., 2012) and non-small cell lung cancer (Lu
et al., 2013), although the subunit antibodies utilized in these studies were not identified.
Expression of the subunit a isoforms, which are responsible for localizing the V-ATPase
to specific membranes, will be discussed in further detail below and will serve as the
focus of Chapter 5 of this dissertation. Collectively, the studies described above suggest
that expression of V-ATPase subunits may increase in cancer and that the pump may play
several roles in cancer cells, particularly cells displaying a more invasive phenotype.

The mechanisms by which the V-ATPase contributes to cancer
The roles that the V-ATPase plays in cancer cells have yet to be fully elucidated,
but it likely is involved in a number of processes that are important for cancer cell drug
resistance, survival, proliferation, and metastasis. A short summary of the evidence
supporting roles for the V-ATPases in these processes will be discussed below. The role
the V-ATPase plays in cancer cell invasion and metastasis will serve as the primary focus
of this dissertation and will be discussed at length in subsequent sections.

Drug resistance
Multidrug resistance (MDR) severely impairs the ability to treat a tumor. MDR is
mediated through a variety of mechanisms, including increased drug metabolism, reduced
apoptosis, alterations in drug target structure, and upregulation of proteins that promote
drug efflux. The microenvironment also plays a role in MDR, as certain conditions make
it difficult for drugs to enter the cell (Patel et al., 2013). Several resistant cancer cell lines
display V-ATPase subunit overexpression (Hrabeta et al., 2015; Ma and Center, 1992;
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Salerno et al., 2014; Torigoe et al., 2002). Overexpression of the V-ATPase has also been
correlated with drug resistance in lung (Lu et al., 2013) and esophageal (Huang et al.,
2012) tumor samples. These works, in addition to those described below, suggest that the
pump plays a role in drug resistance.
Reduced extracellular pH can enhance the activity of drug efflux proteins (Lu et
al., 2013). A low extracellular pH also reduces the uptake of certain chemotherapeutic
drugs, particularly those that are weak bases (Born and Eichholtz-Wirth, 1981; Ferguson
et al., 1984; Gerweck et al., 2006; Patel et al., 2013; Raghunand et al., 2003; Vukovic and
Tannock, 1997; Wojtkowiak et al., 2011). This is a result of ‘ion trapping’ (Figure 1.5A).
Weakly basic drugs easily become protonated in acidic environments, which renders
them membrane impermeable and unable to reach their targets inside the cell (Patel et al.,
2013; Wojtkowiak et al., 2011). Neutralization of extracellular pH enhances the ability of
these chemotherapeutic drugs to enter and kill cancer cells in vitro and in vivo (Born and
Eichholtz-Wirth, 1981; Raghunand et al., 1999; Vukovic and Tannock, 1997). Similarly,
drugs that do enter the cell can become sequestered inside acidic intracellular
compartments and are subsequently secreted (Altan et al., 1998; Martínez-Zaguilán et al.,
1999).
The ability of the V-ATPase to acidify the extracellular environment and
intracellular compartments allows it to contribute to drug resistance. For example,
resistant acute myeloid leukemia cell lines display enhanced drug uptake and sensitivity
after bafilomycin treatment (Marquardt and Center, 1991). In resistant MCF7 breast
cancer cells and UKF-NB-4 neuroblastoma cells, intracellular compartment alkalization
by V-ATPase inhibitors reduces intracellular sequestration of adriamycin and ellipticine,
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Figure 1.5: The V-ATPase contributes to drug resistance and cancer cell survival. A,
One mechanism by which cancer cells become resistant to chemotherapies is through ion
trapping. Chemotherapies typically diffuse across the plasma membrane and reach their
targets within the cell. Inside the cell, the V-ATPase acidifies intracellular compartments.
Weakly basic chemotherapies can become sequestered inside these compartments,
rendering them unable to reach their cellular targets. Similarly, plasma membrane VATPases create an acidic extracellular environment that promotes the protonation of
weakly basic chemotherapies. The protonated drugs are unable to cross the membrane.
The V-ATPase may also contribute to resistance to biologics through its role in
membrane trafficking. B, Cancer cells experience a high acid load, largely as a result of
increased glycolytic flux, and must find ways of maintaining a neutral cytosolic pH to
avoid apoptosis. The V-ATPase helps to maintain a slightly alkaline cytosolic pH by
removing protons from the cytosol into intracellular compartments or the extracellular
space, thus promoting survival. A slightly alkaline cytosolic pH is also permissive to
proliferation. As a result, cancer cells are more sensitive to V-ATPase inhibition than
normal cells.
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respectively, and enhances sensitivity (Altan et al., 1998; Hrabeta et al., 2015). Similar
results have been obtained after knockdown of subunit c (You et al., 2009). Drug
sensitivity is increased in panels of resistant colon cancer (Lozupone et al., 2015) and
resistant ovarian cancer (Lee et al., 2015) cell lines after reduction of V-ATPase activity.
Pump inhibition may also enhance sensitivity of resistant cells by reducing cytosolic pH,
which makes cells more susceptible to apoptosis (Liao et al., 2007; Webb et al., 2011). VATPase inhibition does not, however, enhance sensitivity of already sensitive cell lines
(Lee et al., 2015). The role of the V-ATPase in resistance is not limited to alterations in
the flux of chemotherapeutic agents. Inhibition of the pump sensitizes breast cancer cells
to the HER2-targeting biologic drug trastuzumab in vitro and in vivo by impairing HER2
receptor recycling, suggesting that the pump may also promote resistance through its
roles in membrane trafficking (von Schwarzenberg et al., 2014).

Cell survival
Prolonged V-ATPase inhibition is lethal for mammalian cells (Gottlieb et al.,
1995; Ishisaki et al., 1999; Karwatowska-Prokopczuk et al., 1998). There is evidence that
tumor cells are significantly more sensitive to apoptosis after V-ATPase inhibition than
normal cells, implying that the pump is critical for their survival (Lu et al., 2016;
Morimura et al., 2008; Nishihara et al., 1995; Straud et al., 2010; Zhang et al., 2015). For
example, a recent study has demonstrated that a panel of breast tumor cell lines are more
sensitive to apoptosis and growth inhibition after 48 hours of treatment with the VATPase inhibitor archazolid as compared to MCF10a breast epithelial cells (von
Schwarzenberg et al., 2013). Glioblastoma (GBM) stem cells are more sensitive to V-
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ATPase inhibition-induced apoptosis than differentiated GBM cells, suggesting
differential sensitivity to V-ATPase inhibitors may exist within different cancer cell types
(Di Cristofori et al., 2015). Finally, inhibition of the V-ATPase has been shown to reduce
anchorage-independent growth and induce caspase-dependent anoikis in breast cancer,
indicating a role for the pump in preventing death of invasive and migratory cells
(Schempp et al., 2014). Many additional studies have reported that ablation of V-ATPase
activity induces apoptosis and/or growth inhibition in tumor cells (Avnet et al., 2013;
Feng et al., 2013; Lim et al., 2006; Liu et al., 2015; Lu et al., 2015; McHenry et al., 2010;
Xu et al., 2012a).
A primary mechanism by which the V-ATPase enhances tumor cell survival and
growth is through the regulation of cytosolic pH (Figure 1.5B). Tumor cells experience
increased glycolytic flux and generate excess metabolic acid. (Sennoune et al., 2004;
Stock and Schwab, 2009). Cytosolic acidification induces apoptosis and thus is not
compatible with cell survival (Matsuyama et al., 2000; Webb et al., 2011). Furthermore,
increased cytosolic pH is permissive for proliferation, as it enhances the rate a cell can
progress through the cell cycle. It also enhances glycolysis, which allows the cell to keep
up with the energy demands of increased proliferation (Kuwata et al., 1991; Webb et al.,
2011). Decreased cytosolic pH reduces cell cycle progression, in part through
inactivation of CDK1 (Putney and Barber, 2003). Indeed, loss of V-ATPase activity in
melanoma cells reduces intracellular pH, induces apoptosis, and reduces tumor growth
(De Milito et al., 2010). The ability of the V-ATPase to maintain a dysregulated pH
environment in tumor cells is thus critical for cell survival and growth.
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V-ATPase inhibition reduces cancer cell survival and growth by mediating the
levels of key proteins and molecules involved in apoptosis and the cell cycle. Reactive
oxygen species induced by the cellular stress response are speculated to be critical for the
initiation of V-ATPase inhibition-mediated apoptosis (Lu et al., 2016; McHenry et al.,
2010). Bafilomycin treatment during hypoxia induces p21 gene expression and
subsequent cell cycle arrest in a panel of tumor cell lines (Lim et al., 2006). Archazolid
treatment reduces levels of the anti-apoptotic protein survivin in leukemia cells and
arrests cells in S phase (Zhang et al., 2015). Finally, V-ATPase inhibition in a breast
cancer cell line has been found to stabilize the expression of the pro-apoptotic protein
BNIP3, resulting in cell death (Graham et al., 2014).
V-ATPase inhibition has been reported to induce apoptosis through several
additional mechanisms. For example, inhibition impairs the integrity of the lysosomal
membrane, resulting in leakage of lysosomal proteases that promote caspase activation
(McHenry et al., 2010; Nakashima et al., 2003). An additional mechanism relates to iron
homeostasis. Maintenance of intracellular iron levels is important for survival and growth
of many tumor cells. A recent study has found that archazolid treatment of breast cancer
cells impairs internalization of the transferrin receptor, resulting in iron deprivation and
apoptosis (Schneider et al., 2015). Iron supplementation can densensitize cancer cells to
bafilomycin-induced cytotoxicity (Straud et al., 2010).
Autophagy is induced during periods of starvation and stress. Autophagy involves
the formation of double membrane vesicles (autophagosomes) that sequester cytoplasmic
contents. Autophagosomes fuse with lysosomes, allowing for protein degradation and
amino acid recycling. This process also reduces cellular stress by degrading long-lived
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proteins and older organelles (Tschan and Simon, 2010; Yang et al., 2011). V-ATPase
genes are upregulated during autophagy, and since the pump is involved in lysosomal
protein degradation, bafilomycin is commonly used as an inhibitor of autophagic flux
(Bouché et al., 2016; Yang et al., 2011). The role of autophagy in cancer is complex.
There is evidence that in some contexts, it serves as a mechanism of tumor suppression.
Loss of autophagy has been correlated with the accumulation of defective mitochondria,
protein aggregates, and misfolded proteins. The lack of clearance of these cellular
stressors results in the accumulation of reactive oxygen species, which can damage DNA
and promote tumorigenesis (Mathew et al., 2009; Tschan and Simon, 2010; Yang et al.,
2011). Prolonged autophagy has also been linked to cell death (von Schwarzenberg et al.,
2014; Tschan and Simon, 2010). However, cancer cells can also utilize autophagy to
ensure survival during stress. Cancer cells must cope with stressors such as hypoxia,
nutrient deprivation, and a high metabolic demand. Recycling of essential biomolecules
by autophagy permits biosynthesis and maintains energy production. Furthermore, the
removal of damaged proteins and organelles can help the cancer cell avoid apoptosis by
reducing oxidative stress and maintaining mitochondrial function (Yang et al., 2011).
There is also evidence that cancer cells can induce autophagy upon treatment with anticancer agents such as chemotherapy and radiation as a means to prolong survival during
cytotoxic stress (Tschan and Simon, 2010) Therefore, in at least some contexts,
autophagy may represent an additional mechanism by which the V-ATPase enhances
cancer cell survival. Interestingly, treatment of cancer cells with low concentrations of VATPase inhibitors initiates autophagy, likely as an attempt to prolong survival, though
apoptosis eventually occurs. Apoptosis occurs more rapidly in these cells when V-
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ATPase inhibition is combined with other autophagy inhibitors (Lu et al., 2016; von
Schwarzenberg et al., 2013).

Intracellular signaling
Signal transduction pathways are often altered in cancer in order to promote the
growth and spread of a tumor. The roles of the pump in signaling represent additional
mechanisms by which the V-ATPase contributes to cancer and other disease states
(Marshansky et al., 2014; Sun-Wada and Wada, 2015). The involvement of the pump in
several signaling pathways that are commonly deregulated in cancer are discussed below.
Notch signaling is a cell-cell communication pathway involved in maintaining the
balance between proliferation, survival, differentiation, and apoptosis. It is commonly
altered in cancer, where it promotes tumor growth, metastasis, and stemness (Sun-Wada
and Wada, 2015; Wang et al., 2010). Activation of the Notch receptor induces a series of
proteolytic cleavages of the receptor, first by a metalloprotease and then by γ-secretase.
This results in the release of the Notch intracellular domain (NICD), which subsequently
enters the nucleus to regulate gene transcription (Marshansky et al., 2014; Wang et al.,
2010). Reduction of V-ATPase activity impairs Notch signaling in Drosophila and
mammalian cells (Kobia et al., 2014; Sethi et al., 2010; Vaccari et al., 2010; Valapala et
al., 2013; Yan et al., 2009). Expression of NICD rescues these defects (Yan et al., 2009),
suggesting that the V-ATPase is required for optimal proteolytic cleavage of the Notch
receptor. γ-secretase functions optimally in acidic endocytic vesicles. Alkalization of
these vesicles upon V-ATPase inhibition likely reduces γ-secretase activity or the
precision by which it cleaves the receptor (Vaccari et al., 2010; Yan et al., 2009). This
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effect has been observed both in vitro and in vivo and may have implications for cancer
(Kobia et al., 2014). Drug-resistant, metastatic breast cancer cells that overexpress
rabconnectin-3α, a positive regulator of the pump, exhibit V-ATPase-dependent,
hyperactive Notch signaling (Faronato et al., 2015). Furthermore, bafilomycin reduces
Notch signaling and cell proliferation in breast cancer cells that retain the transmembrane
portion of the Notch receptor and thus still depend upon γ-secretase (Kobia et al., 2014).
Wnt signaling is involved in processes such as polarity, proliferation, migration,
and differentiation. Aberrant Wnt signaling has been implicated in a number of cancers,
particularly colon cancer. Wnt signaling involves the binding of Wnt ligands to its
receptor Frizzled (Fz) in complex with various co-receptors. In canonical Wnt signaling,
activation of Fz and the LRP6 co-receptor leads to stabilization of β-catenin through the
recruitment and inactivation of the β-catenin destruction complex. Subsequent β-catenin
translocation to the nucleus regulates gene transcription (Niehrs, 2012; Sun-Wada and
Wada, 2015). Disruption of V-ATPase activity reduces Wnt signaling in vitro and in vivo
(Bernhard et al., 2012; Cruciat et al., 2010; George et al., 2007; Shen et al., 2011; Tuttle
et al., 2014). Constitutively active LRP6 rescues this phenotype, implicating the pump in
receptor activation (Cruciat et al., 2010). This effect occurs in normal cells as well as in
cancer cells (Shen et al., 2011). V-ATPase-mediated acidification of endosomal
compartments is required for phosphorylation of the LRP6 receptor, a critical step in Wnt
receptor activation (Cruciat et al., 2010; Shen et al., 2011; Sun-Wada and Wada, 2015).
Interestingly, the pro-renin receptor (PRR) interacts with Fz and LRP6 and its depletion
reduces Wnt signaling (Cruciat et al., 2010). PRR is thought to serve as an adaptor
between the Wnt receptors and the pump to ensure acidification-mediated LRP6
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phosphorylation (Cruciat et al., 2010; Sun-Wada and Wada, 2015). The pump has also
been implicated in the control of cell polarity mediated by non-canonical Wnt signaling
(Hermle et al., 2010).
Finally, recent work has implicated the V-ATPase in mTOR signaling. As stated
previously, mTORC1 is a master regulator of cell growth and metabolism, integrating
signals from growth factors, stress, and nutrient availably to activate processes such as
protein and lipid synthesis (Laplante and Sabatini, 2012; Zoncu et al., 2011). Aberrant
mTORC1 signaling frequently occurs in cancer cells in order to promote tumor growth
(Laplante and Sabatini, 2012). Activation of mTORC1 requires amino acids. V-ATPase
inhibition was recently found to inhibit mTORC1 activation by amino acids (Zoncu et al.,
2011). In the presence of amino acids, mTORC1 is recruited to the lysosomal membrane
by the Rag GTPases, where it can be activated by Rheb (Kim et al., 2008; Sancak et al.,
2008). Lysosomal recruitment is prevented by V-ATPase inhibition or subunit
knockdown (Zoncu et al., 2011). The Rag GTPases are anchored to the lysosome by the
Ragulator (Sancak et al., 2010), which interacts with both V1 and V0 of the pump.
Ragulator interactions with V1 undergo amino-acid dependent changes (Zoncu et al.,
2011). In this sense, the presence of amino acids stimulate the V-ATPase to transmit the
amino acid signal to the Ragulator. This alters interactions between the Ragulator and
Rags, allowing for lysosomal mTORC1 recruitment and subsequent activation (Bar-Peled
et al., 2012; Laplante and Sabatini, 2012). Interestingly, the V-ATPase/Ragulator
complex also plays a role in AMPK activation. Unlike mTORC1, AMPK is activated
during periods of cellular stress and energy depletion. During glucose starvation, the VATPase/Ragulator complex serves as a docking site for the AMPK activating protein
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LKB1 and its scaffolding protein AXIN. LKB1-mediated phosphorylation of AMPK at
the lysosome activates AMPK. In this sense, the V-ATPase/Ragulator complex may
serve as a “metabolic switch” between anabolism and catabolism (Zhang et al., 2014).

The V-ATPase contributes to cancer cell invasion and migration
The presence of the V-ATPase on the plasma membrane of invasive cancer cells,
but not noninvasive cells, suggests a possible direct role for the V-ATPase in cancer cell
migration and invasion. Indeed, a number of studies have suggested that breast cancer
cell invasiveness is dependent upon V-ATPase activity. Treatment with the specific VATPase inhibitors ConA or bafilomycin significantly reduces in vitro invasion of MB231
and MCF10CA1a human breast cancer cells. Knockdown of subunit V1C, which reduces
V-ATPase activity, also inhibits in vitro invasion of 4T1 mouse breast cancer cells (Feng
et al., 2013). Similarly, the in vitro migratory capabilities of MB231, SKBR3, and 4T1
breast cancer cells are reduced upon inhibition of V-ATPase activity (Feng et al., 2013;
Sennoune et al., 2004; Wiedmann et al., 2012).
A role for the V-ATPase in the in vitro invasion and migration of other cancer cell
types has also been reported. Knockdown of subunit V0c and bafilomycin treatment
reduces hepatocellular carcinoma cell invasion (Lu et al., 2005, 2015), while knockdown
of subunit A and G1 reduces invasion in gastric cancer cells and GBM stem cells,
respectively (Di Cristofori et al., 2015; Liu et al., 2015). Bafilomycin treatment reduces
the migration (Kulshrestha et al., 2015) and invasion (Lu et al., 2015) of ovarian cancer
cells as well as prostate cancer cell invasion (Michel et al., 2013). Finally, ConA
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treatment has been shown to reduce both the migratory and invasive capabilities of
pancreatic cancer cells (Chung 2011).
Additional evidence supporting a role for the V-ATPase in cancer cell invasion
comes from studies examining the interactions it makes with other cellular targets. Loss
of TM9SF4 reduces V-ATPase assembly and activity in colon cancer cells, as described
above (see ‘Regulated Assembly’). TM9SF4 loss reduces in vitro colon cancer cell
invasion (Lozupone et al., 2015). Similarly, loss of HRG-1, another potential positive
regulator of V-ATPase activity (see ‘Regulated Assembly’), reduces plasma membrane
V-ATPase expression and in vitro MB231 breast cancer cell invasion. Its overexpression
in MCF7 breast cancer cells enhances invasion (Fogarty et al., 2014). Finally, the tumor
metastasis suppressor gene 1 (TMSG1, also known as LASS2) acts through an unknown
mechanism to inhibit V-ATPase activity. Silencing of TMSG1 in prostate cancer and
breast cancer cells enhances V-ATPase activity, migration, and invasion (Xu et al.,
2012b, 2014; Zi et al., 2015). By contrast, TMSG1 overexpression in breast cancer cells
inhibits V-ATPase activity and reduces invasion and migration (Mei et al., 2015).

The function of subunit a3 in cancer cell invasion
As stated above, the N-terminus of the subunit a isoforms contains the
information to localize the V-ATPase to specific membranes within the cell (KawasakiNishi et al., 2001b) The localization of the pump to the plasma membranes of invasive
tumor cells, but not noninvasive or normal cells, suggests that particular subunit a
isoforms may be involved in promoting an invasive or aggressive phenotype. This has
been studied in several breast cancer cell lines. In invasive MB231 breast cancer cells,
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subunits a3 and a4 mRNA are overexpressed relative to noninvasive MCF7 breast cancer
cells (Hinton et al., 2009b). These isoforms are known to localize the pump to plasma
membranes of specialized cells within the body, as described above (Forgac, 2007).
Knockdown of subunits a3 or a4 in MB231 cells using isoform-specific siRNAs reduces
in vitro invasion, and a4 knockdown reduces plasma membrane V-ATPase localization
(Hinton et al., 2009b). It was recently found that invasive MCF10CA1a breast cancer
cells overexpress a3 relative to the parental, noninvasive MCF10a breast epithelial cell
line. Moreover, knockdown of subunit a3, but not any of the other subunit a isoforms,
reduces MCF10CA1a invasion in vitro. In these cells, a4 knockdown results in
compensatory a3 upregulation and combination knockdown of a3 and a4 dramatically
reduces invasion (Capecci and Forgac, 2013). Importantly, overexpression of a3, but not
any of the other isoforms, significantly increases both invasion and plasma membrane VATPase localization in noninvasive MCF10a cells (Capecci and Forgac, 2013). These
results suggest that a3 overexpression increases trafficking of the V-ATPase to the
plasma membrane of breast cancer cells, where the pump contributes to invasion. Similar
results have been observed in other cancer cell types. a3 is overexpressed in B16-F10
mouse melanoma cells relative to the parental, noninvasive B16 cell line. Furthermore, a3
knockdown reduces B16-F10 in vitro migration and invasion and in vivo metastasis to the
lung and bone (Nishisho et al., 2011).
Although several studies have implicated the V-ATPase in cancer cell invasion
and many invasive tumor cell types express plasma membrane pumps, it is important to
note that the studies described thus far have not determined whether plasma membrane
V-ATPases are required for invasion. Available V-ATPase inhibitors such as ConA,
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bafilomycin, and archazolid are membrane-permeable and thus inhibit all of the VATPases in the cell. Furthermore, knockdown of subunits that are present in all VATPases reduce the activity of V-ATPases throughout the cell (Cotter et al., 2015a).
While studies examining the contribution of the subunit a isoforms to breast cancer cell
invasion are highly suggestive for a role of plasma membrane V-ATPases in this process,
it is possible that knockdown of particular subunit a isoforms alters secretion of proinvasive factors through disruption of intracellular trafficking (Hendrix et al., 2013;
Wiedmann et al., 2012). The studies described above have thus been unable to determine
whether intracellular, plasma membrane, or all V-ATPases contribute to an invasive
phenotype.
Much also remains unknown with regard to subunit a3 in breast cancer. As noted
above, a3 has been implicated in plasma membrane localization and in vitro invasion of
breast cancer cells (Capecci and Forgac, 2013; Hinton et al., 2009b). However, the lack
of reliable subunit a isoform-specific antibodies has hindered our ability to fully elucidate
a3 localization in normal and cancer cell lines. It is unknown whether a3 overexpression
results in the upregulation of a3-containing V-ATPases at the plasma membrane of breast
cancer cells. This is important, as a3-containing pumps may instead function
intracellularly to promote pump trafficking to the plasma membrane. Further, the
expression of a3 in human breast cancer samples has not yet been assessed and it is
unknown whether the observations made in breast cancer cell lines translate to breast
tumors in vivo.
As stated, prolonged, complete ablation of V-ATPase activity is lethal to
mammalian cells (Gottlieb et al., 1995; Ishisaki et al., 1999; Karwatowska-Prokopczuk et
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al., 1998). It is thus of interest to identify the particular populations of V-ATPases that
contribute to breast cancer cell invasion in order to develop safe and specific V-ATPase
inhibitors to limit breast cancer metastasis. Plasma membrane V-ATPases are only found
in specialized cell types within the body, while a3-containing plasma membrane VATPases have only been identified in osteoclasts (Cotter et al., 2015a; Forgac, 2007). It is
thus likely that targeting plasma membrane or a3-containing V-ATPases could reduce
metastasis with limited side effects. The roles of plasma membrane V-ATPases and a3 in
breast cancer represent a major focus of this dissertation. Chapter 4 will discuss our
efforts to determine whether plasma membrane or intracellular V-ATPases are involved
in invasion and migration, while Chapter 5 will discuss the localization, function, and
expression of subunit a3 in human breast cancer (Figure 1.6).

The V-ATPase and extracellular protease activity
The mechanisms by which the V-ATPase directly participates in invasion and
migration are unknown. As stated above, cancer cells are often found in acidic
extracellular microenvironments that promote an invasive phenotype through
mechanisms such as invadopodia formation, enhanced protease activity, and subsequent
matrix degradation (Busco et al., 2010; Martínez-Zaguilán et al., 1996; Rothberg et al.,
2013; Webb et al., 2011). Low pH promotes the secretion and activity of secreted, pHdependent proteases that are present in a complex network outside of the cell. These
proteases have a number of targets, allowing them to participate in invasion directly,
primarily through the cleavage of extracellular matrix proteins. They can also participate
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Figure 1.6: The proposed mechanism by which a3-V-ATPases promote cancer cell
invasion. The V-ATPase and subunit a3 have been implicated in the invasion of a
number of cancer cell types. Intracellularly, V-ATPase-mediated acidification of
intracellular compartments may allow for activation of proteases that are then trafficked
to the cell surface to promote invasiveness. There is also evidence that plasma membrane
V-ATPases are critical for invasion. It is possible that upregulation of particular subunit a
isoforms, such as a3, result in localization of the V-ATPase to the plasma membrane,
where it can create an acidic extracellular environment that allows for activation of pHdependent proteases and/or enhances pH-dependent protease activity outside of the cell.
Chapters 4-6 of this dissertation will test the hypotheses that plasma membrane VATPases are essential for cancer cell invasion, that a3 is present on the plasma membrane
of invasive cancer cells and overexpressed in human breast cancer samples, and that the
V-ATPase participates in invasion by promoting the extracellular activity of pHdependent proteases.
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indirectly through the activation of other proteases (Gondi et al., 2006; Mason and Joyce,
2011; Stock and Schwab, 2009; Webb et al., 2011). Indeed, neutralization of the acidic
extracellular environment reduces breast cancer metastasis (Estrella et al., 2013; Robey et
al., 2009). Proteins that are able to participate in extracellular acidification have thus been
implicated in invasion and migration. For example, the sodium-proton antiporter
promotes invadopodia formation and matrix degradation in MB231 breast cancer cells
(Busco et al., 2010). V-ATPases may thus promote invasion and migration through the
development of an acidic microenvironment that enhances pH-dependent protease
activity.
Two key classes of proteases implicated in this process are the matrix
metalloproteases (MMPs) and cathepsins (Gocheva and Joyce, 2007; Mason and Joyce,
2011). The MMPs are a large (24-member), well-studied family of proteases that are
often overexpressed in and secreted by cancer cells. They can degrade a wide range of
matrix proteins and promote the activation of other proteases. They are synthesized in a
pro-MMP form and must undergo cleavage to be activated (Balduyck et al., 2000;
Hegedüs et al., 2008; Kessenbrock et al., 2010; Mason and Joyce, 2011). Inhibition of
specific MMPs, particularly MMP-2 and MMP-9, reduces invasion and migration. The
effects of MMPs are complex, however, as some MMPs may serve protective, anticancer functions (Brown and Murray, 2015; Mason and Joyce, 2011).
A number of studies have implicated the V-ATPase in the regulation of MMP
activity in cancer cells. Loss of V-ATPase activity reduces extracellular MMP-9 activity
in pancreatic cancer cells (Chung et al., 2011) and MMP-2 and MMP-9 activities in
hepatocellular carcinoma cells (Lu et al., 2005). Extracellular MMP-2 and MMP-9
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activities are also inhibited upon a2 knockdown in ovarian cancer cells (Kulshrestha et
al., 2015). While these studies suggest that the V-ATPase may enhance the activity of
certain MMPs, it is unclear whether this is a direct effect. Several studies have shown that
the expression and activity of extracellular MMP-2 and/or MMP-9 are enhanced in
cancer cells exposed to a low extracellular pH (Giusti et al., 2008; Kato et al., 1992,
2005; Martínez-Zaguilán et al., 1996; Nishisho et al., 2011; Rofstad et al., 2006). This
suggests that the activation, activity, or secretion of these MMPs are pH-dependent.
However, the activity of MMPs is optimal at neutral pH and they are not auto-activated at
low pH, arguing against a direct contribution of the V-ATPase in promoting activity
(Kessenbrock et al., 2010; Robey and Nesbit, 2013) MMP-3 is an exception, with optimal
activity occurring from pH 5.75-6.25 (Johnson et al., 2000; Webb et al., 2011). The
observed dependence of MMP activation on low pH has been hypothesized to be a result
of their activation by other proteases that require low pH, such as the cathepsins (Robey
and Nesbit, 2013).
Typically found in the lysosome, cathepsins function optimally at low pH and are,
for the most part, unstable at neutral pH (Turk et al., 2012). There are eleven cysteine
cathepsins (B, C, F, H, K, L, O, S, V, X, and W), which are the largest and best-studied
class of cathepsins. There are two serine cathepsins (A and G) and two aspartic
cathepsins (D and E). Similar to the MMPs, these proteases are synthesized as procathepsins. An N-terminal pro-peptide interferes with the active site and must be cleaved
in order to allow for activity. This activation step can be achieved through cleavage by
other proteases. For example, the cysteine cathepsins B and L can be activated by the
aspartic cathepsin D (Mason and Joyce, 2011; Turk et al., 2000). Activation can also
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occur auto-catalytically at an acidic pH, as low pH weakens the interaction the propeptide makes with the active site (Turk et al., 2000, 2012). The cathepsins, particularly
cathepsin B, can activate a number of other proteases (including MMP-2 and MMP-9),
putting them near the top of the extracellular proteolytic cascade. Many cathepsins are
secreted by cancer cells and are able to cleave a variety of extracellular matrix proteins
(Gocheva and Joyce, 2007; Mason and Joyce, 2011; Robey and Nesbit, 2013; Turk et al.,
2012).
A number of studies have linked the cathepsins (particularly cathepsin B) to
cancer. Cathepsin B expression and activity are often increased in cancer, and its
overexpression correlates with poor prognosis (Gocheva and Joyce, 2007; Mason and
Joyce, 2011; Tan et al., 2013; Turk et al., 2012). In invasive cancer cells, cathepsin B
relocalizes to the cell periphery and can be secreted in both the latent and mature forms or
associated with the plasma membrane (Bervar et al., 2003; Rozhin et al., 1994; Sloane et
al., 1986, 1994; Turk et al., 2012). Cathepsin B secretion and extracellular activity
dramatically increases in breast cancer cells upon exposure to low extracellular pH
(Robey et al., 2009; Rothberg et al., 2013; Rozhin et al., 1994). This reflects the
trafficking of lysosomes towards the cell periphery in response to low extracellular pH
(Glunde et al., 2003). Extracellular cathepsin B activity has been linked to invasion and
metastasis in a variety of tumor cell types. For example, treatment with CA-074, a
membrane impermeable cathepsin B inhibitor, reduces breast cancer and melanoma cell
invasion in vitro and metastasis in vivo (Matarrese et al., 2010; Tan et al., 2013; Victor et
al., 2011; Withana et al., 2012).
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While cathepsin B is perhaps the best-studied cathepsin in the context of cancer
cell invasion, overexpression of other cathepsin family members, particularly D and L,
has also been observed in cancer tissue. Cathepsin family members serving both
intracellular and extracellular roles have important implications for invasion or tumor
progression in a variety of cancer cell types (Gocheva and Joyce, 2007; Tan et al., 2013;
Turk et al., 2012). For example, cathepsins D and L are secreted by breast cancer cells
(Briozzo et al., 1988; Hinton et al., 2009b) and are involved in breast cancer cell invasion
(Qin et al., 2016; Tedone et al., 1997). Cathepsin L also promotes melanoma cell
invasion and migration (Yang and Cox, 2007), while cathepsin A activity is enhanced in
the lysates of malignant melanoma cells relative to the lysates from dysplastic or normal
cells (Kozlowski et al., 2000; Tan et al., 2013).
The pH-dependence of the cathepsins suggests that the V-ATPase may promote
invasion by enhancing cathepsin secretion, activation, and/or activity. A recent study has
demonstrated that treatment of MCF7 breast cancer cells and T24 bladder carcinoma cells
with archazolid reduces intracellular cathepsin B maturation. Further, treatment of the
T24 bladder carcinoma cells with archazolid reduces intracellular cathepsin B activity
(Kubisch et al., 2014). It has yet to be assessed whether the V-ATPase contributes to
intracellular cathepsin activity in breast cancer cells. Furthermore, it is not known
whether the pump is involved in extracellular cathepsin activation or activity in any
cancer cell type. It is also unknown whether plasma membrane, intracellular, or all
cellular V-ATPases are involved in the regulation of cathepsin or MMP activity.
Given the complexity of the proteolytic cascade in cancer, it is questionable
whether inhibition of select proteases will be sufficient to prevent metastasis in humans.
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MMP inhibitors have failed in clinical trials, likely as a result of the opposing functions
of different MMPs and the fact that MMP inhibition alone cannot ablate the activity of all
of the proteases involved in metastasis (Mason and Joyce, 2011). Similarly, a recent
study has demonstrated that optimal reduction of MB231 cell invasion occurs when cells
are treated with pan-cysteine cathepsin inhibitors as compared to inhibition of cathepsins
B, S, K, or L alone (Gillet et al., 2009). As several of the cathepsins are thought to be
near the top of the proteolytic cascade, regulation of their activity will likely modulate the
activity of a number of different extracellular proteases. Elucidating the mechanisms by
which the V-ATPase contributes to cancer cell invasion and migration is thus of great
interest, as V-ATPase inhibition could result in a more optimal reduction of extracellular
protease activity in order to prevent metastasis in vivo. Our efforts to examine whether
the V-ATPase is involved in the promotion of cathepsin activity will be discussed in
Chapter 6 of this dissertation (Figure 1.6).

Dissertation objectives
The V-ATPase has been implicated in cancer cell survival and drug resistance,
tumor growth, and metastasis. Inhibition of the V-ATPase in vivo may thus reduce cancer
mortality by limiting tumor growth and spread and by increasing sensitivity to existing
anti-cancer therapeutics. Enhancing our understanding of V-ATPase structure and
regulation is critical to the design of safe and effective inhibitors of its activity. Chapter
2 of this dissertation details our work in identifying residues on the N-terminus of subunit
a that interface with the V1 domain, while Chapter 3 discusses our efforts to identify the
signaling pathways that modulate V-ATPase assembly. The mechanisms by which the V-
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ATPase participates in cancer cell invasion and migration have yet to be fully elucidated.
Results from previous studies suggest that upregulation of particular subunit a isoforms
may result in localization of the V-ATPase to the plasma membrane, where it participates
in cancer cell invasion (Figure 1.6). Chapter 4 provides evidence that plasma membrane
V-ATPases are critical for breast cancer cell invasion, while Chapter 5 demonstrates that
plasma membrane V-ATPases in breast cancer cells contain a3 and that a3 is
overexpressed in human breast cancer. Finally, Chapter 6 describes our efforts to
determine whether the V-ATPase participates in cancer cell invasion by enhancing
extracellular protease activity. Overall, the results from this work will help guide efforts
to exploit the V-ATPase as an anti-cancer drug target.
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Chapter 2
Structural analysis of the N-terminal domain of subunit a of the yeast
vacuolar ATPase (V-ATPase) using accessibility of single cysteine
substitutions to chemical modification
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Rationale
Subunit a of the V0 domain of the V-ATPase is a 100-kDa integral membrane
protein that possesses an N-terminal cytoplasmic domain and a C-terminal hydrophobic
domain. While the C-terminal domain is involved in proton transport, the N-terminal
domain is critical for intracellular localization of the V-ATPase as well as regulation of
pump assembly (Kawasaki-Nishi et al., 2001b). Enhancing our understanding of subunit
a structure will allow us to better understand V-ATPase function and regulation. Given
that subunit a is a large integral membrane protein, it has been difficult to characterize
structurally, and there is currently no high-resolution structure for the intact V-ATPase or
subunit a. Recently, the crystal structure of the N-terminal domain of the related subunit I
from the archaebacterium Meiothermus ruber was reported (Srinivasan et al., 2011). In
this chapter, we have used homology modeling to construct a model of the N-terminal
domain of Vph1p, one of two yeast subunit a isoforms, based upon the structure of
subunit I. We have tested the proposed model by determining the accessibility of unique
cysteine residues introduced into the yeast protein by site-directed mutagenesis to
modification by the cysteine-modifying reagent 4-(N-maleimido-propionyl) biocytin
(MPB). We have also compared the reactivity of the introduced cysteine residues to MPB
in the intact complex and the free V0 domain, allowing us to identify regions of the Nterminal domain of subunit a that likely serve as interfacial contact sites with the V1
domain. Our results have important implications for V-ATPase structure and regulation
and will be helpful in the development of subunit a isoform-specific inhibitors of VATPase activity.
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Experimental Procedures
Materials — Zymolyase 20T was obtained from Seikagaku American, Inc. Protease
inhibitors (aprotinin, pepstatin, leupeptin) were purchased from Roche Applied Science.
MPB was purchased from Molecular Probes. The monoclonal antibody 10D7 against the
yeast V-ATPase a subunit was purchased from Abcam, and the monoclonal antibody
13D11 against the yeast V-ATPase B subunit was purchased from Invitrogen (Kane et
al., 1992). NeutrAvidin was purchased from Pierce. Immunoblotting reagents were
purchased from GE Healthcare. The QuikChange Lightning mutagenesis kit was obtained
from Stratagene. ATP, phenylmethylsulfonyl fluoride, concanamycin A, and other
chemicals were purchased from Sigma.

Strains and Culture Conditions — Yeast strain MM112
(MATaΔvph1::LEU2Δstv1::LYS2his3-Δ200leu2lys2ura3-52) lacking the endogenous
Vph1p and Stv1p subunit a isoforms was used to generate all Vph1p mutants (Manolson
et al., 1994). Yeast cells were grown in unbuffered SD-Ura minimal medium.

Modeling — The coordinates of the structure of the N terminus M. ruber subunit I
(Protein Data Bank code 3RRK) were used as a structural template for the structural
model of the N-terminus of Vph1p (Srinivasan et al., 2011). The sequences of the N
terminus of M. ruber subunit I and Vph1p were aligned using the ClustalW2 program and
entered into the online program I-TASSER (Roy et al., 2010) or homology modeling, as
described previously (Finnigan et al., 2012).
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Selection of Residues to be Mutagenized — Each residue in the N-terminus of Vph1p was
assigned a predicted accessibility score ranging from 0 (buried) to 7 (accessible). We
selected for mutagenesis all residues with scores of 6 or 7 and one residue from each
dispersed stretch of residues with a score of 0. We also selected several residues with an
accessibility score of 2 or 3 to determine the degree of solvent accessibility that would
permit labeling.

Mutagenesis and Transformation — The Cys-less form of Vph1p, in which the seven
endogenous cysteines were substituted with serine, was used as a background for single
cysteine mutagenesis (Leng et al., 1999). The QuikChange Lightning site-directed
mutagenesis kit was used to introduce single cysteine mutations into the Cys-less form of
Vph1p in the pRS316 plasmid. Sequences of the Cys-less VPH1 and the single cysteine
mutants were confirmed by DNA sequencing. The yeast strain MM112 was then
transformed using the lithium acetate method with the Cys-less form of VPH1 or each of
the single cysteine mutants of VPH1 (Gietz et al., 1992). Transformants were selected on
uracil-deficient plates as described previously (Toei et al., 2011). The Vma growth
phenotype of the mutants was examined on YPD plates buffered with 50 mM
phosphate/succinate to either pH 7.5 or 5.5 (Wang et al., 2008).

Isolation of Vacuolar Membrane Vesicles — Vacuolar membranes vesicles were isolated
as described previously (Wang et al., 2008). Yeast cells were grown overnight to an A600
of 1.0–1.5 in 2 liters of selective medium. Cells were pelleted, washed once with water,
and resuspended in 100 mL of 100 mM Tris-HCl, pH 9.4, containing 10 mM
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dithiothreitol. After incubation at 30°C for 20 min, cells were pelleted again, washed
once with 50 mL of YPD medium containing 0.7 M sorbitol, 2 mM dithiothreitol (DTT),
and 100 mM MES-Tris, pH 7.5, resuspended in 50 mL YPD containing 0.7 M sorbitol, 2
mM DTT, 100 mm MES-Tris, pH 7.5, and 20 mg Zymolyase 20T, and incubated at 30°C
for 1 h with gentle shaking. The resulting spheroplasts were osmotically lysed, and the
vacuoles were isolated on two consecutive Ficoll gradients and diluted in transport buffer
(15 mm MES-Tris, pH 7.0, 4.8% glycerol).

Proton Transport and ATPase Activity — ATP-dependent proton transport was measured
by fluorescence quenching using the fluorescence probe 9-amino-6-chloro-2methoxyacridine (ACMA) in transport buffer (25 mM MES/Tris, pH 7.2, 5 mM MgCl2)
in the presence or absence of 1 µM of the specific V-ATPase inhibitor ConA, as
described previously (Leng et al., 1996; Wang et al., 2008). ATP hydrolysis was
measured using a coupled spectrophotometric assay as described previously (Toei et al.,
2011).

MPB Labeling and Detection — 150 µg of vacuolar membrane protein was washed in
labeling buffer (PBS-EDTA containing 137 mM NaCl, 1.2 mM KH2PO4, 15.3 mM
Na2HPO4, 2.7 mM KCl, 2 mM EDTA (pH 7.2), 2 µg/mL aprotinin, 5 µg/mL leupeptin,
0.7 µg/mL pepstatin, and 1 mM PMSF) twice at 16,000 × g for 5 min. Membrane vesicles
were then resuspended in 100 µL of labeling buffer. MPB was added to a final
concentration of 500 µM (or 2, 10, 50, or 100 µM as specified in the concentration
dependence experiments), and the membrane vesicles were incubated on ice for 15 min
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(or 5 or 10 min as specified in the time course experiments). The reaction was quenched
for 20 min on ice by adding DTT to a final concentration of 10 mM. Vesicles were
washed twice with 1 mL of labeling buffer and resuspended in 100 µL of labeling buffer.
Membranes were solubilized for 1 h at 4 °C with 2% C12E9. Solubilized vesicles were
split into equal aliquots. One portion was immunoprecipitated with the mouse
monoclonal antibody 10D7 directed against Vph1p, which immunoprecipitates only the
free V0 domain (Kane et al., 1992). The other portion was immunoprecipitated with the
mouse monoclonal antibody 13D11 directed against subunit B present in the V1 domain,
which precipitates both intact V1V0 and free V1 (Toei et al., 2011). Following
precipitation of antibody-antigen complexes with protein A-Sepharose, samples were
separated by SDS-PAGE on 10% acrylamide gels (Laemmli, 1970) and transferred to
nitrocellulose membranes for detection of MPB. For MPB detection, blots were probed
with horseradish peroxidase-conjugated NeutrAvidin and, in parallel, the monoclonal
antibody 10D7 against the 100-kDa a subunit to ensure the presence of equal amounts of
subunit a. For immunoblot analysis, blots were probed with a horseradish peroxidaseconjugated secondary antibody (Bio-Rad) as described previously (Wang et al., 2008).
The blots were developed using a chemiluminescent detection method obtained from GE
Healthcare. All labeling experiments were performed a minimum of two times per
mutant, employing separate vacuolar preparations.

Results
Construction of a model of the N-terminal domain of Vph1p based on the structure of
subunit I of M. ruber
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Because of its importance in intracellular targeting, complex assembly, and other
aspects of V-ATPase function (Forgac, 2007; Kawasaki-Nishi et al., 2001b), we first
wished to construct a molecular model of the N-terminal domain of subunit a. This was
made possible by the recently published crystal structure of the N-terminal domain of the
homologous subunit I of the A-ATPase from M. ruber (Srinivasan et al., 2011). We chose
for our modeling studies the N-terminal domain of Vph1p, one of two isoforms of
subunit a expressed in yeast, because of the wealth of structural data about the V-ATPase
complex from yeast (Forgac, 2007; Li and Kane, 2009) and because of the ease of
introducing point mutations into the yeast protein. Figure 2.1 shows the sequence
alignment of the N-terminal domain of Vph1p, Stv1p, and subunit I using the ClustalW2
program. Vph1 and subunit I display 13% identity and 33% similarity. The web-based
program I-TASSER (Roy et al., 2010) was then used to create a structural model of
Vph1p based upon the coordinates of the M. ruber protein (Figure 2.2) (Srinivasan et al.,
2011). A model of Stv1p has previously been published using this approach, and the
derived models are similar in overall shape (Finnigan et al., 2012). Only residues of
Vph1p corresponding to residues 1–344 of subunit I were employed in the analysis as the
published structure lacks the C-terminal most 43 residues of the N-terminal domain of
subunit I.
To test this model, we determined the accessibility of unique cysteine residues
introduced into the N-terminal domain of Vph1p to modification by the sulfhydryllabeling reagent MPB (Leng et al., 1999). Residues exposed on the surface of the protein
should be accessible to modification by MPB, whereas those buried within the protein
should not. Solvent accessibility scores for each residue were determined using the
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Figure 2.1: Alignment of primary sequences of Vph1p, Stv1p, and subunit I. Primary
sequences were aligned using ClustalW2 as described previously (Finnigan et al., 2012).
Identical residues in the sequences of Vph1p, Stv1p, and subunit I are highlighted in red.
Identical residues in the sequences of only Vph1p and subunit I are highlighted in green.
The sequences of Vph1 and subunit I display 13% identity and 33% similarity.
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Figure 2.2: Homology model of the N-terminus of subunit a. The I-TASSER online
threading program (Roy et al., 2010) was used to construct a structural model of the Nterminus of Vph1p using the coordinates of the M. ruber subunit I crystal structure
(Protein Data Bank code 3RRK) (Srinivasan et al., 2011). Positions at which unique
cysteine residues were introduced into a Cys-less form of Vph1p are indicated by the
black circles and amino acid residue numbers.
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I-TASSER program and varied from 0 (most buried) to 7 (least buried). Twenty-one
residues were selected for mutagenesis to cysteine (Table 2.1 and Figure 2.2), including
four predicted to be solvent-inaccessible (Ser-26, Gln-140, Gly-189, and Ala-235), two
predicted to be minimally accessible (Gln-40 and Gly-181), and fifteen predicted to be
highly accessible (Lys-47, Lys-82, Asp-87, Asp-167, Asn-172, Asp-194, Glu-219, Lys226, Asp-257, Ser-265, Lys-304, Asp-344, Ala-347, Ala-358, and Ile-362).

Construction of single cysteine-containing mutants of Vph1p and the effect of mutations
of growth phenotype and V-ATPase activity
Vph1p contains seven endogenous cysteine residues. A construct encoding Vph1p
that lacks the seven endogenous cysteine residues was previously constructed (Leng et
al., 1999). Vacuoles isolated from yeast expressing this Cys-less form of Vph1p display
78% of wild-type V-ATPase activity (Leng et al., 1999). Site-directed mutagenesis was
used to introduce unique cysteine residues into the Cys-less form of Vph1p at positions
described above. These mutant constructs were transformed into the yeast strain MM112,
which lacks both Vph1p and Stv1p (the two isoforms of subunit a expressed in yeast),
and thus has no functional V-ATPase activity (Manolson et al., 1994). All mutant strains
were tested for growth on YPD buffered to pH 5.5 or 7.5. Yeast that contain <20% wildtype V-ATPase activity are unable to grow at neutral pH (Liu and Kane, 1996). This
conditional lethality is referred to as the Vma− phenotype (Nelson and Nelson, 1990). As
shown in Table 2.1, each of the 21 mutants was able to grow at both pH 5.5 and pH 7.5,
indicating that mutant complexes possessing at least 20% wild-type V-ATPase activity
were formed in all strains. By contrast, the MM112 strain lacking both Vph1p and Stv1p
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Mutant
Exposure Scorea
Vma+ Phenotypeb
MM112
−c
−
Cys-less
−
+
Ser-26
0
+
Gln-40
2
+
Lys-47
7
+
Lys-82
6
+
Asp-87
6
+
Gln-140
0
+
Asp-167
6
+
Asn-172
6
+
Gly-181
3
+
Gly-189
0
+
Asp-194
7
+
Glu-219
7
+
Lys-226
7
+
Ala-235
0
+
Asp-257
6
+
Ser-265
6
+
Lys-304
6
+
Asp-344
6
+
Ala-347
7
+
Ala-358
6
+
Ile-362
7
+
a Predicted solvent accessibility scores for residues in the N-terminal
domain of Vph1p were calculated using the I-TASSER program.
Scores ranged from 0 (least accessible) to 7 (most accessible).
b The growth phenotype of each mutant was tested by comparing growth
on YPD plates buffered to pH 7.5 and 5.5. Yeast lacking a functional
V-ATPase grow at pH 5.5 but not at pH 7.5. MM112, the background
yeast strain, lacks both Vph1p and Stv1p and fails to grow at pH 7.5.
c Plus sign indicates wild-type growth; minus sign indicates no growth.
Table 2.1: Predicted exposure scores of residues in the N-terminal domain of
subunit a mutated to cysteine and the growth phenotypes of the corresponding
single cysteine-containing mutants of Vph1p.
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is unable to grow at neutral pH.
To further test the function of V-ATPase complexes containing the mutant forms
of Vph1p, vacuolar membranes were isolated from each strain and ConA-sensitive, ATPdependent proton transport was measured by ACMA fluorescence quenching as
described previously (Feng and Forgac, 1992b). Activity is expressed relative to that
observed for vacuoles isolated from the yeast strain expressing the Cys-less Vph1p. As
shown in Figure 2.3A, all of the mutant strains displayed ConA-sensitive proton
transport activity that was at least 60% of the control strain. Furthermore, the assembly
competence of each of the mutants was tested by the ability of an antibody against
subunit B (Vma2p, which is part of the V1 domain) to co-immunoprecipitate subunit a
(Vph1p, which is part of the V0 domain). Each mutant showed normal levels of VATPase assembly by this assay (data not shown).
Unexpectedly, the I362C mutation resulted in nearly a 3-fold increase in proton
transport activity compared with the Cys-less background strain. To further probe this
finding, we tested the ConA-sensitive ATPase activity of the I362C mutant to determine
whether the increase in proton transport activity was accompanied by an increase in its
ATPase activity. As shown in Figure 2.3B, the ConA-sensitive ATPase activity of I362C
shows a similar 3-fold increase relative to that of the Cys-less background strain. Point
mutations in V-ATPase subunits that increase both proton transport and ATPase activity
have previously been identified. It is theorized that these mutations partially “loosen” the
V-ATPase complex, giving a conformation with increased catalytic activity (Curtis et al.,
2002). By contrast, other mutations have been identified, which lead to changes in the
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Figure 2.3: Single cysteine-containing mutants of Vph1p display near wild-type
levels of V-ATPase-dependent proton transport activity. Vacuolar membranes were
isolated from the strain expressing the Cys-less form of Vph1p and strains expressing
each of the single cysteine-containing mutants of Vph1p. A, ConA-sensitive, ATPdependent proton transport activity was measured as described under Experimental
Procedures, and values are expressed relative to those obtained for the strain expressing
the Cys-less form of Vph1p. All mutant strains showed activity >60% of the activity
measured for the strain expressing the Cys-less form of Vph1p. B, ConA-sensitive
ATPase activity for the I362C mutant was measured as described under Experimental
Procedures. Proton transport and ATPase activity are reported relative to that of the Cysless form of Vph1p. The I362C mutant shows proton transport and ATPase activity
nearly three times the activity measured for the strain expressing the Cys-less form of
Vph1p. All results represent at least two measurements performed on at least two
independent vacuole preparations, with the error bars indicating S.E.

94

amount of ATP hydrolysis relative to proton transport, and thus lead to a change in the
coupling efficiency of the V-ATPase (Owegi et al., 2006; Shao et al., 2003).

Modification of unique cysteine residues in mutant forms of Vph1p by the sulfhydryl
reagent MPB in both V1V0 and free V0 complexes
The sulfhydryl-labeling reagent MPB was used to test the aqueous accessibility of
the unique cysteine residues introduced into the N-terminus of Vph1p (Bayer et al.,
1985). We have previously used this reagent to test cysteine accessibility in V-ATPase
subunits (Leng et al., 1999; Toei et al., 2011; Vasilyeva et al., 2000; Wang et al., 2008).
We expect that cysteine residues exposed on the surface of the protein will react with
MPB, whereas cysteine residues buried within the protein or at the interface of two
subunits will be protected from reaction. Labeling was performed as described below
such that modification by MPB of subunit a in both intact V1V0 complexes and in free V0
domains was determined. In this way, residues present at the interface of V1 and V0 could
be identified by their modification in free V0 but not intact V1V0 complexes.
Vacuolar membranes were isolated from the strains expressing the Cys-less and
mutant forms of Vph1p and reacted with 500 µM MPB for 15 min on ice followed by
quenching of the reagent with 10 mM DTT and washing by sedimentation. The
membranes were solubilized with C12E9, and assembled and disassembled pumps were
separately isolated as follows. To isolate intact V1V0 complexes, immunoprecipitation
was performed using an antibody directed against subunit B, such that both V1 and V1V0
complexes were precipitated. By contrast, to isolate free V0 complexes,
immunoprecipitation was performed using the antibody 10D7 against Vph1p. This
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antibody recognizes its epitope only in the absence of the V1 domain such that
immunoprecipitation with 10D7 brings down only free V0 domains (Kane et al., 1992).
Labeling by MPB was detected by separation of the proteins by SDS-PAGE followed by
Western blot analysis using horseradish peroxidase-conjugated avidin as described
previously (Vasilyeva et al., 2000). Equal loading of subunit a was ensured by Western
blotting of a parallel sample with the antibody against Vph1p. Figure 2.4 shows
representative Western blots from multiple labeling experiments using vacuoles isolated
from separate vacuole preparations.
As shown in Figure 2.4A, four of the Vph1p mutants tested (S26C, Q140C,
G189C, and A235C) showed only faint background labeling comparable with that
observed for the Cys-less mutant, consistent with the predicted buried nature of all four
residues. By contrast, 17 of the Vph1p mutants (Q40C, K47C, K82C, D87C, D167C,
N172C, G181C, D194C, E219C, K226C, D257C, S265C, K304C, D344C, A347C,
A358C, and I362C) showed significant labeling by MPB in the free V0 as indicated by
the band observed in the lane labeled “a” for each mutant (Figure 2.4, B and C). These
results are again consistent with the predicted surface accessibility of these residues in the
model shown in Figure 2.2. It should be noted that even those residues having a
relatively low accessibility score (such as Q40C and G181C) showed significant
modification by MPB under the labeling conditions as described in the “Experimental
Procedures.” To determine whether differences in MPB labeling could be detected for
residues with different accessibility scores, we compared the time course of MPB
labeling of A347C (which has an accessibility score of 7), with two residues which are
predicted to have reduced accessibility (Q40C and G181C, which have scores of 2 and 3,
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Figure 2.4: MPB labeling of single cysteine-containing mutants of subunit a in free
V0 and V1V0 complexes. Vacuolar membrane vesicles (150 µg of protein) isolated from
cells expressing the Cys-less mutant and single cysteine-containing mutants of Vph1p
were labeled with 500 µM MPB for 15 min on ice, except where indicated below. The
membranes were then solubilized with C12E9, and the solubilized membranes were split
into equal aliquots for immunoprecipitation. One aliquot was immunoprecipitated with a
mouse monoclonal antibody against subunit a (10D7) to immunoprecipitate the free V0
domain (labeled IP: a). The other aliquot was immunoprecipitated with a mouse
monoclonal antibody against subunit B (13D11) to immunoprecipitate the intact V1V0
complex (labeled IP: B). Samples were separated by SDS-PAGE followed by transfer to
nitrocellulose. Western blotting (WB) was performed using horseradish peroxidaseconjugated NeutrAvidin to detect MPB modification (labeled WB: Avidin) or the
monoclonal antibody 10D7 to detect subunit a (labeled WB: a), as described under
Experimental Procedures. A, 4 residues (marked Buried Residues) showed virtually no
MPB labeling for either free V0 or intact V1V0; B, 12 cysteine mutants (marked Exposed
Residues) showed equal MPB labeling of subunit a in both free V0 and intact V1V0; C, 5
residues (marked Interfacial Residues) showed reduced MPB labeling in V1V0 complexes
relative to that observed in free V0. The above Western blots are representative images of
multiple experiments.
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respectively) by varying the incubation time from 5 to 15 min. As shown in Figure 2.5A,
Q40C does in fact show reduced MPB labeling at shorter times relative to the other two
mutants. By contrast, the G181C mutant displays a time course of labeling similar to
A347C. To further investigate whether G181C is less accessible than A347C, we
compared the concentration dependence of modification by MPB after 5 min for these
two mutants over the concentration range of 2–100 µM MPB. As shown in Figure 2.5B,
G181C shows reduced labeling at lower MPB concentrations as compared with A347C,
indicating that it is in fact less accessible.
Next, to identify potential subunit a residues at the interface of the V1 and V0
domains, labeling by MPB in both the assembled and disassembled states was compared.
As shown in Figure 2.4C, five mutants (K47C, K82C, D167C, D194C, and D344C)
showed reduced labeling in the V1V0 complex relative to that observed in the free V0
complex. This reduced accessibility in the intact V-ATPase complex suggests that these
residues are likely located at the interface of the V1 and V0 domains. The results from
Figure 2.4 are summarized in Figure 2.6.
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Figure 2.5: Q40C and G181C are less accessible than the predicted highly accessible
A347C residue. Vacuolar membrane vesicles (75 µg of protein) isolated from the Q40C,
G181C, or A347C mutants were labeled with MPB under varying conditions to compare
the accessibility of residues with low predicted accessibility scores with that of a residue
with a high predicted accessibility score (see Table 2.1). Solubilized membranes were
immunoprecipitated with a mouse monoclonal antibody against subunit a (10D7) to
immunoprecipitate the free V0 domain, and Western blotting was performed as described
in Figure 2.4. A, Comparison of the time course of labeling of residues Q40C and
G181C, which have low predicted accessibility scores, to that of A347C, which has a
high accessibility score. Vacuoles were labeled with 500 µM MPB for 5, 10, or 15 min
on ice. Q40C shows increased MPB labeling from 5 to 15 min, whereas G181C and
A347C show maximal labeling at 5 min, which is unchanged at 15 min; B, Comparison
of the concentration dependence of labeling of residues G181C and A347C. Vacuoles
were labeled with 2, 10, 50, or 100 µM MPB for 5 min on ice. G181C shows reduced
labeling at 2 and 10 µM MPB, whereas A347C only shows reduced reactivity at 2 µM
MPB. The above Western blots (WB) are representative images of multiple experiments.
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Figure 2.6: Homology model of the N-terminal domain of subunit a indicating the
accessibility of unique cysteine residues to modification by MPB. The homology
model prepared as described in the legend to Figure 2.2 is shown with cysteine residues
that were accessible to modification by MPB in both free V0 and V1V0 complexes
highlighted in green, those that were inaccessible to modification in both free V0 and
V1V0 complexes highlighted in red, and those that showed reduced accessibility to
modification by MPB in V1V0 complexes relative to free V0 highlighted in orange.
Orange residues that show differential labeling in free V0 and V1V0 complexes are
postulated to be located at the interface of the V1 and V0 domains. Top and bottom
images are related by a 90° rotation about a horizontal axis.
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Chapter 3
Identifying novel regulators of V-ATPase assembly that act
downstream or independently of PKA

Relative Contributions
Kristina Cotter performed and analyzed all experiments in this chapter.

102

Rationale
Given the physiological importance of the V-ATPase, its activity is tightly
controlled. A primary mechanism for regulating V-ATPase activity is reversible
dissociation of the two functional domains, as free V1 cannot hydrolyze ATP and free V0
cannot translocate protons. This has been most thoroughly studied in yeast, but has also
been reported in higher eukaryotes (Forgac, 2007; Kane, 2012). Assembly and
disassembly are separately controlled processes, as assembly requires a heterotrimeric
complex called RAVE (Smardon et al., 2002), whereas disassembly requires an intact
microtubular network (Xu and Forgac, 2001). In yeast, disassembly occurs rapidly in
response to glucose depletion and reassembly occurs upon glucose readdition.
Reassembly does not require new protein synthesis and has been proposed to be under the
control of one or more signaling pathways (Parra and Kane, 1998). Recently, a
transposon mutagenesis screen in yeast identified IRA2 as a gene whose disruption
prevents V-ATPase dissociation upon glucose depletion (Bond and Forgac, 2008). Ira2p
is a Ras GAP that acts as a negative regulator of Ras (Tanaka et al., 1990). Ira2p activity
is normally suppressed in the presence of glucose, leading to activation of Ras, which in
turn activates adenylate cyclase, increasing cAMP levels and activating PKA (Rolland et
al., 2002). Our lab showed that activation of the Ras/cAMP/PKA pathway by disruption
of IRA2, expression of a constitutively active Ras mutant (RAS2val119), or constitutive
activation of PKA by disruption of the regulatory subunit BCY1, leads to assembly of the
V-ATPase even in the absence of glucose (Bond and Forgac, 2008). It remains unknown
how PKA promotes V-ATPase assembly. While PKA-mediated phosphorylation of
subunit C has been reported in insects (Voss et al., 2007), our laboratory has been unable
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to detect glucose-dependent phosphorylation of any V-ATPase subunit in yeast (Bond
and Liberman, unpublished work). PKA may thus promote assembly through some
mediator not associated with the V-ATPase complex.
This chapter describes our work in identifying novel regulators of V-ATPase
assembly that are downstream or independent of PKA in yeast. Here, we have employed
a yeast genetic screen using chemical mutagenesis with ethyl methanesulfonate (EMS).
EMS mutagenesis has several advantages over transposon mutagenesis. First, transposon
mutagenesis typically results in complete loss of gene function, and thus the previous
transposon screen was unlikely to detect essential genes involved in assembly. EMS
mutagenesis induces point mutations and thus allows for the generation of partial gain- or
loss-of function mutations (Griffiths et al., 2000). This may allow us to identify essential
genes involved in assembly. Second, unpublished work in our lab has utilized EMS
mutagenesis to identify a non-essential gene upstream of PKA that is involved in
disassembly, suggesting that the transposon screen did not saturate the yeast genome
(Saum and Liberman, unpublished work). Indeed, transposons are not inserted into the
yeast genome uniformly, as there are ‘transposon hot spots’ that are more amenable to
transposon insertion (Pribil and Haniford, 2003; Xu et al., 2011). EMS mutagenesis may
thus allow for the identification of novel regulators of V-ATPase assembly that have not
been identified in previous screens. Further elucidation of the signaling pathways
controlling assembly in yeast may provide important insights into V-ATPase regulation
in mammalian systems and facilitate the targeting of V-ATPases therapeutically.
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Experimental Procedures
Materials and Antibodies — Zymolyase 20T was purchased from Seikagaku America
Inc. Dithiobis(succinimidyl)propionate (DSP) was purchased from Thermo Fisher
Scientific, Inc. Selection media was purchased from Sunrise Science Products. Aprotinin,
leupeptin, and pepstatin were purchased from Roche Molecular Biochemicals. Pre-cast
polyacrylamide mini-protean TGX gels, Tween 20, SDS, nitrocellulose membranes, and
horseradish peroxidase-conjugated goat anti-mouse IgG were purchased from Bio-Rad.
The chemiluminescence substrate for horseradish peroxidase was purchased from
General Electric and the signal detected using Kodak BioMax Light film. The
monoclonal antibody 10D7 against the yeast V-ATPase a subunit was purchased from
Abcam, and the monoclonal antibody 13D11 against the yeast V-ATPase B subunit was
purchased from Invitrogen. The iraΔ deletion strain and its parental strain BY4742 were
purchased from Thermo Fisher Scientific. Ethyl methanesulfonate (EMS), dithiothreitol
(DTT), raffinose, Protein A-Sepharose, phenylmethylsulfonyl fluoride (PMSF), and all
other chemicals were purchased from Sigma.

Yeast Strains and Media — YPH500 (MATα, ura3-52, lys2-801amber, ade2-101ochre,
trp1-Δ63, his3-Δ200, leu2-Δ1) (Sikorski and Hieter, 1989) and BY4742 were maintained
in YPD (1% yeast extract, 2% bacto-peptone, 20% glucose). The BY4742/iraΔ deletion
strain was maintained in YPD + 0.2 mg/mL G418.

EMS Mutagenesis — YPH500 yeast were grown overnight at 30°C at 200 RPM in YPD.
The next day, cell density was adjusted to ~2x108 cells/mL if necessary. 1 mL aliquots of
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the yeast cell suspension were washed twice with water and then resuspended in 1.5 mL
of 0.1 M sodium phosphate buffer, pH 7.0. Next, 0.7 mL of the cell suspension was
added to 1 mL of 0.1 M sodium phosphate buffer containing 20 µL EMS (114.3 mM).
Cells were incubated for 1 h at 30°C with agitation. Next, 400 µL of the cell suspension
was added to 8 mL of 5% sodium thiosulfate to inactivate the EMS and cells were
pelleted. Cells were then washed and resuspended in sterile water and plated onto 0.5%
YPR plates (1% yeast extract, 2% bacto-peptone, 0.5% raffinose, 2% agar). Plates were
incubated at 30°C for 4 days. If any single colonies appeared red on raffinose, they were
plated out on 0.5% YPR, pH 5.5 plates and incubated at 30°C for 4 days to confirm the
color phenotype before secondary screening. While optimizing the minimum
concentration of EMS to use for screening, mutagenized yeast cells were plated on SDArg + 60 µg/mL canavanine minimal medium plates and incubated at 30°C for 4 days
(Winston, 2008).

Glucose-dependent Dissociation Assay — Glucose-dependent dissociation was assessed
as previously described (Bond and Forgac, 2008). Yeast cells were grown in YPD 5.5 to
an OD600 of 0.75-1.0. Two aliquots of each yeast strain equivalent to 10 optical density
units were used for this assay. Yeast were incubated in Tris/DTT buffer (0.1 M Tris-HCl
pH 9.4, 10 mM DTT) at 100 rpm, 30°C, for 10 min to break cell wall bonds, and rinsed
once in spheroplast buffer (1% yeast extract, 2% bacto-peptone, 2% glucose, 0.5 M TrisMes pH 7.5, 0.7 M sorbitol, 2 mM DTT). Cells were then converted to spheroplasts by
incubating in spheroplast buffer containing 1.5 mg Zymolyase 20T at 100 rpm, 30°C, for
40 min. Spheroplasts were washed twice in YPD/0.7 M sorbitol, pH 5.5 (+glucose
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condition) (1% yeast extract, 2% bacto-peptone, 2% glucose, 0.7 M sorbitol, 1X
potassium phosphate/succinic acid pH 5.5) or YEP/1.2 M sorbitol, pH 5.5 (-glucose
condition) (1% yeast extract, 2% bacto-peptone, 1.2 M sorbitol, 1X potassium
phosphate/succinic acid pH 5.5) and then incubated in the appropriate buffer (YPD/0.7M
sorbitol pH 5.5 for +glucose, YEP/1.2 M sorbitol pH 5.5 for –glucose) at 100 rpm, 30°C,
for 30 min. Yeast cells were then lysed in lysis buffer (1X PBS pH 7.4, 1% C12E9, 2
µg/mL aprotinin, 5 µg/mL leupeptin, 0.7 µg/mL pepstatin, 1mM PMSF). Cell lysates
were incubated for 1 h at 4°C in lysis buffer containing 25 mM DSP to crosslink
assembled V1 and V0 domains, pre-cleared with Protein A-Sepharose for 30 min at 4°C,
and then incubated with the monoclonal antibody 13D11 (anti-V1B) at 1:200 overnight at
4°C. The next day, antibodies and bound protein were isolated with Protein A-Sepharose
and separated by SDS-PAGE. After transferring to nitrocellulose, Western blotting was
performed using monoclonal antibodies 10D7 (anti-V0a) and 13D11 (anti-B). Antibodies
were detected using horseradish peroxidase-conjugated secondary antibodies and
chemiluminescent detection reagents.

Results
Primary mutagenesis screen to identify yeast mutants defective in glucose-dependent
disassembly
To identify novel regulators of glucose-dependent V-ATPase assembly in yeast, a
color-based mutagenesis screen was performed to look for mutants that are defective in
dissociation of the two domains upon glucose depletion. The adenine-deficient yeast
strain YPH500 has a defect in the adenine biosynthetic pathway that results in the
107

accumulation of a weakly basic, red pigmented intermediate that accumulates in acidic
compartments. When YPH500 is plated on glucose, the V-ATPase is assembled, the
vacuoles are acidified, and colonies appear red. When the V-ATPase disassembles upon
glucose depletion, the vacuole becomes less acidic and the red pigment does not
accumulate (Figure 3.1A). YPH500 thus appears white when plated on poorly
fermentable carbon sources such as raffinose (Figure 3.1B) (Bond and Forgac, 2008).
EMS was employed to perform the mutagenesis screen. EMS induces the
alkylation of guanine, creating O-6-alkylguanine, which pairs with thymine rather than
cytosine. This leads to the generation of single GC à AT transition point mutations
(Griffiths et al., 2000). EMS treatment can result in complete or partial loss- or gain-offunction mutations. In this sense, EMS mutagenesis allows us to screen for essential and
non-essential genes involved in regulating assembly. The color phenotype of YPH500
allows us to screen for mutants generated from EMS mutagenesis that are defective in VATPase disassembly, as these mutants will remain red on raffinose (Figure 3.1B).
EMS mutagenesis conditions were optimized in order to find the lowest EMS
dose that both ensured no more than 40% cell death and consistently induced mutations
in the CAN1 gene, which allows for growth in the presence of the toxic arginine analog
canavanine (Winston, 2008). YPH500 was then mutagenized with EMS as described in
Experimental Procedures and plated on 0.5% raffinose (YPR) plates. Colonies that
remained red on 0.5% YPR after 4 days at 30°C were selected for more stringent
screening. From 61,118 colonies screened, 307 had a red or pink hue. These potential
candidates were re-plated on 0.5% YPR pH 5.5 to confirm the phenotype. In selecting
candidates for secondary screening, we looked for mutants that displayed a strong and
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Figure 3.1: Strategy for the color-based EMS mutagenesis screen to identify genes
that are involved in regulating glucose-dependent assembly of the V-ATPase. A, The
wild-type YPH500 yeast strain has a mutation in the adenine biosynthetic pathway that
results in the accumulation of a red pigmented intermediate in acidic vacuoles. When
YPH500 is plated on glucose, the V-ATPase is assembled, the vacuole is acidic, and the
red pigment accumulates. During glucose depletion, the V-ATPase disassembles and
vacuoles become less acidic, and the red pigment does not accumulate. B, YPH500
colonies appear red when plated on glucose. When plated on the poorly fermentable
carbon source raffinose, the V-ATPase disassembles and colonies appear white. YPH500
mutants that have a defect in glucose-dependent disassembly will remain red on
raffinose.
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consistent color phenotype as to not hamper future complementation studies. From the
307 colonies selected, 47 mutants displayed a consistent color phenotype and were
selected for the secondary screen (Figure 3.2 and Table 3.1). Images of representative
mutants can be found in Figure 3.3.

Secondary screening of red-on-raffinose YPH500 mutants
The red-on-raffinose phenotype of the 47 mutants selected for secondary
screening may be the result of a defect in in vivo V-ATPase disassembly upon glucose
depletion. To determine whether this is the case, a glucose-dependent dissociation assay
(GDDA) was performed. Yeast spheroplasts were isolated as described in Experimental
Procedures and incubated in the presence or absence of glucose. Immunoprecipitation
(IP) of the V-ATPase was performed using an antibody against V1B. Assembly was then
assessed by Western blotting for the relative amounts of V0a that co-IPs with V1B. In
wild-type yeast, the amount of V0a that co-IPs with V1B is reduced in the absence of
glucose. In mutants that are defective in V-ATPase disassembly, the amount of V0a that
co-IPs with V1B will not be reduced upon glucose depletion. The yeast strain
BY4742/ira2Δ, which lacks the IRA2 gene, is used as a positive control. This strain is
defective in glucose-dependent disassembly as compared to wild-type YPH500 (Figure
3.4) and the BY4742 parental strain (not shown), as previously reported (Bond and
Forgac, 2008).
Of the 47 mutants selected for secondary screening, 14 were tested for a defect in
glucose-dependent disassembly. As shown in Figure 3.4, 6 of the 14 YPH500 mutants
appear to exhibit V-ATPase disassembly in the absence of glucose. It is important to note

110

Figure 3.2: Summary of results from the primary mutagenesis screen. YPH500 was
mutagenized with EMS and cells plated on 0.5% raffinose plates. Mutants that
consistently appeared red on raffinose were selected for secondary screening.
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Name

Name

6124

70922

6125

7253

6186

7255

6267

82601

61842

82606

62012

82609

62019

82610

62020

82619

62025

9036

62045

9038

62060

9246

62610

9247

62612

9249

7091

92410

7092

92416

7095

92417

7097

92421

70910

92423

70912

92425

70916

93010

70917

93012

70918

93014

70919

93017

70920

Table 3.1: List of YPH500 mutants selected for secondary screening
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Figure 3.3: Representative color phenotypes of YPH500 mutants selected for
secondary screening. After EMS mutagenesis, 47 YPH500 mutants displayed a
consistent red or pink hue on 0.5% raffinose plates. These mutants may have a defect in
V-ATPase disassembly upon glucose depletion and were selected for secondary
screening. Images of wild-type YPH500 and representative YPH500 color mutants plated
on 0.5% raffinose plates are pictured above.
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that there can be variability in the degree of V-ATPase disassembly observed upon
glucose depletion in the GDDA, as illustrated by the variability in dissociation of the
wild-type YPH500 in panels A-C of Figure 3.4. Nevertheless, the degree of disassembly
observed for YPH500 was greater than for the ira2Δ positive control strain in all trials.
The V-ATPase does not appear more assembled in the absence of glucose in any of the
mutants in Figure 3.4 relative to the YPH500 wild-type strain. This suggests that these
mutants are not defective in glucose-dependent disassembly, despite their red-onraffinose phenotype.
As shown in Figure 3.5, 8 of the 14 mutants tested show reduced disassembly
upon glucose depletion relative to YPH500. Several of these mutants, such as 92421
(Figure 3.5A) and 61842 (Figure 3.5B) exhibit partial blocks in disassembly. In these
cases, the V-ATPase does not stay as assembled in the absence of glucose as in the ira2Δ
strain, but assembly is greater than observed in wild-type YPH500. On the other hand,
mutants such as 9249 (Figure 3.5A) and 82609 (Figure 3.5B) appear similar to ira2Δ
and do not exhibit any degree of disassembly in the absence of glucose. It is important to
note that of the mutants tested in the secondary screen, only 6124 (Figure 3.4B) and
82609 (Figure 3.5B) were tested twice. All of the other mutants only have an n of 1 and
thus need to be re-tested to confirm whether or not they are positive hits. The remaining
33 mutants have yet to be tested (Figure 3.6).
Once mutants have been confirmed to be defective in glucose-dependent VATPase disassembly, each mutant strain will be crossed with an isogenic strain of the
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Figure 3.4: YPH500 mutants that are not defective in glucose-dependent V-ATPase
dissociation. A-C, YPH500, ira2Δ, and 6 of the 47 YPH500 mutants selected for
secondary screening were converted to spheroplasts and incubated in the presence or
absence of glucose for 30 min. The V-ATPase was IPed with an anti-V1B antibody and
Western blotting performed using anti-V1B and anti-V0a antibodies, as described in
Experimental Procedures. YPH500 exhibits glucose-dependent V-ATPase dissociation,
as demonstrated by a reduced amount of V0a that co-IPs with V1B in the absence of
glucose. ira2Δ serves as a positive control and does not exhibit glucose-dependent VATPase dissociation. None of the six mutants tested above exhibit a defect in
disassembly. Each blot represents a separate GDDA. A and C, n=1. B, n=2.
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Figure 3.5: YPH500 mutants that are potentially defective in glucose-dependent VATPase dissociation. A-B, YPH500, ira2Δ, and 8 of the 47 YPH500 mutants selected
for secondary screening were converted to spheroplasts and incubated in the presence or
absence of glucose for 30 min. The V-ATPase was IPed with an anti-V1B antibody and
Western blotting performed using anti-V1B and anti-V0a antibodies, as described in
Experimental Procedures. YPH500 exhibits glucose-dependent V-ATPase dissociation,
as demonstrated by a reduced amount of V0a that co-IPs with V1B in the absence of
glucose. ira2Δ serves as a positive control and does not exhibit glucose-dependent VATPase dissociation. Each of the eight mutants tested above exhibit a partial or complete
defect in V-ATPase disassembly upon glucose depletion. Each blot represents a separate
GDDA, n=1 except for mutant 82601, n=2.
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opposite mating type to test whether the mutation is recessive. If the mutation is
recessive, wild-type copies of IRA2 and the PKA regulatory subunit BCY1 will be
expressed in the mutant strains to confirm that the mutations are not in either of these
genes. Next, the LEU2 (p366) CEN genomic library can then be used for
complementation analysis of each positive hit. After transformation with the genomic
library, the complementing plasmid can be isolated from colonies that revert back to a
white-on-raffinose phenotype and the genes present on the plasmid identified by DNA
sequencing. Expression of each gene present on the plasmid individually in the mutant
strain will allow for identification of the complementing gene.
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Figure 3.6: Summary of secondary screening results. 47 YPH500 mutants were
selected for secondary screening based on their consistent red color phenotype on 0.5%
raffinose plates. 14 of these mutants were tested for a defect in glucose-dependent VATPase dissociation. Of the 14 candidates tested, 8 are potential positive hits.
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Chapter 4
Activity of plasma membrane V-ATPases is critical for the invasion of
MDA-MB231 breast cancer cells
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Rationale
Recent work has implicated the V-ATPase in the invasive phenotype of breast
cancer cells. The in vitro invasive and migratory capabilities of several breast cancer cell
lines are inhibited by treatment with the V-ATPase inhibitors ConA, bafilomycin, and
archazolid (Capecci and Forgac, 2013; Hinton et al., 2009b; Sennoune et al., 2004;
Wiedmann et al., 2012). Moreover, invasive breast cancer cell lines such as MB231 and
MCF10CA1a cells, but not noninvasive MCF7 cells or MCF10a breast epithelial cells,
express V-ATPases at the plasma membrane (Capecci and Forgac, 2013; Sennoune et al.,
2004). Consistent with this finding, MB231 cells overexpress the subunit a isoforms a3
and a4, which localize the V-ATPase to the plasma membrane in specialized cell types,
relative to MCF7 cells (Forgac, 2007; Hinton et al., 2009b). Knockdown of a3 or a4
using isoform-specific siRNAs inhibits MB231 cell invasion, and a4 knockdown reduces
V-ATPase localization to the plasma membrane (Hinton et al., 2009b). Similarly, a3 is
also overexpressed in MCF10CA1a breast cancer cells relative to the parental MCF10a
epithelial cell line, and a3 knockdown significantly reduces MCF10CA1a invasion.
Importantly, a3 overexpression significantly increases invasiveness and V-ATPase
localization to the plasma membrane in MCF10a cells (Capecci and Forgac, 2013). While
these results implicate plasma membrane V-ATPases in breast cancer cell invasion, it is
unclear whether they are required for this process. Inhibitors such as ConA, bafilomycin,
and archazolid are membrane-permeable, and thus inhibit all of the V-ATPases in the
cell. Furthermore, knockdown of specific subunit a isoforms could alter plasma
membrane V-ATPase localization or reduce the secretion of pro-invasive factors by
impairing intracellular trafficking. Prolonged and complete inhibition of V-ATPase
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activity is lethal in higher eukaryotes (Gottlieb et al., 1995; Ishisaki et al., 1999;
Karwatowska-Prokopczuk et al., 1998). The elucidation of whether intracellular, plasma
membrane, or all V-ATPases in the cell contribute to an invasive phenotype is thus
critical as we evaluate mechanisms by which the pump can be safely inhibited in vivo. In
this study, we have employed two separate methods to specifically ablate plasma
membrane V-ATPase activity and have assessed the effects of this ablation on breast
cancer cell invasion and migration. Our results demonstrate that specific inhibition of
plasma membrane V-ATPases inhibits in vitro invasion and migration of MB231 breast
tumor cells. These results have significant implications for the design of V-ATPase
inhibitors that can be used safely and effectively in vivo to reduce metastasis.

Experimental Procedures
Materials and Antibodies — DMEM, FBS, penicillin-streptomycin, PBS, 0.05% trypsinEDTA, Lipofectamine 2000, Blasticidin S, the Vivid ColorsTM pcDNATM6.2/N-EmGFPGW/TOPO® mammalian expression vector, the mouse monoclonal antibody recognizing
the V5 epitope, the Alexa Fluor® 488-conjugated goat anti-rabbit secondary antibody,
the Alexa Fluor® 488-conjugated goat anti-mouse secondary antibody, the Alexa Fluor®
568 phalloidin antibody, the Alexa Fluor® 594 phalloidin antibody, and ProLong® Gold
were purchased from Invitrogen. Aprotinin, leupeptin, and pepstatin were purchased from
Roche Molecular Biochemicals. Pre-cast polyacrylamide mini-protean TGX gels, Tween
20, SDS, nitrocellulose membranes, and horseradish peroxidase-conjugated goat antimouse IgG were purchased from Bio-Rad. The chemiluminescence substrate for
horseradish peroxidase was purchased from General Electric and the signal detected
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using Kodak BioMax Light film. A mouse monoclonal antibody that recognizes the VATPase V1A subunit was purchased from Abnova and mouse monoclonal antibodies
against the V-ATPase V0d subunit and the β1 subunit of the (Na+,K+)-ATPase (clone
M17-P5-F11) were purchased from Abcam. A mouse monoclonal antibody recognizing
α-tubulin was purchased from Genscript. The rabbit polyclonal antibody recognizing the
V-ATPase V1E subunit was obtained from Dr. Moshe Reuveni at the Department of
Ornamental Horticulture, ARO Volcani Center, Israel. SNARF-1 was purchased from
Life Science Molecular Probes. Fluoroblok inserts with 8-µm pores were purchased from
BD Biosciences and MatrigelTM was purchased from Corning. Zymolyase 20T was
purchased from Seikagaku American, Inc. PMSF, the mouse monoclonal antibody
against vinculin, calcein AM, streptavidin, concanamycin A and all other chemicals were
purchased from Sigma.

Cell Culture — The human breast cancer cell line MDA-MB231 was purchased from
American Type Culture Collection (ATCC). MB231 cells were grown in FalconTM T-75
flasks in Dulbecco’s Modified Eagle’s Medium (DMEM) with phenol red, 25 mM Dglucose, 4 mM 1-glutamine, and 1 mM sodium pyruvate supplemented with 10% FBS,
60 µg/mL penicillin, and 125 µg/mL streptomycin. Cells were grown in a 95% air, 5%
CO2 humidified environment at 37°C.

Plasmid Transfection — cDNA encoding the human c subunit was amplified by PCR and
cloned into the Vivid ColorsTM pcDNATM6.2/N-EmGFP-GW/TOPO® mammalian
expression vector to allow for C-terminal expression of the V5 epitope. GFP was
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removed from the plasmid and successful deletion of GFP and insertion of the human c
subunit cDNA were verified by sequencing. 15 µg of the plasmid was transfected into
MB231 cells using Lipofectamine 2000 in accordance with the manufacturer’s
recommendations. Stable transfection was achieved by treatment of cells with 7.5 µg/mL
Blasticidin S for 21 days, beginning 3 days post-transfection. Cells were subsequently
maintained under selective conditions.

Cell Lysis and Western Blotting — Cells were harvested by trypsinization, resuspended in
lysis buffer with protease inhibitors (PBS-EDTA containing 137 mM NaCl, 1.2 mM
KH2PO4, 15.3 mM Na2HPO4, 2.7 mM KCl, 2 mM EDTA (pH 7.2), 2 µg/mL aprotinin, 5
µg/mL leupeptin, 1 µg/mL pepstatin, and 1 mM PMSF), and lysed by sonication. Cell
lysates were centrifuged for 5 min at 4°C at 500 × g to remove cellular debris. Protein
concentrations were determined using the Lowry method (Lowry et al., 1951). SDS
sample buffer was added to the lysates and proteins were separated by SDS-PAGE on 4–
15% gradient acrylamide gels. The presence of the V5 epitope, subunit V1A, subunit V0d,
α-tubulin, or vinculin was detected by Western blotting using mouse monoclonal
antibodies followed by a horseradish peroxidase-conjugated secondary antibody. Blots
were developed using chemiluminescent detection reagents. Western blots were
quantified using ImageJ software with corrections made for loading.

Immunocytochemistry — A mouse monoclonal antibody raised against the V5 epitope
was used to localize the V5-tagged subunit c in transfected cells and a rabbit polyclonal
antibody against the V-ATPase subunit V1E was used to localize the V-ATPase in
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untransfected and transfected cells. Cells were plated onto 24 x 24 mm coverslips coated
with poly-D-lysine in 6-well plates. Approximately 24 h later, cells were washed, fixed
with 4% paraformaldehyde and either permeabilized with 0.1% Triton-X-100 or
incubated in phosphate buffered saline (PBS) for non-permeabilized cells. Nonspecific
binding was blocked by incubation with 1% bovine serum albumin in PBS for 1 h. Cells
were then incubated with the anti-V5 antibody at a 1:5000 dilution or the anti-V1E
antibody at a 1:1000 dilution overnight at 4°C, washed with PBS, and then incubated
with Alexa Fluor® 594 phalloidin or Alexa Fluor® 568 phalloidin to stain F-actin (1:250
dilution) and the Alexa Fluor® 488-conjugated goat anti-mouse secondary antibody
(1:1000 dilution) or the Alexa Fluor® 488-conjugated goat anti-rabbit secondary
antibody (1:500 dilution). After 2 h of incubation at room temperature, the cells were
washed with PBS. The cells were prepared for viewing using ProLong® Gold mounting
medium and allowed to cure at room temperature for 24 h. The stained cells were imaged
using a Leica TCS SPE confocal microscope. The results from three separate experiments
were analyzed. To quantify plasma membrane V-ATPase staining, 90 cells from the three
separate experiments were counted and the percentage of cells showing plasma
membrane V-ATPase was determined.

Cytosolic pH Measurements — Cells were grown on rectangular coverslips (8 x 22 mm)
and treated overnight with or without the anti-V5 antibody. Cells were then loaded with
SNARF-1 (5-[and-6] carboxy-SNARF-1-AM) to measure cytosolic pH. Cells were
transferred to a cell perfusion system and were continuously perfused at 3.0 mL/min at
37°C with Cell Superfusion Buffer (CSB) containing: 1.3 mM CaCl2, 1 mM MgSO4, 5.4
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mM KCl, 0.44 mM KH2PO4, 110 mM NaCl, 0.35 mM NaH2PO4, 5 mM glucose, 2 mM
glutamine, and 20 mM HEPES at pHex 7.4. The emission spectra of SNARF-1 (644/584
nm) were acquired using 534 nm as the excitation wavelength. The conversion of ratio
values to cytosolic pH (pHcyt) was performed as previously described (Hinton et al.,
2009b). The fluorescence was monitored with a SLM-8100/DMX spectrofluorometer
(Spectronics Instruments, Rochester, NY) equipped for sample perfusion. The sample
temperature was maintained at 37°C by keeping both the water jacket and perfusion
media at 37°C using an iso-temperature immersion circulator water bath (Lauda model
RM20, Brinkmann Instruments, Westbury, NY). All measurements were performed using
4 nm-bandpass slits and an external rhodamine standard as a reference. Fluorescence data
were converted to ASCII format for analyses.
In Situ Calibration of SNARF-1 — In situ calibration curves were generated as described
previously (Hinton et al., 2009b). Briefly, the cells attached to cover slips were perfused
with High K+ buffer (10 mM NaCl, 146 mM KCl, 10 mM HEPES, 10 mM MES, 10 mM
Bicine, 2 µM valinomycin and 6.8 µM nigericin, 5 mM glucose, 2 mM Glutamine, pH
5.5 to 8.0 adjusted with NaOH). The buffer contains high K+ to approximate the
intracellular K+ concentration. Nigericin is an ionophore that exchanges H+ and K+ across
the membrane, rendering the pHcyt equal to the extracellular pH (pHex). Valinomycin is
an ionophore that moves K+ across the plasma membrane and, together with nigericin,
helps to equilibrate pHcyt and pHex. The pH of the buffers was determined using a
Beckman pH meter with a glass electrode (Corning Inc., Horseheads, NY) calibrated at
37°C with commercially available standard solutions (VWR Scientific, San Francisco,
CA). The ratios (R=644/584) of SNARF-1 were converted to pH using a modified
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Henderson-Hasselbalch equation (Roos and Boron, 1981). The equation was solved using
nonlinear least squares analysis with Sigma Plot to obtain the values of pKa, Rmin, and
Rmax for SNARF-1 in these cells.
Plasma Membrane Proton Flux Measurements —The initial rate of pHcyt recovery from
an acid load induced by K+-acetate was measured as the dpH/dt, which is the slope of the
linear regression curve relating time and pHcyt. Cells loaded with SNARF-1 were
perfused with CSB until the steady-state pHcyt was reached. The cells were then perfused
with 50 mM K+-acetate in HCO3- and Na+-free CSB to eliminate the contribution of
potential HCO3- transporters and Na+/H+ exchanger. The perfusion with K+-acetate will
cause a rapid intracellular acidification followed by a subsequent pHcyt recovery. We then
evaluated the pHcyt recovery from this acidification within the first 3 min. The individual
pHcyt data points were then used to plot a linear regression curve relating time and ΔpHcyt.
To quantify the pHcyt recovery, we expressed the recoveries as proton flux (JH+) which is
given by the apparent H+ buffering (BH+ capacity multiplied by the dpH/dt) (Roos and
Boron, 1981).
Cell Fractionation and Analysis of V-ATPase Assembly — Cell fractionation was
performed as previously described (Liberman et al., 2014). Cells were harvested by
trypsinization, washed in cold PBS, and resuspended in homogenization buffer (250 mM
sucrose, 1 mM EDTA, 10 mM HEPES, 2 µg/mL aprotinin, 2 µg/mL leupeptin, 2 µg/mL
pepstatin, and 1 mM PMSF). Cells were then homogenized using a ball-bearing
homogenizer that allows 10 µm of clearance. Cells were passed through the homogenizer
20 times and the lysate centrifuged at 500 x g for 10 min at 4°C to pellet nuclei and cell
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debris. The supernatant was then centrifuged at 100,000 x g for 30 min at 4°C to separate
the membrane and cytosolic fractions. The cytosolic fraction was concentrated using an
Amicon Ultra filter with a 10-kDa cut-off and the membrane pellet was resusupended in
homogenization buffer. Protein concentration was determined by the Lowry method
(Lowry et al., 1951). Protein from each fraction was separated by SDS-PAGE and a
Western blot performed as described above. The anti-V0d antibody and the anti-vinculin
antibody were used as loading controls for the membrane fraction and the cytosolic
fraction, respectively, and the anti-V1A antibody was used to assess the relative amounts
of the V1 domain in the cytosolic and membrane fractions. Western blots were
quantitated using Image J software with corrections made for loading. The ratio of the
amounts of the V1A subunit in the membrane fraction versus the cytosolic fraction was
calculated and served as a measurement of V-ATPase assembly. The ratio for each
experimental condition tested was divided by the ratio observed for untreated MB231
cells to normalize the results. To examine whether treatment with the anti-V5 antibody
altered V-ATPase assembly, cells were treated with or without anti-V5 at a concentration
of 1:500 for 8 h prior to harvesting.

Invasion and Migration Assays — Assays for in vitro invasion and migration were
performed as described previously (Capecci and Forgac, 2013; Hinton et al., 2009b;
Sennoune et al., 2004). Fluoroblok inserts with an 8-µm pore size membrane were placed
into the wells of a 24-well plate (Partridge and Flaherty, 2009). To evaluate invasion,
MatrigelTM was diluted to a final concentration of 0.2 µg/µL, and a total of 11 µg was
coated onto the membrane in each well. The membrane was allowed to dry overnight
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under vacuum at room temperature. MatrigelTM-coated membranes were rehydrated with
60 µL DMEM plus phenol red, 25 mM D-glucose, 4 mM 1-glutamine, and 1 mM sodium
pyruvate (termed “Medium”) for at least 2 h. For evaluation of the effects of the anti-V5
antibody on in vitro invasion and migration, cells were harvested by trypsinization and
brought to a concentration of 1.75 × 105 cells/mL in Medium containing DMSO, 100 nM
of the V-ATPase specific inhibitor ConA (positive control), or the monoclonal anti-V5
antibody at a dilution of 1:500. Cells were incubated for 15 min on ice and then 5.0 × 104
cells were seeded onto the MatrigelTM-coated membranes (invasion) or uncoated
membranes (migration). Inserts were then placed into wells of a 24-well plate that
contained 500 µL of Medium plus 5% FBS to serve as a chemoattractant. After 8 h at
37°C, membranes were placed into wells containing 4 µg/mL calcein AM in PBS and
incubated for 5 min at 37°C in 5% CO2. Cells that had migrated or invaded to the transmembrane were quantitated using a Zeiss Axiovert 10 fluorescence microscope and an
average of 10 images were taken per well. To confirm that antibody binding to an
extracellular epitope does not by itself affect invasiveness, we performed an overnight in
vitro MatrigelTM invasion assay with MB231 cells treated with or without an antibody
against the extracellular epitope of the β1 subunit of the (Na+,K+)-ATPase (1:250
dilution). The number of invading cells was averaged over three wells per condition with
all experiments performed at least three times. For evaluation of the effects of
streptavidin-bound, biotin-conjugated bafilomycin on in vitro invasion and migration,
1500 nM biotin-conjugated bafilomycin (received as a gift from Dr. Markus Huss,
Universität Osnabrück in Osnabrück, Germany) and 750 nM streptavidin were allowed to
bind by rotating the compounds together for 1 h at 4°C. Invasion and migration assays
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were performed as described above, with cells being brought to a concentration of 1.75 ×
105 cells/mL in Medium containing DMSO and 750 nM streptavidin, 100 nM ConA, or
1500 nM biotin conjugated bafilomycin and 750 nM streptavidin and incubated for 15
min at 37°C before being seeded onto the coated or uncoated membranes.

Yeast Culture Conditions and Isolation of Vacuolar Membrane Vesicles — The yeast
strain YPH500 (MATα, ura3-52, lys2-801amber, ade2-101ochre, trp1-Δ63, his3-Δ200,
leu2-Δ1) (Sikorski and Hieter, 1989) was maintained in YPD (1% yeast extract, 2%
bacto-peptone, 2% glucose) buffered to pH 5.5. Vacuolar membranes were isolated as
described in Chapter 2 (Liberman et al., 2014). Protein content was measured using the
Lowry method (Lowry et al., 1951).

Assessment of ATP-dependent Proton Transport Activity in Yeast —ATP-dependent
proton transport was measured as described in Chapter 2 (Liberman et al., 2013).
Fluorescence quenching of the fluorescence probe 9-amino-6-chloro-2-methoxy-acridine
in transport buffer (25 mM MES/Tris, pH 7.2, 5 mM MgCl2) was measured in the
presence or absence of DMSO/0.5 µM streptavidin, 1 µM biotin-conjugated bafilomycin,
or 1 µM biotin-conjugated bafilomycin bound to 0.5 µM streptavidin. Biotin-conjugated
bafilomycin and streptavidin were allowed to bind by rotating the compounds together
for 1 h at 4°C before starting experiments.
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Statistical analysis — Graphed data are averages from the indicated number of
independent experiments. A two-tailed, unpaired Student’s t test was used to calculate
significance. p < 0.05 was considered significant.

Results
MDA-MB231 cells stably transfected with a V5-tagged construct of subunit c of the VATPase express the V5 epitope at the plasma membrane
To determine whether plasma membrane V-ATPases are critical to the
invasiveness of MDA-MB231 cells, cells were first stably transfected with a construct
expressing the proteolipid c subunit of the V-ATPase tagged with the V5 epitope at the
C-terminus (termed c-V5). The C-terminus of subunit c has previously been shown to be
present on the luminal surface of the protein such that, for a V-ATPase complex present
at the plasma membrane, this epitope would be exposed on the extracellular surface of
the membrane (Flannery et al., 2004). Furthermore, as the c subunit is present in several
copies per V-ATPase, selection of this subunit for epitope tagging enhances the
likelihood that the epitope will be incorporated into most, if not all, of the V-ATPases in
the cell (Forgac, 2007; Powell et al., 2000). Expression of the c-V5 construct in the
MB231 transfected cells was verified by Western blotting of whole cell lysates (Figure
4.1A). We next wanted to determine whether c-V5 containing V-ATPases were present at
the plasma membrane. To address this, immunocytochemistry was conducted using an
anti-V5 antibody in cells that either were or were not permeabilized by treatment with
0.1% Triton X-100. As shown in Figure 4.1B, permeabilized cells were readily stained
with phalloidin, which stains the intracellular marker F-actin, whereas non-permeabilized

130

Figure 4.1: c-V5-transfected cells express V5 both intracellularly and at the plasma
membrane. A, Cell lysates were prepared from untransfected cells and cells transfected
with the V5-tagged construct of subunit c. For each preparation, 20 µg of protein was
separated by SDS-PAGE using 4–15% gradient acrylamide gels, and proteins were
transferred to nitrocellulose. Immunoblotting was conducted using monoclonal antibodies
against V5 and α-tubulin as described under Experimental Procedures. The blot displayed
is representative of data obtained from two separate experiments. B, c-V5-transfected
cells were grown as a monolayer on coverslips in 6-well plates. Permeabilized cells
(Perm) were treated with 0.1% Triton X-100 for 5 min, whereas nonpermeabilized cells
(Non-Perm) were not. Cells were immunostained using a monoclonal antibody against
V5 and Alexa Fluor® 594 phalloidin to stain actin followed by incubation with
secondary antibodies as described under Experimental Procedures. Images were taken
with identical exposure times and antibody concentrations. The top panels show
permeabilized cells, whereas the bottom panels show nonpermeabilized cells. The left
panels display phalloidin staining, the middle panels display V5 staining, and the right
panels display the merged images. The results shown are representative of three
independent trials.

131

cells showed no phalloidin staining, confirming that cells remained impermeable to
antibodies under the conditions of fixation employed. Staining with the anti-V5 antibody
was observed in both permeabilized and non-permeabilized c-V5 expressing cells. In
permeabilized cells, both diffuse and punctate staining for V5 was observed, with
significant perinuclear staining, consistent with localization to intracellular compartments
such as the Golgi and lysosomes. By contrast, in non-permeabilized cells, only diffuse
staining with the anti-V5 antibody was observed, indicating the presence of V5-tagged VATPase complexes diffusely distributed over the surface of cells (Figure. 4.1B). No
staining with the V5 antibody was observed in untransfected MB231 cells (data not
shown), indicating that the antibody specifically recognizes the V5 epitope.

Treatment of c-V5 expressing cells with an anti-V5 antibody causes acidification of the
cytoplasm
To investigate the effect of addition of the anti-V5 antibody on cytosolic pH
(pHcyt) in cells expressing the c-V5 construct, the fluorescence pH indicator SNARF-1
was employed. Transfected and untransfected MB231 cells were loaded with SNARF-1
and cytosolic pH was determined by measuring the ratio of fluorescence intensity at 644
and 584 nm upon excitation at 534 nm, as described under Experimental Procedures. As
shown in Figure 4.2, c-V5 expressing cells had a more alkaline cytosolic pH than
untransfected cells. Addition of the anti-V5 antibody decreased the pHcyt of c-V5
expressing cells but did not affect the pHcyt of untransfected cells.
To determine whether the higher cytosolic pH observed in c-V5 expressing cells
was due to an increase in total V-ATPase expression, we examined the protein levels of

132

Figure 4.2: c-V5-transfected cells experience a reduction in cytosolic pH following
incubation in the presence of an anti-V5 antibody. Untransfected control or c-V5transfected cells were treated with or without a monoclonal antibody against V5 and then
loaded with the pH-sensitive fluorescence probe SNARF-1. Cytosolic pH was measured
as described under Experimental Procedures. The values represent the mean cytosolic pH
and error bars indicate S.D. (n = 9). *, p < 0.05 compared with untreated untransfected
cells. Statistical significance was determined by a two-tailed, unpaired Student’s t test.
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subunit A (part of the V1 domain) and subunit d (part of the V0 domain) by Western
blotting of whole cell lysates using anti-A and anti-d subunit antibodies. As shown in
Figure 4.3A, no difference in expression levels of subunit A or subunit d was observed
between untransfected and transfected MB231 cells, indicating that expression of the cV5 protein did not alter total V-ATPase expression. Next, we assessed whether the more
alkaline cytosolic pH observed in c-V5 expressing cells was due to an alteration in VATPase assembly. To test this, untransfected and transfected cells were homogenized and
the cytosolic and membrane fractions isolated by high-speed centrifugation followed by
Western blotting using antibodies against subunits A and d (Liberman et al., 2014). A
change in assembly would be reflected as a shift in subunit A between the cytosolic and
membrane fractions. No difference in assembly was observed between untransfected and
transfected cells (Figure 4.3B). Finally, we assessed whether the more alkaline pH in
transfected cells was a result of increased V-ATPase expression at the plasma membrane.
To address this, immunocytochemistry was performed using an anti-V1E antibody on
permeabilized cells. This subunit is present in all of the V-ATPases in the cell (Forgac,
2007). Phalloidin was used to stain actin and outline the cell periphery. Co-localization of
subunit E and phalloidin at the cell periphery was used to identify plasma membrane VATPases, as previously described (Capecci and Forgac, 2013; Hinton et al., 2009b). As
shown in Figure 4.3C, untransfected and transfected cells exhibited a similar localization
of V-ATPases and a similar fraction of cells showed staining for V-ATPases at the cell
periphery. While it remains unclear why c-V5 transfected cells experience a more
alkaline cytosolic pH, our results suggest that expression of c-V5 does not alter VATPase expression, assembly, or localization in MB231 cells.
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Figure 4.3: The more alkaline cytosolic pH of c-V5-transfected cells is not a result of
enhanced V-ATPase subunit expression, an alteration in pump assembly, or plasma
membrane localization. A, Cell lysates from untransfected control cells and cells
transfected with c-V5 were prepared. 10 µg of protein for each sample was separated by
SDS-PAGE using 4–15% gradient acrylamide gels, and proteins were transferred to
nitrocellulose. Immunoblotting was conducted using monoclonal antibodies against
subunit A, subunit d1, and vinculin. The blot displayed is representative of data obtained
from three separate experiments. Western blots from each experiment were quantitated,
and the ratio of the expression of subunits A and d in transfected cells versus
untransfected cells was calculated. B, Untransfected control and c-V5-transfected cells
were harvested, and cytosolic (lanes C) and membrane (lanes M) fractions were prepared
as explained under Experimental Procedures. 19 µg of protein from each fraction was
then separated by SDS-PAGE using 4–15% gradient acrylamide gels, and proteins were
transferred to nitrocellulose. Immunoblotting was conducted using monoclonal antibodies
against subunit A, subunit d1, and vinculin (not pictured). The blot displayed is
representative from three separate experiments. The ratio of subunit A in the membrane
versus the cytosolic fraction was calculated as a measure of V-ATPase assembly. The
graphed data represent the average degrees of assembly for transfected cells relative to
untransfected cells. C, Untransfected control and c-V5-transfected cells were grown as a
monolayer on coverslips in 6-well plates. Permeabilized cells were immunostained using
an antibodies against the V1E subunit of the V-ATPase and Alexa Fluor® 568 phalloidin
to stain actin followed by incubation with secondary antibodies as described under
Experimental Procedures. Images were taken with identical exposure times and antibody
concentrations. The three panels show representative staining for phalloidin (left panel),
V1E (middle panel), and the merged images (right panel) for both untransfected and
transfected cells. White arrows indicate plasma membrane V-ATPase expression. To
quantitate plasma membrane V-ATPase expression, 90 cells from three separate
experiments were counted, and the number of cells showing plasma membrane VATPase localization was determined. The graphed data represent the percentage of
untransfected cells and c-V5-transfected cells that exhibit plasma membrane V-ATPase
localization. All error bars indicate S.E.
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Treatment of c-V5 expressing cells with an anti-V5 antibody inhibits proton flux across
the plasma membrane
To assess whether addition of the anti-V5 antibody inhibits proton flux across the
plasma membrane of c-V5 expressing cells, the rate of pHcyt recovery following an acute
acid load induced by K+-acetate was monitored as described under Experimental
Procedures. Cells loaded with SNARF-1 were first perfused with buffer in the absence of
HCO3− and Na+ to eliminate the contributions of HCO3− transporters and Na+/H+
exchangers to proton flux. Cells were subsequently equilibrated with 50 mM K+-acetate
resulting in a rapid intracellular acidification followed by a subsequent pHcyt recovery.
The rate of proton extrusion (JH+) during the first 3 min of pHcyt recovery was measured.
As shown in Figure 4.4A, no difference in proton flux across the plasma membrane was
observed between untransfected and transfected cells. Upon addition of the anti-V5
antibody, proton flux was significantly reduced in c-V5 expressing cells but not in
untransfected cells. These results suggest that the anti-V5 antibody inhibits proton flux
across the plasma membrane of c-V5 transfected cells by blocking the activity of VATPases.
Next, we determined whether the anti-V5 antibody inhibits V-ATPase activity in
c-V5 expressing cells by reducing assembly of the two functional domains. We incubated
untransfected and transfected cells in the presence or absence of the anti-V5 antibody for
8 h and assessed V-ATPase assembly as described above. As shown in Figure 4.4B,
treatment of transfected cells with the anti-V5 antibody did not cause a decrease in VATPase assembly. The small - and not significant - increase in assembly observed after
antibody treatment may be the result of reduced disassembly of the V-ATPase complex
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Figure 4.4: Treatment with anti-V5 antibody reduces proton flux across the plasma
membrane of c-V5-transfected cells without altering V-ATPase assembly. A,
Untransfected control and c-V5-transfected cells were incubated in the absence or
presence of a monoclonal antibody against V5 and then loaded with SNARF-1. Cells
were perfused with 50 mM K+-acetate, which causes a rapid intracellular acidification
followed by a pHcyt recovery. The rate of proton extrusion (JH+) during pHcyt recovery
was measured as described under Experimental Procedures. The values are the mean of
nine experiments and error bars indicate S.D. *, p < 0.05 compared with untreated
untransfected cells. Statistical significance was determined by a two-tailed, unpaired
Student’s t test. B, Untransfected control and c-V5-transfected cells were treated in the
presence or absence of a monoclonal antibody against V5 for 8 h. Cells were then
harvested, and cytosolic (lanes C) and membrane (lanes M) fractions were prepared as
explained under Experimental Procedures. 13 µg of protein from each fraction was then
separated by SDS-PAGE using 4–15% gradient acrylamide gels, and proteins were
transferred to nitrocellulose. Immunoblotting was conducted using monoclonal antibodies
against subunit A, subunit d1, and vinculin (not pictured). The blot displayed is
representative from three separate experiments. The ratio of subunit A in the membrane
versus the cytosolic fraction was calculated as a measure of V-ATPase assembly. The
graphed data represent the average degrees of assembly relative to untransfected,
untreated cells, and error bars indicate S.E.

139

due to inhibition of activity, since dissociation of the V-ATPase has been shown to be
activity dependent (Parra and Kane, 1998).

Treatment of c-V5 expressing MB231 cells with an anti-V5 antibody inhibits in vitro
invasion and migration
We next determined what effect addition of the anti-V5 antibody would have on
the invasiveness of the c-V5 expressing cells. To address this, invasion was measured
using an in vitro MatrigelTM assay. Cells were incubated in the presence or absence of the
anti-V5 antibody, plated on MatrigelTM-coated wells, and induced to invade using a
chemoattractant (fetal bovine serum) on the trans-side of the well. After 8 h, cells on the
trans-side were stained with Calcein AM and counted as described in Experimental
Procedures. As shown in Figure 4.5A, transfected cells displayed a similar degree of
invasiveness as untransfected cells, indicating that expression of the c-V5 construct has
no effect on MB231 cell invasion. Both cell lines show reduced invasion after treatment
with the membrane-permeable, V-ATPase-specific inhibitor ConA, as previously
described (Capecci and Forgac, 2013; Hinton et al., 2009b; Sennoune et al., 2004). By
contrast, whereas addition of the anti-V5 antibody had no effect on invasion of
untransfected cells, invasion by the c-V5 expressing cells was significantly inhibited after
antibody treatment (Figure 4.5A). To confirm that the binding of an antibody to an
extracellular epitope does not by itself reduce invasiveness, we treated MB231 cells with
an antibody against an extracellular epitope of the β1 subunit of the (Na+,K+)-ATPase,
which is found on the plasma membrane of all cells. Anti-β1 treatment did not alter
MB231 cell invasiveness compared with untreated cells (Figure 4.6). This confirms that
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Figure 4.5: In vitro invasion and migration of c-V5-transfected cells is reduced after
treatment with an anti-V5 antibody. A and B, Untransfected control cells or c-V5transfected cells were treated in the presence or absence of the V-ATPase specific
inhibitor ConA (ConA) or a monoclonal antibody against V5 and then plated on
MatrigelTM-coated FluoroBlokTM inserts (A, invasion) or uncoated FluoroBlokTM inserts
(B, migration) and allowed to migrate toward a chemoattractant on the trans-side of the
well for 8 h. Cells were then stained with calcein AM, and the number of cells that had
invaded or migrated to the trans-side was counted, with three wells analyzed per sample
and an average of 10 images analyzed per well. The values for both assays are the means
of at least three independent experiments expressed relative to untransfected, untreated
cells. All error bars indicate S.E. *, p < 0.05 compared with untransfected, untreated
cells. Statistical significance was determined by a two-tailed, unpaired Student’s t test.
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Figure 4.6: Treatment with an antibody against an extracellular epitope of the
(Na+,K+)-ATPase does not inhibit the in vitro invasion of MB231 cells. MB231 cells
were treated in the presence or absence of an antibody recognizing an extracellular
epitope of the β subunit of the (Na+,K+)-ATPase (1:250 dilution), plated on MatrigelTMcoated FluoroBlokTM inserts, and allowed to migrate towards a chemoattractant on the
trans-side of the well overnight. Cells were then stained with calcein AM and the number
of cells that had invaded or migrated to the trans-side were counted, with three wells
analyzed per sample and an average of 10 images analyzed per well. Values for both
assays are the mean of two independent experiments expressed relative to untreated cells.
All error bars indicate S.E.
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the reduction in invasiveness observed upon treatment of cells with the anti-V5 antibody
is a specific effect. Overall, our results suggest that inhibition of plasma membrane VATPases in c-V5-expressing MB231 cells is sufficient to block their invasion.
Because invasiveness of cells also requires cell migration, we assessed the effect
of the anti-V5 antibody on the ability of the c-V5-expressing cells to migrate using an in
vitro migration assay. As shown in Figure 4.5B, both transfected and untransfected cells
display reduced migration after treatment with a V-ATPase inhibitor, as previously
observed (Sennoune et al., 2004). However, treatment with the anti-V5 antibody reduced
migration of only the c-V5-expressing cells.

Treatment of MB231 cells with a membrane impermeable form of the V-ATPase-specific
inhibitor bafilomycin inhibits in vitro invasion and migration
To confirm the role of plasma membrane V-ATPases in tumor cell invasion, we
next employed an alternative method to specifically inhibit plasma membrane V-ATPases
in MB231 cells. We utilized a biotin-conjugated form of bafilomycin, a membranepermeable and specific inhibitor of the V-ATPase, and allowed this compound to bind to
streptavidin to prevent its ability to cross the plasma membrane. First, we sought to
confirm that biotin-bafilomycin is membrane impermeable when bound to streptavidin.
Although sufficient quantities of streptavidin-biotin-bafilomycin were not available to
perform the cytoplasmic pH and proton flux experiments described above, we assessed
ATP-dependent proton transport in vacuolar membranes isolated from yeast in the
presence and absence of this compound. Bafilomycin binds to the V-ATPase at a site
within the ring of c subunits (Bowman and Bowman, 2002). We expected that when
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bound to streptavidin, biotin-bafilomycin would be able to inhibit activity from the
luminal (or extracellular) surface but because of steric interference between streptavidin
and the V1 domain would be unable to inhibit the pump from the cytoplasmic surface. We
isolated vacuoles from the yeast strain YPH500 and measured ATP-dependent proton
transport by ACMA fluorescence quenching, as described previously (Feng and Forgac,
1992b; Liberman et al., 2013), in the presence of biotin-bafilomycin or streptavidinbound biotin-bafilomycin. As shown in Figure 4.7A, the addition of streptavidin alone
had no significant effect on proton transport activity relative to vacuoles treated with
DMSO. Treatment with 1 µM biotin-bafilomycin completely ablated ATP-dependent
proton transport activity, consistent with V-ATPase inhibition. When biotin-bafilomycin
was bound to streptavidin, its ability to inhibit proton transport was prevented. This
suggests that biotin-bafilomycin is membrane impermeable when bound to streptavidin.
We next treated MB231 cells with the membrane impermeable, streptavidinbound biotin-bafilomycin to determine whether inhibition of plasma membrane VATPases reduces invasion. After confirming that treatment with streptavidin-biotinbafilomycin does not induce MB231 cell death (data not shown), we performed in vitro
invasion assays and allowed MB231 cells to invade in the presence or absence of
streptavidin-bound biotin-bafilomycin for 8 h. As shown in Figure 4.7B, we found that
the in vitro invasiveness of these cells is significantly reduced after treatment with this
compound. This reduction in invasiveness is similar to what is observed after treatment
with a membrane permeable inhibitor. The in vitro migratory capability of MB231 cells
was also decreased following treatment with streptavidin-biotin-bafilomycin (Figure
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4.7C). These results thus further support the role of plasma membrane V-ATPases in the
invasiveness of breast cancer cells.
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Figure 4.7: Streptavidin-bound biotin-bafilomycin is membrane impermeable and
inhibits in vitro invasion and migration of MB231 cells. A, Vacuolar membranes were
isolated from the yeast strain YPH500, and ATP-dependent proton transport activity was
measured as described under Experimental Procedures. The values are the means of two
independent experiments set relative to vacuoles treated with DMSO alone. B and C,
MB231 cells were treated in the presence or absence of the V-ATPase specific inhibitor
ConA or streptavidin-bound, biotin-conjugated bafilomycin and then plated on
MatrigelTM-coated FluoroBlokTM inserts (B, invasion) or uncoated FluoroBlokTM inserts
(C, migration) and allowed to migrate toward a chemoattractant on the trans-side of the
well for 8 h. The cells were then stained with calcein AM, and the number of cells that
had invaded or migrated to the trans-side was counted, with three wells analyzed per
sample and an average of 10 images analyzed per well. The values for both assays are the
means of at least three independent experiments expressed relative to cells treated with
DMSO and streptavidin alone. All error bars indicate S.E. *, p < 0.05 compared with
cells treated with DMSO and streptavidin alone. Statistical significance was determined
by a two-tailed, unpaired Student’s t test.
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Chapter 5
The a3 isoform of subunit a of the vacuolar ATPase localizes to the
plasma membrane of invasive breast tumor cells and is overexpressed in
human breast cancer
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support for the experiments presented in Figure 5.6. Drs. Dennis Sgroi (MGH) and
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in Figure 5.6.
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Rationale
Isoforms of subunit a of the V-ATPase have been shown to play a critical role in
cancer cell invasion. Subunits a3 and a4, which are known to localize the V-ATPase to
the plasma membranes of specialized acid-secreting cells, are upregulated at the mRNA
level in invasive MB231 breast cancer cells relative to noninvasive MCF7 cells (Hinton
et al., 2009b). Subunit a3 mRNA is also upregulated in invasive MCF10CA1a breast
cancer cells relative to the parental MCF10a breast epithelial cell line (Capecci and
Forgac, 2013). siRNA-mediated knockdown of a3 and a4 reduces MB231 cell invasion,
while knockdown of a3 also reduces MCF10CA1a invasion (Capecci and Forgac, 2013;
Hinton et al., 2009b). Importantly, overexpression of subunit a3 in MCF10a cells
enhances both invasiveness and plasma membrane V-ATPase expression (Capecci and
Forgac, 2013). Subunit a3 has also been shown to be upregulated in and critical for the
invasion of melanoma cells (Nishisho et al., 2011). Collectively, these results suggest that
overexpression of subunit a isoforms, particularly a3, may increase trafficking of the VATPase to the plasma membrane, where it then contributes to cancer cell invasion.
Because complete ablation of V-ATPase activity is lethal to mammalian cells
(Gottlieb et al., 1995; Ishisaki et al., 1999; Karwatowska-Prokopczuk et al., 1998), it is of
interest to identify particular populations of the V-ATPase that contribute to tumor cell
invasion in order to develop safe and specific inhibitors of cancer metastasis. We have
recently shown that specific ablation of plasma membrane V-ATPases inhibits in vitro
invasion and migration of MB231 cells (Chapter 4) (Cotter et al., 2015b). While, as noted
above, a3 has been implicated in plasma membrane targeting of V-ATPases and in vitro
invasion of a number of cancer cell lines, it is not known whether a3 is actually present in
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plasma membrane V-ATPase complexes. This is important since it is possible that a3containing V-ATPases function instead within intracellular compartments of tumor cells
to aid in the delivery of V-ATPases to the cell surface. Furthermore, the expression of
subunit a3 in human breast cancer samples has not yet been assessed. It is thus of critical
importance to gain a better understanding of the expression and function of subunit a3 in
breast cancer in order to evaluate a3-containing V-ATPases as a potential therapeutic
target for the treatment of breast cancer.

Experimental Methods
Materials and Antibodies — DMEM, DMEM/F12, F12, Opti-MEMTM, FBS, horse
serum, penicillin-streptomycin, PBS, 0.05% trypsin-EDTA, the Alexa Fluor® 488conjugated goat anti-chicken secondary antibody, the Alexa Fluor® 568 phalloidin
antibody, the Alexa Fluor® 594-conjugated goat anti-rabbit antibody, and ProLong® Gold
were purchased from Invitrogen. Aprotinin, leupeptin, and pepstatin were purchased from
Roche Molecular Biochemicals. Pre-cast polyacrylamide mini-protean TGX gels, Tween
20, SDS, nitrocellulose membranes, and horseradish peroxidase-conjugated goat antimouse IgG were purchased from Bio-Rad. The chemiluminescence substrate for
horseradish peroxidase was purchased from General Electric and the signal detected
using Kodak BioMax Light film. The chicken monoclonal a3 antibody that recognizes
the V-ATPase V0a3 subunit was obtained from the Sun-Wada Laboratory of Doshisha
Women's College, Kyoto, Japan (Sun-Wada et al., 2011). A mouse monoclonal antibody
recognizing α-tubulin was purchased from Genscript. Rabbit polyclonal antibodies
recognizing Giantin, EEA1, and LAMP2A and the rabbit monoclonal antibody
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recognizing Rab7 were obtained from Abcam. Concanamycin A was purchased from
Bioviotica and epidermal growth factor was purchased from Peprotech. The siRNA pool
against subunit a3, the Dharmafect 1 transfection reagent, and siRNA buffer were
purchased from Dharmacon. Fluoroblok inserts with 8-µm pores were purchased from
BD Biosciences. The breast cancer cDNA array was purchased from Origene and the
Superfrost Plus microscope slides were purchased from Fisher Scientific. The Dako
antibody diluent was purchased from Dako and the FITC-conjugated donkey-antichicken
IgG secondary antibody was obtained from Jackson ImmunoResearch Laboratories.
PMSF, calcein AM, streptavidin, and all other chemicals were purchased from Sigma.

Cell Culture —The human breast cancer cell line MDA-MB231 and the human breast
epithelial cell line MCF10a were purchased from American Type Culture (ATCC).
MCF10CA1a cells were provided by Dr. Yibin Kang (Princeton University) and
SUM149 cells were provided by Dr. Charlotte Kuperwasser (Tufts University). All cells
were grown in FalconTM T-75 flasks in a 95% air, 5% CO2 humidified environment at
37°C. MB231 cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with
phenol red, 25mM D-glucose, 4mM l-glutamine, and 1mM sodium pyruvate
supplemented with 10% FBS, 60 µg/ml penicillin, and 125 µg/ml streptomycin. MCF10a
and MCF10CA1a cells were cultured in DMEM/F12 medium containing 5% horse
serum, 20 ng/ml epidermal growth factor, 0.5 µg/ml hydrocortisone, 100 ng/ml cholera
toxin, 10 µg/ml insulin, 60 µg/ml penicillin, and 125 µg/ml streptomycin. SUM149 cells
were cultured in F12 medium containing 5% FBS, 5 µg/ml insulin, 1 µg/ml
hydrocortisone, 60 µg/ml penicillin, and 125 µg/ml streptomycin.
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Immunocytochemistry — Cells were plated on poly-D-lysine coated round coverslips in
24-well plates. To assess the plasma membrane localization of subunit a3, cells were
grown to confluence and a 200 µL pipette tip was used to scratch the confluent
monolayer to create a wound to induce migration. Migrating cells and non-migrating
control cells were then incubated in serum-free medium for an additional 4 h, washed,
fixed with 4% paraformaldehyde, and permeabilized with 0.1% Triton X-100. The cells
were blocked with 1% bovine serum albumin in PBS for 30 minutes and then incubated
with the anti-a3 antibody (1:400 dilution) overnight at 4°C. The cells were then rinsed
with PBS and then incubated with the Alexa Fluor® 488-conjugated goat anti-chicken
secondary (1:500 dilution) and Alexa Fluor® 568 phalloidin to stain F-actin (1:250
dilution). After 1 h of incubation at room temperature, the cells were washed with PBS.
The cells were prepared for viewing using ProLong® Gold mounting medium and
allowed to cure at room temperature for 24 h. The stained cells were imaged using a
Leica TCS SPE confocal microscope. To quantify plasma membrane V-ATPase staining,
60-90 cells from three separate experiments were counted, and the percentage of cells
showing plasma membrane a3 was determined. To assess co-localization of subunit a3
with various intracellular markers, cells were plated slightly sub-confluent and then
fixation, permeabilization, and blocking performed as described above. The cells were
incubated overnight at 4°C with the anti-a3 antibody (1:400) and the anti-Giantin
antibody (to stain Golgi, 1:1000 dilution), the anti-LAMP2A antibody (to stain
lysosomes, 1:500 dilution), the anti-EEA1 antibody (to stain early endosomes, 1:100
dilution), or the anti-Rab7 antibody (to stain late endosomes, 1:150 dilution). Next, the
cells were incubated with the Alexa Fluor® 488-conjugated goat anti-chicken secondary
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(1:500 dilution) and the Alexa Fluor® 594-conjugated goat anti-rabbit secondary (1:500
dilution) for 1 h at room temperature. Mounting and imaging were performed as
described above.

RNA Interference — siRNA experiments were performed as described previously
(Capecci and Forgac, 2013). Briefly, an siRNA pool specific for the subunit a3 isoform
of the V-ATPase was purchased from Dharmacon. The pool contained four siRNAs
specific for the a3 subunit isoform. MB231 cells were plated in wells of a six-well plate
at 3.5 x 105 cells/dish and incubated overnight. Cells were transfected with 100 nM
siRNA directed against a3 or 25 nM scrambled control siRNA according to the directions
of the manufacturer. Briefly, the siRNA was diluted in Opti-MEMTM, allowed to incubate
for 5 min, and then mixed with Dharmafect 1 transfection reagent. The
siRNA/transfection reagent mixture was incubated for 20 min at room temperature and
then added to the appropriate volume of Opti-MEMTM, and 2 mL was added to each well.
After incubation of cells with siRNA for 24 h, the media were changed to DMEM/10%
FBS and cells were incubated for an additional 48 h. 72 h post-transfection, cells were
lysed or subjected to the migration assay described below. siRNA experiments were
performed three separate times.

Cell Lysis and Western Blotting — Cell monolayers were washed twice in cold PBS and
then collected by scraping into 100 µL lysis buffer (150 mM NaCl, 1% Triton-X-100, 50
mM Tris-HCl pH 8.0, 1 mM PMSF, 2 µg/mL aprotinin, 5 µg/mL leupeptin, and 1 µg/mL
pepstatin. Cell suspensions were agitated for 30 minutes at 4°C to allow lysis and then
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centrifuged at 16,100 x g for 20 minutes to clear unbroken cells and nuclei. The protein
concentration of the supernatant was then determined by the Lowry method (Lowry et al.,
1951). SDS sample buffer was added to the lysates and proteins were separated by SDSPAGE on 4-15% gradient acrylamide gels. The presence of subunit a3 and tubulin were
detected by overnight incubation at 4°C using chicken and mouse monoclonal antibodies,
respectively, followed by incubation with a horseradish peroxidase-conjugated secondary
antibody at room temperature for 1 h. Blots were developed using chemiluminescent
detection reagents. Western blots were quantified using ImageJ software with corrections
made for loading.

Migration Assays — Assays for in vitro migration were performed as described in
Chapter 4 (Cotter et al., 2015b). Fluorblok inserts with an 8-um pore size membrane were
placed into the wells of a 24-well plate (Partridge and Flaherty, 2009). Cells were
harvested by trypsinization and brought to a concentration of 1.0 x 105 cells/ml in
DMEM plus phenol red, 25 mM D-glucose, 4 mM l-glutamine, and 1 mM sodium
pyruvate (termed ‘Medium’) containing DMSO or 100 nM of the V-ATPase-specific
inhibitor ConA. Cells were incubated for 15 min at 37°C, and then 5.0 x 104 cells were
seeded onto the membranes of the inserts. Inserts were then placed into wells of a 24-well
plate that contained 500 uL of Medium plus 5% FBS to serve as a chemoattractant. After
an average incubation of 20 hours at 37°C, membranes were placed into wells containing
4 µg/ml calcein AM in PBS and incubated for 5 min at 37°C in 5% CO2. Cells that had
migrated to the trans-membrane were imaged using a Zeiss Axiovert 10 fluorescence
microscope, with an average of 10 images taken per well. The number of migrating cells
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was averaged over three wells per condition with all experiments performed at least three
times.

qPCR — The breast cancer cDNA array II was obtained from Origene. The cDNA array
contained cDNA from 5 normal breast tissues and 43 breast tumor tissues of varying
stage and receptor status. qPCR was performed using primers for beta-actin (supplied by
Origene), human subunit a3 (forward: 5’-GACCGACAGGAGGAAAACAAG-3’,
reverse: 5’-GTAGGAGGCGGTGTTGGA-3’), or human subunit a4 (forward: 5’GGAAATCCCAGCTGCAGGC-3’, reverse: 5’- GCAGCCCAGGCAGTACTCG-3’)
according to the manufacturer’s instructions using SYBR Green qPCR master mix. The
PCR cycling sequence consisted of an activation step of 50°C for 2 min followed by 40
cycles of 30 s at 95°C, 1 min at 55°C, and 1 min at 72°C to allow for denaturation,
annealing, and extension, respectively. To assess a3 expression relative to expression in
the first normal tissue, the ΔΔCt method was used for analysis using beta-actin as the
reference gene. Data were presented as the average relative expression over two
experiments.

Immunohistochemistry — Formalin fixed, paraffin-embedded tumor blocks, obtained
from the pathology research center at Massachusetts General Hospital, were cut at 5 µm
thickness. Sections were placed onto Superfrost Plus microscope slides and stored at
room temperature until use. Sections were hydrated in PBS for 10 min. After
deparaffinization in xylene (100% two times for 5 min), and dehydration in a graded
ethanol series (100%, 90%, 75%, 50%, 30%, each for 5 min), sections were washed 3
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times for 5 min in PBS. Sections were either immediately blocked with 1% bovine serum
albumin for 15 min prior to antibody incubation or counterstained. Counterstaining was
performed with hematoxylin and eosin (H&E) to help visualize tissue morphology. H&E
stained sections were scanned using a NanoZoomer 2.0-RS (Hamamatsu). After
blocking, sections were incubated with the a3 antibody chicken monoclonal antibody
generated against the a3 subunit isoform of the V-ATPase, diluted in Dako antibody
diluent (1: 100), and incubated overnight at 4°C in a humidity chamber. The fluorophore
conjugated secondary antibody used in this study (FITC-conjugated donkey anti-chicken
IgG) was diluted in Dako antibody diluent (1: 100) and slides were incubated for 1 h
prior to 3 washes for 5 min in PBS. Confocal images were acquired on a Nikon A1R
confocal microscope with NIS Elements (Nikon Instruments).

Statistical analysis — Graphed data are averages from the indicated number of
independent experiments. A two-tailed, unpaired Student’s t test was used to calculate
significance. p < 0.05 was considered significant.

Results
Subunit a3 localizes to the leading edge of migrating breast cancer cells
Despite the evidence suggesting its importance in breast tumor cell invasion
discussed above, the localization of the a3 isoform the V-ATPase subunit a in breast
cancer cells is not known. In order to assess the localization of a3, a chicken monoclonal
antibody specific for the mouse a3 was employed. This antibody was previously shown to
be specific for the a3 isoform of the mouse V-ATPase and has been used previously to
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assess a3 expression in mouse melanoma cells (Nishisho et al., 2011; Sun-Wada et al.,
2011). The mouse and human subunit a isoform sequences exhibit a high degree of
homology (Figure 5.1A). Mouse and human subunit a3 protein sequences are 84%
identical (Goujon et al., 2010; Sievers et al., 2011). The a3 antibody was raised against
amino acids 658-720 of the mouse a3 sequence, corresponding to amino acids 657-716 in
the human sequence (Figure 5.1B) (Rice et al., 2000). This region is unique as compared
to the a1, a2, and a4 human protein sequences (Figure 5.1C) (Goujon et al., 2010;
Sievers et al., 2011). Moreover, the anti-a3 antibody recognizes a band of the expected
molecular mass (~120-kDa) by Western blot of whole cell lysates from human breast
cells (see below), indicating that this antibody recognizes the human a3 protein.
Previous studies that have shown V-ATPase expression on the plasma membrane
of highly invasive and migratory breast cancer cells (Capecci and Forgac, 2013; Cotter et
al., 2015b; Hinton et al., 2009b; Sennoune et al., 2004) assessed V-ATPase localization
by staining for subunits of the cytoplasmic V1 domain, and thus the localization of the a3
isoform of the V-ATPase remains unclear. To address this, immunocytochemistry was
performed on a panel of breast cancer cells to measure a3 expression at the plasma
membrane. Experiments were performed on both confluent monolayers and monolayers
that had been scratched to induce cell migration, as described in Experimental
Procedures. As shown in Figure 5.2A, the breast epithelial cell line MCF10a and the
invasive breast cancer cell line MCF10CA1a express little or no a3 at the plasma
membrane when the cells are present in a monolayer. By contrast, when a leading edge is
induced by wounding the monolayer, MCF10CA1a, MB231, and SUM149 breast cancer
cells display significant relocalization of a3 to the leading edge (Figure 5.2B). This effect
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Figure 5.1: Sequence comparison of human and mouse V-ATPase a subunit
isoforms. A, Percent identity between the mouse and human protein sequences for
subunit a isoforms a1-a4 were determined using Clustal Omega multi-sequence
alignment (Goujon et al., 2010; Sievers et al., 2011). B, Mouse and human a3 protein
sequences were aligned using the EMBOSS Water pairwise alignment. Region displayed
contains the mouse sequence against which the chicken monoclonal antibody was
prepared (highlighted in grey). The region highlighted in yellow indicates the
corresponding human sequence. Straight lines ( | ) indicate identical residues. Colons ( : )
indicate strongly conserved residues. Periods ( . ) indicate weakly conserved residues
(Rice et al., 2000). C, Human protein sequences for a1-a4 were aligned using Clustal
Omega multi-sequence alignment. The region highlighted in yellow indicates the
corresponding human sequence to which the antibody was prepared. Asterisks ( * )
indicate identical residues. Colons ( : ) indicate strongly conserved residues. Periods ( . )
indicate weakly conserved residues (Goujon et al., 2010; Sievers et al., 2011).
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Figure 5.2: Subunit a3 localizes to the leading edge of human breast cancer cells.
MCF10a, MCF10CA1a, MB231, and SUM149 cells were grown to confluence on polyD-lysine coated coverslips. To assess the effects of cell migration on a3 localization, a
wound was made in the cell monolayer and cells were allowed to migrate for 4 h. Cells
were then fixed, permeabilized, and immunostained using antibodies against subunit a3
of the V-ATPase and Alexa Fluor® 568 phalloidin to stain actin followed by incubation
with secondary antibodies as described under Experimental Procedures. Images were
taken with identical exposure times and antibody concentrations. A, Shown are
representative images of confluent MCF10a, MCF10CA1a, MB231, and SUM149 cells
stained for phalloidin (left), subunit a3 (second from left), DAPI (second from right), and
the merged images (right). B, Shown are representative images of MCF10a,
MCF10CA1a, MB231, and SUM149 cells (with monolayer wounded) stained for
phalloidin (left), subunit a3 (second from left), DAPI (second from right), and the merged
images (right). White arrows indicate subunit a3 present at the leading edge. C,
Quantification of plasma membrane staining for subunit a3 in confluent or migrating
cells. To quantitate plasma membrane staining, 60-90 cells from three separate
experiments were counted and the number of cells showing plasma membrane a3
localization was determined. The graphed data represents the percentage of cells showing
a3 localization to the plasma membrane. All error bars indicate S.E. *, p < 0.05 relative
to unwounded MCF10a cells. **, p < 0.05 relative to wounded MCF10a cells. ***, p <
0.05 relative to the unwounded cell of the same cell type. Statistical significance was
determined by a two-tailed, unpaired Student’s t test.
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is not observed in the noncancerous MCF10a cells. These results are quantified in Figure
5.2C. It is of note that a small proportion of invasive MB231 and SUM149 breast cancer
cells exhibit a3 at or near the plasma membrane when present in a monolayer (Figure
5.2C, not pictured in Figure 5.2A), likely due to the highly migratory nature of these cell
lines. Overall, these data demonstrate for the first time that a3 is present at the leading
edge of invasive and migratory breast cancer cells, suggesting that the plasma membrane
V-ATPases previously shown to be critical for breast cancer cell migration and invasion
contain the a3 isoform.

Intracellular localization of a3 in MB231 cells
As shown in Figures 5.2A-B, punctate staining for a3 is present in the breast
epithelial and breast cancer cell lines, suggesting localization of a3 to intracellular
compartments. To determine the intracellular localization of subunit a3 in breast cancer
cells, we performed immunocytochemistry on MCF10a and MB231 cells using the antia3 antibody together with anti-EEA1 (to stain early endosomes), anti-Rab7 (to stain late
endosomes), anti-LAMP2A (to stain lysosomes), or anti-Giantin (to stain the Golgi). As
shown in Figure 5.3A, a3 staining in MCF10a cells partially co-localizes with staining
for EEA1, Rab7, and LAMP2A, suggesting that a3 is present at some level in early and
late endosomes as well as lysosomes in these cells. The strongest co-localization,
however, is with Giantin, indicating the presence of a3 in the Golgi of MCF10a cells. To
assess whether the intracellular localization of a3 is altered in invasive breast cancer cells
relative to MCF10a cells, immunofluorescence was performed on MB231 cells. As
shown in Figure 5.3B, while there is some degree of colocalization of a3 with early and
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Figure 5.3: Intracellular localization of subunit a3 in breast cancer cells. MCF10a
and MB231 cells were grown on poly-D-lysine coated coverslips. To assess the
intracellular localization of subunit a3, cells were fixed, permeabilized, and
immunostained using antibodies against subunit a3 of the V-ATPase and EEA1, Rab7,
LAMP2, or Giantin as markers for early endosomes, late endosomes, lysosomes, and the
Golgi, respectively. Cells were then incubated with secondary antibodies as described
under Experimental Procedures. Images were taken with identical exposure times and
antibody concentrations. A, Representative images of MCF10a cells stained for the
specific intracellular marker (left), subunit a3 (second from left), DAPI (second from
right), and the merged images (right). B, Representative images of MB231 cells stained
for the specific intracellular marker (left), subunit a3 (second from left), DAPI (second
from right), and the merged images (right). The images in A and B depict representative
staining from three separate experiments, with 60-90 cells imaged obtained per
experiment for each condition tested.
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late endosomal as well as Golgi markers in these cells, colocalization is strongest with
LAMP2A, suggesting that a3 is highly expressed in the lysosomes of invasive MB231
cells. It is important to note that while some a3 staining at the plasma membrane was
observed in these cells, plasma membrane localization of the V-ATPase was low due to
these cells existing as a more confluent monolayer as opposed to a migrating state.

Knockdown of subunit a3 reduces migration of human breast cancer cells
The presence of subunit a3 at the leading edge of invasive and migratory human
breast cancer cells, as demonstrated in Figure 5.2B, supports the concept that a3 may be
involved in cancer cell migration and invasion. Previous work has found that loss of a3 in
invasive MB231 and MCF10CA1a cells reduces in vitro invasiveness (Capecci and
Forgac, 2013; Hinton et al., 2009b). While plasma membrane V-ATPases have been
shown to be involved in in vitro breast cancer cell migration (Cotter et al., 2015b), the
role of the subunit a isoforms in this process has not yet been assessed. To test whether a3
contributes to breast cancer cell migration, MB231 cells were transfected with a pool of
siRNAs specific for a3, as has been previously described (Capecci and Forgac, 2013;
Hinton et al., 2009b), prior to measuring in vitro migration. a3 expression before and
after siRNA transfection was assessed by Western blot of whole cell lysates. As shown in
Figure 5.4A, transfection with a3-specific siRNAs significantly reduced a3 protein
expression relative to control cells transfected with a scrambled siRNA pool. To assess
the effect of partial knockdown of a3 on in vitro migration, a transwell migration assay
was performed as described under Experimental Procedures. As shown in Figure 5.4B,
MB231 cells transfected with scrambled, non-targeting siRNAs show an approximately
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Figure 5.4: siRNA-mediated knockdown of subunit a3 in breast cancer cells reduces
in vitro migration. A, MB231 cells were incubated with an siRNA pool specific for
subunit a3 or scrambled siRNA (‘control’). After 72 hours, cells were lysed and protein
lysates separated by SDS-PAGE on 4-15% gradient acrylamide gels followed by transfer
to nitrocellulose. Immunoblotting was performed using monoclonal antibodies against
subunit a3 and tubulin. The blot displayed is representative from three separate siRNA
experiments. Western blots from each experiment were quantitated and the ratio of
subunit a3 expression in control versus a3 siRNA-transfected cells was calculated. The
graphed data represent the average degree of a3 knockdown relative to control cells. *, p
< 0.05 relative to control cells. B, Control and a3 siRNA-transfected cells were treated in
the presence or absence of 100 nM of the V-ATPase specific inhibitor ConA, plated onto
FluorBlokTM inserts and allowed to migrate towards a chemoattractant on the trans-side
of the well for an average of 20 hours. Cells were then stained with calcein AM and the
number of cells that had migrated to the trans-side were counted, with three wells
analyzed per sample and an average of 10 images analyzed per well. Values are the mean
of three independent siRNA experiments and expressed relative to control untreated cells.
All error bars indicate S.E. *, p < 0.05 relative to control untreated cells. Statistical
significance was determined by a two-tailed, unpaired Student’s t test.
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50% reduction in migration upon treatment with the specific V-ATPase inhibitor ConA,
consistent with previous reports (Cotter et al., 2015b; Sennoune et al., 2004). Partial
knockdown of subunit a3 reduced the migration of MB231 cells to a similar degree as
observed with ConA. Moreover, cells treated with a3-specific siRNAs together with
ConA showed migration that was not statistically different from cells subjected to either
treatment alone. These results demonstrate for the first time that a3-containing VATPases are the primary population of V-ATPases involved in MB231 cell migration.
Together with our previous work assessing the role of plasma membrane and a3containing V-ATPases in breast cancer cell invasion (Capecci and Forgac, 2013; Cotter et
al., 2015b; Hinton et al., 2009b), these results suggest that a3-containing V-ATPases
present at the plasma membrane represent a potential anti-metastatic target for treatment
of breast cancer.

a3 is overexpressed in invasive human breast cancer tissues relative to noninvasive and
normal breast tissue
Expression of a3 in human breast cancer samples has not yet been determined. It
is critical to assess a3 expression in human breast cancers in order to evaluate a3 as a
potential anti-metastatic target in vivo. To measure a3 mRNA expression in human breast
cancer samples, qRT-PCR was performed using a3-specific primers on a breast cancer
cDNA panel (Origene). The array contained 5 normal breast tissue samples and 43 breast
cancer samples obtained from tumors of various clinical stages. Information concerning
age and hormone receptor status was provided for each sample. As shown in Figure
5.5A, a3 mRNA expression was upregulated in all of the breast cancer samples by 2.5 to
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Figure 5.5: Subunit a3 mRNA is overexpressed in human breast cancer samples
relative to normal tissue. qPCR using a3-specific primers (A) or a4-specific primers (B)
was performed on the Origene breast cancer cDNA array II as described under
Experimental Procedures. Data was analyzed using the ΔΔCt method. Values represent a3
or a4 expression levels relative to the first normal breast tissue sample (sample 1,
indicated by the red dotted line) and are the mean of two separate experiments. Error
bars indicate S.E. In A, *, p < 0.05 relative to the normal samples and **, p < 0.11
relative to the normal samples. Statistical significance was determined by a two-tailed,
unpaired Student’s t test.
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47-fold relative to the control samples. The degree of overexpression did not correlate
with patient age or hormone receptor status (not shown). Interestingly, the highest degree
of overexpression was generally observed in samples from tumors of stage III and IV.
Though this may be indicative of an important role for a3 in the invasiveness of at least
some breast tumor cells, it should be noted that a3 is present at elevated levels in all
breast tumor samples, even noninvasive tumors, relative to normal tissue. These results
suggest a3 likely functions in roles other than tumor cell migration and invasion. Because
of the large amount of metabolic acid generated by tumor cells as a result of their reliance
on glycolysis, overexpression of a3 in tumor cells may direct more V-ATPase to the
plasma membrane, where it can aid in ridding the cell of this excess acid.
The results from the breast cancer cDNA panel suggest that a3 is significantly
overexpressed in breast cancer tissue relative to normal breast tissue. To further examine
this, immunofluorescence was performed on human breast cancer tissue samples using
the a3-specific antibody described above. As shown in Figure 5.6A, staining for a3 is
greater in invasive breast cancer tissue relative to ductal carcinoma in situ. Next, a3
expression in breast cancer tissue was compared to expression in surrounding normal
breast tissue. As shown in Figure 5.6B, a3 expression is greatest in invasive breast
carcinoma (indicated by the dotted line) as compared to the noninvasive and hyperplastic
breast tissue. Furthermore, normal breast tissue did not stain for a3. Overall, these results
suggest that a3 is overexpressed in human breast cancer and that its expression increases
with invasive potential.
As we currently lack specific antibodies that reliably recognize the other human
subunit a isoforms, we were unable to examine their localization and protein expression
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Figure 5.6: Subunit a3 protein is overexpressed in invasive breast cancer tissue
relative to noninvasive breast cancer and normal tissue. A, Immunohistochemistry for
subunit a3 was performed as described under Experimental Procedures on 5 breast cancer
tissue samples. Shown on left is a representative image depicting a3 expression (green)
and DAPI (blue) in a tissue sample containing ductal carcinoma in situ (labeled ‘1’) and
invasive breast carcinoma (labeled ‘2’). H&E staining for the inset can be seen to the
right. B, Immunohistochemistry for subunit a3 was performed as described under
Experimental Procedures on 5 human samples that contained breast cancer adjacent to
normal tissue. Shown is a representative image depicting a3 expression (green) and DAPI
(blue) in normal breast ducts and lobules (labeled ‘A’), hyperplastic tissue (labeled ‘B’),
benign breast lobule (indicated by solid line), solid tumor (labeled by asterisks), and
invasive carcinoma (indicated by dotted line). H&E staining for the insets 1 & 2 can be
seen below.
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in breast cancer samples. However, as previous work in our laboratory has found that a4
is overexpressed at the mRNA level in invasive MB231 breast cancer cells relative to
noninvasive MCF7 cells, and that it is critical for the in vitro invasiveness of MB231
cells, we performed qRT-PCR on the breast cancer cDNA panel using a4-specific
primers. As shown in Figure 5.5B, a4 expression was enhanced in only a small fraction
of the breast cancer samples relative to normal tissue. Furthermore, the increase in
expression was moderate relative to what was observed for subunit a3.
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Chapter 6
Investigating the mechanisms by which the V-ATPase contributes to
breast cancer cell invasion

Relative Contributions
Kristina Cotter performed and analyzed all experiments in this chapter.
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Rationale
It is known that the V-ATPase and subunit a3 are critical for the in vitro invasion
of a number of cancer cell lines (Capecci and Forgac, 2013; Chung et al., 2011; Cotter et
al., 2015a; Hinton et al., 2009b; Michel et al., 2013; Nishisho et al., 2011; Sennoune et
al., 2004). Furthermore, plasma membrane V-ATPases are critical for breast cancer cell
invasion and migration (Chapter 4) (Cotter et al., 2015b). However, the mechanisms by
which the V-ATPase contributes to invasion and migration are not known. In order to
metastasize in vivo, cancer cells rely upon the activity of extracellular proteases. Several
studies have suggested that the V-ATPase is involved in the activity of the matrix
metalloproteases MMP-2 and MMP-9, which are both involved in invasion (Chung et al.,
2011; Kulshrestha et al., 2015; Lu et al., 2005; Nishisho et al., 2011). However, the
activation and activity of MMP-2 and MMP-9 are not pH-dependent and thus it is
unlikely that the pump is directly involved in promoting their activity (Kessenbrock et al.,
2010; Robey and Nesbit, 2013). The cathepsins are proteases that are normally found in
the lysosome, and thus their activation and activity are optimal at an acidic pH. In cancer
cells, they can be secreted in both an inactive and a mature form (Mohamed and Sloane,
2006; Tan et al., 2013; Turk et al., 2012). Cathepsin secretion and extracellular activity
are enhanced when cancer cells are exposed to an acidic pH (Robey et al., 2009;
Rothberg et al., 2013; Rozhin et al., 1994). Cathepsins participate in invasion by directly
degrading extracellular matrix and by activating other proteases that are involved in this
process, including the MMPs (Mason and Joyce, 2011; Tan et al., 2013; Turk et al.,
2012). In particular, cathepsin B has been linked to invasion and metastasis in a variety of
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tumor cell types (Matarrese et al., 2010; Tan et al., 2013; Victor et al., 2011; Withana et
al., 2012).
Given the pH-dependence of the cathepsins, it is possible that their secretion,
activation, and activity are dependent upon the V-ATPase in cancer cells. Because of the
complexity of the proteolytic cascade, inhibition of a single protease is unlikely to reduce
metastasis in the clinic (Gillet et al., 2009; Mason and Joyce, 2011). V-ATPase-mediated
regulation of cathepsin activity in cancer could provide a mechanism by which pump
inhibition could reduce metastasis in vivo, as a reduction in cathepsin activity will also
reduce the activity of a number of other proteases. The role of the V-ATPase in the
extracellular activity of cathepsins has not yet been assessed. In this chapter, we have
begun to test the hypothesis that the V-ATPase is critical for cathepsin B activity and
activation in MB231 breast cancer cells.

Experimental Methods
Materials and Antibodies — DMEM, DMEM/F12, F12, FBS, horse serum, penicillinstreptomycin, PBS, HBSS, 0.05% trypsin-EDTA, and the mouse monoclonal antibody
recognizing the V5 epitope were purchased from Invitrogen. Aprotinin, leupeptin, and
pepstatin were purchased from Roche Molecular Biochemicals. Pre-cast polyacrylamide
mini-protean TGX gels, Tween 20, SDS, nitrocellulose membranes, and horseradish
peroxidase-conjugated goat anti-mouse IgG were purchased from Bio-Rad. The
chemiluminescence substrate for horseradish peroxidase was purchased from General
Electric and the signal detected using Kodak BioMax Light film. A mouse monoclonal
antibody that recognizes the V-ATPase V1A subunit was purchased from Abnova, a
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mouse monoclonal antibody against vinculin purchased from Sigma, and a mouse
monoclonal antibody against cathepsin B, a rabbit monoclonal antibody against cathepsin
L, and a rabbit polyclonal antibody against caveolin-1 purchased from Abcam.
Concanamycin A was purchased from Bioviotica and epidermal growth factor was
purchased from Peprotech. CA-074 was purchased from EMD Millipore. The BioCoatTM
Growth Factor Reduced MatrigelTM Invasion Chambers was purchased from Corning. ZArg-Arg-AMC, WST-1 Cell Proliferation Reagent, PMSF, calcein AM, and all other
chemicals were purchased from Sigma.

Cell Culture — MB231, MCF10a, and MCF10CA1a cells were maintained as described
in Chapters 4 and 5.

Invasion Assays— Assays for in vitro invasion were performed in a similar manner as
described in Chapter 4 (Cotter et al., 2015b; Partridge and Flaherty, 2009). Corning®
BioCoatTM Growth Factor Reduced MatrigelTM Invasion Chambers were obtained for the
assay. These inserts have a thin growth factor reduced MatrigelTM coating over a 8-µm
pore size PET membrane. The invasion plate was allowed to come to room temperature
and then the MatrigelTM-coated membranes rehydrated with 500 µl DMEM plus phenol
red, 25 mM D-glucose, 4 mM 1-glutamine, and 1 mM sodium pyruvate (termed
“Medium”) for at 2 h at 37°C. For evaluation of the effects of the membrane
impermeable cathepsin B inhibitor CA-074 on invasion, cells were harvested by
trypsinization and brought to a concentration of 1.0 × 105 cells/mL in Medium containing
DMSO or 10 µM of CA-074. Cells were incubated for 15 min at 37°C and then 5.0 × 104
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cells were seeded onto the MatrigelTM-coated membranes. Inserts were then placed into
wells of a 24-well plate that contained 500 µL of Medium plus 5% FBS to serve as a
chemoattractant. After overnight incubation at 37°C, uninvaded cells from the cismembrane were removed by scrubbing and membranes placed into wells containing 4
µg/mL calcein AM in PBS and incubated for 5 min at 37°C. Cells that had invaded to the
trans-membrane were quantitated using a Zeiss Axiovert 10 fluorescence microscope and
an average of 10 images were taken per well. The number of invading cells was averaged
over three wells per condition with all experiments performed at least three times.

Cathepsin B Activity Assay — Cathepsin B activity was measured using the synthetic
cathepsin B fluorogenic substrate Z-Arg-Arg-AMC (Hulkower et al., 2000). Equal
numbers of cells were plated in 96-well culture plates and grown to 90% confluence
(~20,000 cells/well). The next day, cells were washed with PBS and then incubated in
100 µL Pericellular Assay Buffer (PAB) (Hank’s balanced salt solution without sodium
bicarbonate and containing 0.6 mM CaCl2, 0.6 mM MgCl2, 2 mM L-cysteine, 25 mM
PIPES, adjusted to pH 7.2) containing DMSO, 5 µM ConA, or 1:500 anti-V5 for 2 h at
37°C. Next, the buffer was replaced with 100 µL fresh PAB containing 100 µM Z-ArgArg-AMC in the presence or absence of 5 µM ConA, 1:500 anti-V5, and 10 µM CA-074.
To assess total cathepsin B activity, 1% Triton-X-100 was added to the fresh PAB buffer
to lyse the cells in-well. Fluorescent product formation was monitored using XFluor4
software on a Tecan SpectraFluor Plus plate reader on kinetic mode at 37°C with a 360
nm excitation filter and a 460 nm emission filter. Recordings were made at 1 min
intervals over 30 min. The relative fluorescence unit (RFU) at each time point was
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averaged over three wells per condition. Data is represented as the maximum velocity of
fluorescent product formation (RFU/min) relative to control-treated cells. All
experiments were performed at least two times.

Cell Lysis and Conditioned Media Collection — Equal numbers of MB231 cells were
plated on poly-D-lysine coated plates and grown to 80-90% confluence. Cells were
washed with serum-free medium and then treated with serum-free medium containing
DMSO or 100 nM ConA at 37°C overnight. After treatment, conditioned media was
collected and centrifuged at 1000 x g at 4°C for 5 min to pellet cell debris. Media were
concentrated twice using an Amicon Ultra filter with a 10-kDa cut-off and then added to
SDS sample buffer (1X final sample buffer concentration). To collect whole cell lysates,
cell monolayers were washed twice in cold PBS. MB231 cells were then collected by
scraping into Triton-octylglucoside lysis buffer (150 mM NaCl, 1% Triton-X-100, 60
mM octylglucoside, 10 mM Tris-HCl pH 7.5, 1 mM PMSF, 2 µg/ml aprotinin, 5 µg/ml
leupeptin, and 1 µg/ml pepstatin). Cell suspensions were agitated for 30 min at 4°C to
allow for lysis and then passed through a syringe with a 21-guage needle. Cell lysates
were centrifuged at 14,000 x g for 20 min to clear unbroken cells and nuclei. To collect
MCF10CA1a cell lysates and conditioned media, equal numbers of cells were plated on
poly-D-lysine coated plates and grown to 80-90% confluence. Cells were serum starved
overnight before harvesting. Conditioned media was collected as described above.
MCF10CA1a cell monolayers were washed twice in cold PBS and cells were collected
by scraping into Triton lysis buffer (150 mM NaCl, 1% Triton-X-100, 50 mM Tris-HCl
pH 8.0, 1 mM PMSF, 2 µg/ml aprotinin, 5 µg/ml leupeptin, and 1 µg/ml pepstatin). Cell
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suspensions were agitated for 30 min at 4°C to allow for lysis and then centrifuged at
14,000 x g for 20 min to clear unbroken cells and nuclei. The protein concentration of the
supernatants were determined using the Lowry method (Lowry et al., 1951).

Isolation of Caveolae-Enriched Fractions — Equal numbers of MB231 or MB231-cV5
cells were plated on poly-D-lysine plates (5 plates/condition for octylglucoside-based
isolation, 1-2 plates/condition for SDS-based isolation) and grown to 80-90% confluence.
Cells were washed with serum-free medium and then treated at 37°C with serum-free
medium containing DMSO or 100 nM ConA overnight (for MB231 cells) or medium
containing DMSO, 200 nM ConA, or 1:500 anti-V5 for 5 h (for MB231-cV5 cells). Two
detergent-based protocols were tested to isolate caveolae-enriched fractions by separating
Triton-soluble (TS) and Triton-insoluble (TI, caveolae-enriched) fractions. First, an
octylglucoside buffer was utilized to solubilize the TI fraction, as described in the
literature (Victor et al., 2011). Cell monolayers were washed twice in cold PBS and
scraped into lysis buffer containing Triton (150 mM NaCl, 1% Triton-X-100, 10 mM
Tris-HCl pH 7.5, 1 mM PMSF, 2 µg/ml aprotinin, 5 µg/ml leupeptin, and 1 µg/ml
pepstatin). Cell suspensions were agitated for 30 min at 4°C to allow for lysis and then
centrifuged at 14,000 x g for 10 min. The supernatant (TS fraction) was collected and the
pellet was resuspended in Triton lysis buffer containing 60 mM octylglucoside. The
suspension was agitated for 30 min at 4°C, passed through a 21-guage needle, and then
centrifuged at 14,000 x g for 10 min at 4°C. The supernatant (TI fraction) was recovered.
Second, an SDS buffer was utilized to solubilize the TI fraction. The TS fraction was
collected as described above, and the pellet was resuspended in Triton lysis buffer
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containing 0.75-1% SDS. The TI fraction was then recovered as described above. Protein
concentrations were determined by the Lowry method (Lowry et al., 1951).

Western Blotting —Conditioned media samples were equally loaded based on the protein
concentrations of the respective cell lysates. Proteins were separated by SDS-PAGE on 415% gradient acrylamide gels. The presence of cathepsin B, vinculin, and subunit A were
detected by a 1 h incubation at room temperature using mouse monoclonal antibodies, the
presence of cathepsin L detected by a 1 h incubation at room temperature using a rabbit
monoclonal antibody, and the presence of caveolin-1 detected by a 1 h incubation at
room temperature using a rabbit polyclonal antibody. Incubation with the primary
antibodies was followed by incubation with a horseradish peroxidase-conjugated
secondary antibody at room temperature for 1 h. Blots were developed using
chemiluminescent detection reagents.

Cell Viability Assay — Cell viability was measured using the WST-1 Cell Proliferation
Reagent according to the manufacturer’s instructions. Briefly, MCF10a and MCF10CA1a
cells were plated in 96-well plates. Subconfluent cells were treated with 0-300 nM ConA
for 48 h at 37°C. After 48 h, WST-1 was diluted 1:10 in normal growth medium and 100
µL was added to each well. Cells were incubated with the WST-1 reagent at 37°C for 1-2
h and absorbance was then measured at 485 nm using XFluor4 software on a Tecan
SpectraFluor Plus plate reader The absorbance was averaged over three wells per
condition with all experiments performed at least three times.
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Statistical analysis — Graphed data are averages from the indicated number of
independent experiments. A two-tailed, unpaired Student’s t test was used to calculate
significance. p < 0.05 was considered significant.

Results
Cathepsin B activity is dependent upon the V-ATPase
A number of studies have demonstrated that the in vitro invasion and migration of
breast cancer cells are dependent upon V-ATPase activity (Capecci and Forgac, 2013;
Cotter et al., 2015b; Hinton et al., 2009b; Sennoune et al., 2004). However, the
mechanisms by which the V-ATPase contributes to these processes are poorly
understood. It is possible that the V-ATPase contributes to invasiveness by providing an
acidic microenvironment that promotes the activity of pH-dependent proteases, such as
the cathepsins, that are secreted by cancer cells. To test this, we began by assessing
whether the activity, expression, and secretion of cathepsin B in MB231 cells is
dependent upon the V-ATPase. Cathepsin B is one of the best-studied cathepsins
implicated in cancer cell invasion (Gocheva and Joyce, 2007; Mason and Joyce, 2011;
Tan et al., 2013; Turk et al., 2000; Victor et al., 2011; Yang and Cox, 2007).
A number of previous studies have shown that MB231 breast cancer cell invasion
depends upon V-ATPase activity, and thus this cell line was selected for the initial
experiments in this study (Cotter et al., 2015b; Hinton et al., 2009b; Sennoune et al.,
2004) As shown in Figure 6.1, MB231 breast cancer cell invasion is significantly
reduced upon overnight treatment with the membrane impermeable cathepsin inhibitor
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Figure 6.1: MB231 cell invasion is dependent upon extracellular cathepsin B
activity. MB231 cells were treated in the presence or absence of 10 µM of the membrane
impermeable cathepsin B inhibitor CA-074, plated on MatrigelTM-coated inserts, and
allowed to invade towards a chemoattractant on the trans-side of the insert overnight, as
described in Experimental Procedures. Cells were then stained with calcein AM and the
number of cells that had invaded to the trans-side were counted, with three wells
analyzed per sample and an average of 10 images analyzed per well. Values are the mean
of three independent experiments and are expressed relative to untreated cells. All error
bars indicate S.E. *, p < 0.05 relative to untreated cells. Statistical significance was
determined by a two-tailed, unpaired Student’s t test.
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CA-074. This suggests that MB231 cells depend upon extracellular cathepsin B activity
for in vitro invasion, as has been previously reported (Gillet et al., 2009).
Cathepsin B-mediated proteolysis has previously been found to occur both
intracellularly and pericellularly in breast cancer cells (Sameni et al., 2000). To assess
whether cathepsin B activity is V-ATPase-dependent in MB231 cells, we treated MB231
cells with the V-ATPase specific inhibitor ConA for 2 h and then measured cathepsin B
activity by monitoring the cleavage of a fluorogenic, cathepsin B-specific substrate over
30 min, as described in Experimental Procedures. To assess total cathepsin B activity
(intracellular, pericellular, and extracellular), cells were lysed in-well before monitoring
activity. As shown in Figure 6.2, total cathepsin B activity is almost completely ablated
upon treatment with the cathepsin B inhibitor CA-074. Furthermore, activity is
significantly reduced by 50% in MB231 cells upon V-ATPase inhibition with ConA.
The results reported in Figure 6.2 depict the total cathepsin B activity of MB231
cells. As cathepsin B is secreted by breast cancer cells and can associate with the plasma
membrane (Rozhin et al., 1994; Sloane et al., 1986; Victor et al., 2011), and MB231 cell
invasion is reduced upon extracellular cathepsin B inhibition (Figure 6.1), we next
sought to measure pericellular and extracellular cathepsin B activity by repeating the
above described assay without lysing the cells in-well. The cathepsin B fluorogenic
substrate is membrane impermeable, and thus this assay allows for the detection of only
the cathepsin B activity that occurs outside of the cell. As shown in Figure 6.3,
extracellular cathepsin B activity is reduced by 25% upon V-ATPase inhibition.
It is of note that only a small fraction of total cathepsin B activity in MB231 cells
(10%) was found to be extracellular (data not shown). Is has been reported that reducing
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Figure 6.2: Total cathepsin B activity of MB231 cells is reduced upon V-ATPase
inhibition. MB231 cells were plated in 96-well plates and pre-treated for 2 h in the
presence or absence of 5 µM of the V-ATPase-specific inhibitor ConA. Media was then
replaced and cells treated in the presence or absence of 5 µM ConA and 10 µM of the
cathepsin B inhibitor CA-074 and lysed in-well with 1% Triton. The fluorogenic
cathepsin B substrate Z-Arg-Arg-AMC was used to assess total cathepsin B activity at 1
min increments over a 30 min time period, as described in Experimental Procedures. The
relative fluorescent units (RFU) emitted from each well at each time point was averaged
over three wells per condition. Values represent maximum RFU/min relative to DMSOtreated cells and are the mean of two independent experiments. All error bars indicate
S.E. *, p < 0.05 relative to DMSO-treated cells. Statistical significance was determined
by a two-tailed, unpaired Student’s t test.
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Figure 6.3: Extracellular cathepsin B activity of MB231 cells is reduced upon VATPase inhibition. MB231 cells were plated in 96-well plates and pre-treated for 2 h in
the presence or absence of 5 µM of the V-ATPase-specific inhibitor ConA. Media was
then replaced and cells treated in the presence or absence of 5 µM ConA and 10 µM of
the membrane impermeable cathepsin B inhibitor CA-074. The fluorogenic cathepsin B
substrate Z-Arg-Arg-AMC was used to assess pericellular and extracellular cathepsin B
activity at 1 min increments over a 30 min time period, as described in Experimental
Procedures. The relative fluorescent units (RFU) emitted from each well at each time
point was averaged over three wells per condition. Values represent maximum RFU/min
relative to DMSO-treated cells and are the mean of five independent experiments. All
error bars indicate S.E. *, p < 0.05 relative to DMSO-treated cells. Statistical
significance was determined by a two-tailed, unpaired Student’s t test.
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extracellular pH enhances cathepsin B secretion and extracellular cathepsin B activity in
cancer cells (Rothberg et al., 2013). To determine whether exposure to low pH enhances
cathepsin B activity outside of the cell, we performed the cathepsin B activity assay at pH
5.5, which has previously been shown to increase extracellular MMP activity in
melanoma cells (Nishisho et al., 2011). The MB231 cells were unable to survive the
duration of the experiment at this pH. Previous studies have reported that cathepsin B
activity is observed upon exposure of cells to media at pH 6.8 relative to pH 7.2
(Rothberg et al., 2013). Therefore, determining whether increased extracellular cathepsin
activity occurs in the pH 6.0-7.0 range warrants future investigation.
The results in Figure 6.3 indicate that inhibition of all cellular V-ATPases
reduces extracellular cathepsin B activity. It is possible that plasma membrane VATPases, which are critical for MB231 cell invasion (Chapter 4) (Cotter et al., 2015b),
are involved in the promotion of cathepsin B activity. An acidic extracellular pH was
shown to increase cathepsin B secretion (Rothberg et al., 2013; Rozhin et al., 1994).
Alternatively, intracellular V-ATPases may promote intracellular activation of cathepsin
B and subsequent trafficking of cathepsin B-containing vesicles to the plasma membrane.
To test this, we treated c-V5-transfected MB231 cells with the anti-V5 antibody, which
specifically ablates plasma membrane V-ATPase activity (Chapter 4) (Cotter et al.,
2015b), before assessing extracellular cathepsin B activity. As shown in Figure 6.4,
ConA treatment reduces extracellular cathepsin B activity in this cell line, as expected.
However, plasma membrane V-ATPase inhibition by treatment with anti-V5 did not
reduce extracellular cathepsin B activity, suggesting that plasma membrane V-ATPases
may not be involved in the promotion of extracellular cathepsin B activity.
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Figure 6.4: Extracellular cathepsin B activity of c-V5-transfected MB231 cells is not
reduced upon plasma membrane V-ATPase inhibition. c-V5 transfected MB231 cells
were plated in 96-well plates and pre-treated for 2 h in the presence or absence of 5 µM
of the V-ATPase-specific inhibitor ConA or the 1:500 anti-V5 antibody. Media was then
replaced and cells treated in the presence or absence of 5 µM ConA, 1:500 anti-V5, and
10 µM of the membrane impermeable cathepsin B inhibitor CA-074. The fluorogenic
cathepsin B substrate Z-Arg-Arg-AMC was used to assess pericellular and extracellular
cathepsin B activity at 1 min increments over a 30 min time period, as described in
Experimental Procedures. The relative fluorescent units (RFU) emitted from each well at
each time point was averaged over three wells per condition. Values represent maximum
RFU/min relative to DMSO-treated cells and are the mean of two independent
experiments. All error bars indicate S.E. *, p < 0.05 relative to DMSO-treated cells.
Statistical significance was determined by a two-tailed, unpaired Student’s t test.
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Cathepsin B expression and secretion in MB231 breast cancer cells
Cathepsins are synthesized in a pro-cathepsin form, with the pro-peptide
interfering with the active site to prevent catalytic activity. Inside the cell, pro-cathepsins
are delivered to the lysosome, where the pro-peptide is cleaved in order to yield a mature,
active cathepsin. Activation of the cathepsins can occur auto-catalytically at low pH or by
the activity of other proteases (Turk et al., 2012). V-ATPase inhibition, which increases
lysosome pH, is thus expected to reduce intracellular maturation of cathepsin B. This has
been reported previously in MCF7 breast cancer cells (Kubisch et al., 2014). To confirm
that this occurs in MB231 breast cancer cells, Western blotting was performed on whole
cell lysates from cells treated with ConA overnight. As shown in Figure 6.5, there are
multiple pro-cathepsin B bands (37-43 kDa) in MB231 whole cell lysates, representing
different glycosylated forms. Mature cathepsin B exists in two forms, a single-chain form
(31 kDa) and double-chain form (25/26 kDa heavy chain + 5 kDa light chain). Both are
present in untreated MB231 cell lysates. When MB231 cells are treated with ConA, the
mature forms of cathepsin B are no longer detected and the pro-cathepsin B bands
increase, demonstrating that V-ATPase activity is critical for maturation (Figure 6.5).
Cancer cells can secrete both mature and pro-cathepsins (Rozhin et al., 1994; Tan
et al., 2013). To determine the forms of cathepsin B that may be secreted by MB231
cells, conditioned media was collected from MB231 cells and Western blotting
performed using the anti-cathepsin B antibody. As shown in Figure 6.5, only procathepsin B is present in the MB231 cell media. The amount of pro-cathepsin B in the
media increases when cells are treated with ConA. This is consistent with previous
observations that neutralization of late endosomes by chloroquine or V-ATPase inhibition
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Figure 6.5: V-ATPase inhibition reduces intracellular mature cathepsin B
expression and enhances pro-cathepsin B expression in the media of MB231 cells.
MB231 breast cancer cells were treated overnight in serum-free media in the presence or
absence of 100 nM of the specific V-ATPase inhibitor ConA. Cells were then lysed in
Triton-octylglucoside lysis buffer and conditioned media collected as described in
Experimental Procedures. 15 µg protein lysates and equal amounts of conditioned media
samples were separated by SDS-PAGE on 4-15% gradient acrylamide gels followed by
transfer to nitrocellulose. Immunoblotting was performed using monoclonal antibodies
against cathepsin B and vinculin. The blots displayed are representative from two
separate experiments.
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promotes lysosomal enzyme secretion as a result of M6P receptor saturation with its
ligand (Borden et al., 1990; Gonzalez-Noriega et al., 1980; Kubisch et al., 2014; Tapper
and Sundler, 1995). It is possible that mature cathepsin B is present in amounts that are
not detectable in the bulk conditioned medium by Western blotting, and that different
methods will need to be employed to detect localized activation of cathepsin maturation.

Cathepsin B and the V-ATPase are present in caveolae-enriched fractions of MB231
breast cancer cells
Our results thus far indicate that cathepsin B is active extracellularly in MB231
cells. However, mature cathepsin B was not detected in the media of MB231 cells
(Figure 6.5). It has previously been demonstrated that mature and pro-cathepsin B can
associate with the extracellular surface of the plasma membrane in cancer cells
(Mohamed and Sloane, 2006; Sloane et al., 1986, 1994). Pro-cathepsin B directly binds to
the annexin II tetramer, a Ca2+-dependent phospholipid-binding protein that is
upregulated in a number of tumors, on the surface of breast cancer and glioma cell lines
(Mai et al., 2000). Annexin II is a major component of caveolae (Harder and Gerke,
1994), which are a specialized type of lipid raft that form invaginations of the plasma
membrane (Mohamed and Sloane, 2006; Senetta et al., 2013) Cell surface mature and
pro-cathepsin B and annexin II localize to caveolae in several cancer cell types, including
colon cancer (Cavallo-Medved et al., 2003, 2005; Victor et al., 2011). It is thus possible
that mature cathepsin B is present in the caveolae of MB231 cells.
To test this, caveolae-enriched fractions were isolated by a successive detergent
treatment that takes advantage of the fact that caveolae-enriched fractions are not soluble
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in 1% Triton-X-100. Triton-soluble (TS) fractions of MB231 cells were isolated using a
Triton-based lysis buffer, while Triton-insoluble (TI) fractions, which are enriched for
caveolae components, were isolated using an octyglucoside-based buffer. Preliminary
results are shown in Figure 6.6A. Enrichment for caveolae in the TI fraction is indicated
by increased expression of caveolin-1 and decreased vinculin expression relative to the
TS fraction. Mature cathepsin B expression in the TS fraction decreases upon overnight
ConA treatment, as expected. Interestingly, mature cathepsin B is also present in the TI
fraction and its expression decreases upon ConA treatment. While these results are
preliminary (n = 1), they support the hypothesis that mature cathepsin B may be
associated with caveolae in MB231 cells and that its extracellular maturation is
dependent upon the V-ATPase. It is important to note that the cell lysis experiments
described in Figure 6.5 were performed in the presence of octylglucoside and thus the
results represent cathepsin B expression in TS and TI fractions combined.
Octylglucoside-based TI fraction isolation was technically challenging, as the
protein yield for the TI fraction was often very low despite lysing multiple plates of
MB231 cells per condition. We thus assessed whether isolation of the TI fraction using
an SDS-based buffer would yield better results. As shown in Figure 6.6B, separation of
the two fractions using this SDS-based method can be observed by the enrichment of
caveolin-1 and lack of vinculin expression in the TI fraction. As in Figure 6.6A, mature
cathepsin B expression is reduced upon ConA treatment in the TS fraction. However,
mature cathepsin B expression was not detected in the TI fraction using this method. We
next isolated TS and TI fractions using the SDS-based method from c-V5 transfected
MB231 cells after 5 h treatment with ConA or the anti-V5 antibody (Figure 6.6C).
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Figure 6.6: Localization of cathepsin B and the V-ATPase to caveolae-enriched
fractions of MB231 cells. A, MB231 cells were treated overnight in serum-free media in
the presence or absence of 100 nM of the V-ATPase-specific inhibitor ConA. Tritonsoluble (TS) and triton-insoluble (TI, caveolae-enriched) fractions were isolated using
Triton and octylglucoside-based buffers, respectively, as described in Experimental
Procedures. B, MB231 cells were treated overnight in serum-free media in the presence
or absence of 100 nM of the V-ATPase specific inhibitor ConA. TS and TI fractions were
were isolated using Triton and 1% SDS-based buffers, as described in Experimental
Procedures. C, c-V5 transfected MB231 cells were treated for 5 h in serum-free media in
the presence or absence of 200 nM ConA or 1:500 anti-V5 and TS and TI fractions
isolated using Triton and 0.75% SDS-based buffers, as described in Experimental
Procedures. 7 µg (A) or 10 µg (B-C) of TS and TI fraction proteins were separated by
SDS-PAGE on 4-15% gradient acrylamide gels followed by transfer to nitrocellulose.
Immunoblotting was performed using monoclonal antibodies against cathepsin B,
vinculin, and V1A, and the polyclonal antibody against caveolin-1. For A, n=1. For B-C,
n=2.
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Plasma membrane V-ATPase inhibition did not reduce mature cathepsin B expression in
the TS fraction of the c-V5 cells, indicating that plasma membrane V-ATPase activity is
not required for intracellular cathepsin maturation. Mature cathepsin B was not expressed
in the TI fraction, similar to the results depicted in Figure 6.6B. It is unclear why a
discrepancy in mature cathepsin B expression in the TI fractions exists between the
experiments shown in Figures 6.6. It is possible that the octylglucoside-based method
resulted in poorer separation of the TS and TI fractions than the SDS-based method, and
that the mature cathepsin B expression observed in the TI fraction of Figure 6.6A is
actually intracellular cathepsin B. It may also be difficult to detect mature cathepsin B in
the caveolae, as it could be present in small amounts and may be released from the
membrane upon maturation. Future studies are required to explore these possibilities.
It is of note that pro-cathepsin B expression is high in the TI fractions from all
experiments in Figure 6.6, indicating that MB231 cells may express a significant amount
of pro-cathepsin B at the caveolae. Furthermore, the V1A subunit of the V-ATPase is also
present in all of the TI fractions analyzed. These results suggest that plasma membrane
V-ATPases may be present in the caveolae of invasive cancer cells.

Mature cathepsin B is secreted by MCF10CA1a breast cancer cells
In order to extend our studies to other breast cancer cell lines, the expression of
cathepsins B and L were assessed in whole cell lysates and conditioned media from
invasive MCF10CA1a breast cancer cells. As shown in Figure 6.7A, pro-cathepsin B and
both forms of mature cathepsin B are present in MCF10CA1a whole cell lysates. It is of
note that MCF10CA1a lysis was not performed in the presence of a detergent that is able
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Figure 6.7: MCF10CA1a breast cancer cells secrete mature cathepsin B.
MCF10CA1a breast cancer cells were serum starved overnight. Cells were then lysed in
Triton lysis buffer and conditioned media collected as described in Experimental
Procedures. A, 25 µg cell lysate and 30 µL conditioned media were separated by SDSPAGE on 4-15% gradient acrylamide gels followed by transfer to nitrocellulose.
Immunoblotting was performed using monoclonal antibodies against cathepsin B and
vinculin. B, 40 µg cell lysate and 45 µL conditioned media were separated by SDSPAGE on 4-15% gradient acrylamide gels followed by transfer to nitrocellulose.
Immunoblotting was performed using monoclonal antibodies against cathepsin L and
vinculin. The blots displayed are representative from two separate experiments.
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to solubilize caveolae-enriched membranes, and thus caveolae-bound cathepsin B is not
present in the soluble fraction in these experiments. Interestingly, the 25/26 kDa doublechain form of mature cathepsin B is present in MCF10CA1a medium, indicating that
mature cathepsin B is secreted by these cells or pro-cathepsin B is activated
extracellularly. By contrast, pro-cathepsin L and mature cathepsin L were only present in
the lysates of MCF10CA1a cells and are not secreted (Figure 6.7B). The role of the VATPase in cathepsin B expression, secretion, and activity in MCF10CA1a cells has yet to
be determined.

MCF10CA1a breast cancer cells are more sensitive to cell death by V-ATPase inhibition
than MCF10a breast epithelial cells
Previous studies demonstrating V-ATPase dependent invasion and migration in
vitro have not investigated the effect of inhibiting the V-ATPase for more than 24 h
(Capecci and Forgac, 2013; Cotter et al., 2015b; Hinton et al., 2009b; Sennoune et al.,
2004). A number of studies have demonstrated that longer periods of V-ATPase
inhibition induces cancer cell death (Cotter et al., 2015a). While complete V-ATPase
inhibition is lethal in higher eukaryotes, it has been suggested that cancer cells are more
sensitive to loss of V-ATPase activity than normal cells (Di Cristofori et al., 2015; von
Schwarzenberg et al., 2013). Therefore, targeting pump activity in vivo could reduce
breast cancer metastasis both by reducing invasion and migration and by eventually
inducing cancer cell death. It is thus of interest to determine whether breast cancer cells
display a similar increased sensitivity to V-ATPase inhibition relative to normal breast
cells.
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We utilized a WST-1 assay to assess the sensitivity of MCF10a breast epithelial
cells and invasive MCF10CA1a breast cancer cells (which are derived from MCF10a
cells) to V-ATPase inhibition. WST-1 is a cell proliferation and viability reagent that is
cleaved to formazan dye by mitochondrial dehydrogenases. An increase in the amount of
formazan correlates with proliferation and viability. MCF10a and MCF10CA1a cells
were treated with a range of ConA concentrations for 48 h. As shown in Figure 6.8A,
MCF10a cell viability was not significantly reduced after 48 h treatment with any of the
ConA concentrations tested. In contrast, MCF10CA1a cell viability is significantly
reduced after treatment with ConA concentrations above 3.7 nM (Figure 6.8B). Visual
inspection confirmed massive MCF10CA1a cell detachment after ConA treatments above
3.7 nM. These results suggest that MCF10CA1a breast cancer cells are significantly more
susceptible to cell death upon V-ATPase inhibition than the parental MCF10a breast
epithelial cell line (Figure 6.8C). Future studies are required to assess whether plasma
membrane V-ATPase inhibition reduces breast cancer cell viability and to examine the
mechanisms by which V-ATPase inhibition promotes cell death in breast cancer cells.
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Figure 6.8: MCF10CA1a breast cancer cell viability is more sensitive to V-ATPase
inhibition than MCF10a breast epithelial cells. MCF10a (A) and MCF10CA1a (B)
cells were plated in 96-well plates and treated with 0-300 nM of the V-ATPase specific
inhibitor ConA for 48 h. After 48 h treatment, media were replaced with normal growth
medium containing the cell proliferation reagent WST-1 and incubated for 1-2 h at 37°C.
Absorbance was then measured as described in Experimental Procedures. Absorbance
values were averaged over three wells per condition, with all experiments performed at
least three times. Values represent absorbance values for each ConA concentration
relative to untreated cells of the same cell type. The combined data from A and B is
depicted in C. All error bars indicate S.E. In B, *, p < 0.05 relative to DMSO-treated
MCF10CA1a cells. In C, *, p < 0.05 relative to MCF10a cells treated with the same
concentration of ConA. Statistical significance was determined by a two-tailed, unpaired
Student’s t test.
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Chapter 7
Discussion and Future Directions
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Mapping the N-terminal domain of Vph1p in yeast
In Chapter 2 of this dissertation, we have constructed a molecular model of the Nterminal domain of subunit a of the yeast V-ATPase and tested this model by determining
the accessibility of unique cysteine residues introduced into the sequence of Vph1p to
chemical modification by the sulfhydryl reagent MPB. The V-ATPases are large,
multisubunit, membrane-embedded complexes that have thus far eluded crystallization
efforts. Although a number of individual V-ATPase subunits and subcomplexes have
been crystallized (Drory et al., 2004; Oot et al., 2012; Sagermann et al., 2001), a crystal
structure of subunit a of the V0 domain has not yet been solved. Therefore, structural
information regarding subunit a has been derived by more indirect and less high
resolution methods, including chemical modification, covalent cross-linking, and electron
microscopy (Benlekbir et al., 2012; Inoue and Forgac, 2005; Kawasaki-Nishi et al., 2003;
Toei et al., 2011; Wang et al., 2008; Zhang et al., 2008; Zhao et al., 2015). These
approaches, while not providing the atomic detail of x-ray crystallography, do afford
valuable complementary information on interactions between subunits and on structural
changes associated with processes such as in vivo dissociation of the V-ATPase complex,
which represents an important mechanism of regulating activity.
Recently, the high resolution structure of the N-terminal domain of the
homologous subunit (subunit I) from the A-ATPase present in the archaebacterium M.
ruber has been solved (Srinivasan et al., 2011). We have employed this structure to
construct a model of the N-terminal domain of Vph1p, one of two isoforms of subunit a
expressed in yeast. A similar approach was recently taken in modeling the N-terminal
domain of Stv1p, the Golgi-localized isoform of subunit a (Finnigan et al., 2012). Small
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angle x-ray scattering data demonstrate that the N-termini of subunit I and Vph1p have a
similar overall shape (Dip et al., 2012; Oot and Wilkens, 2012). As shown in Figure 2.2,
the generated model has a hairpin structure with globular proximal and distal lobes
connected by a helical linker region, similar to that observed for subunit C of the VATPase (Drory et al., 2004). The proximal lobe contains, approximately, residues 1–100
and 320–362, whereas the distal lobe contains residues 145–272. Because of the
relatively low sequence homology between Vph1p and the M. ruber subunit I, and
because the reported structure was of the isolated N-terminal domain of subunit I in the
absence of the remainder of the complex, it was important to provide an experimental test
of the proposed model. Here, we have tested the accessibility of inserted cysteine
residues to the sulfhydryl labeling reagent MPB and compared their accessibility between
the assembled and disassembled states of the V-ATPase. Although this approach does not
provide a definitive test of the proposed model, it does provide an experimental test of
that model within the context of the intact V-ATPase complex. Hence, the information
derived will be valuable even after a high resolution structure of the N-terminal domain
of Vph1p is solved.
We have found that the four cysteine residues predicted to be buried within the
structure of the N-terminal domain of Vph1p were inaccessible to modification by MPB.
Similarly, all 17 cysteine residues with solvent accessibility scores ranging from 2 to 7
were found to be accessible to MPB modification in the free V0 domain. To determine
whether cysteine residues with non-zero accessibility scores showed variations in MPB
labeling, time courses for MPB modification of a mutant with high predicted accessibility
were compared with those of mutants with low predicted accessibility. The results
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demonstrate that the Q40C mutant does in fact have reduced accessibility relative to the
other two mutants, as predicted. By contrast, for the G181C mutant, as for the highly
accessible residue, maximal labeling was already observed at 5 min and was unchanged
for labeling times up to 15 min. To further examine whether G181C is less accessible
than A347C, we determined the concentration dependence of MPB modification for these
two mutants. The results demonstrate that G181C exhibits less reactivity toward MPB at
lower concentrations than does A347C, which is consistent with the lower predicted
accessibility of G181C. Overall, these results support the prediction that G181C is more
accessible than Q40C but less accessible than A347C.
The results presented both provide support for our structural model and support its
validity for the solution structure of the N-terminus of Vph1p in the context of the
assembled V0 domain. In addition, they suggest that none of the surface accessible
residues of Vph1p tested here are completely shielded from solvent by interaction with
other V0 subunits. This latter point is important as electron microscopic studies have
suggested that the N-terminus of subunit a associates closely with other V0 subunits
(Wilkens and Forgac, 2001). Our model predicts the accessibility of residues in the
isolated N-terminal domain. The fact that none of the predicted surface accessible
residues are protected from labeling by other subunits in the free V0 domain suggests that
residues at these interfaces may be only partially shielded or that thermal fluctuations in
the structure may allow their modification.
To identify surfaces of the N-terminal domain of subunit a that are involved in
interaction with subunits in the V1 domain, we have compared the accessibility of
introduced cysteine residues to MPB modification in the free V0 and intact V1V0
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complex. We have identified five residues (Lys-47, Lys-82, Asp-194, Asp-167, and Asp344) that, when mutated to cysteine, were accessible to MPB in the free V0 domain but
were partly shielded from labeling in the holoenzyme. These results (summarized
together with the earlier results in Figure 2.6), suggest that these residues lie at the
interface of the V0 and V1 domains. Interactions between the V1 domain and the Nterminal domain of subunit a are important for several reasons. First, these interactions
must be sufficiently stable to withstand the torque generated during rotary catalysis
because subunit a represents the sole membrane integral subunit of the V-ATPase stator
complex. Second, because reversible dissociation of the V1 and V0 domains represents an
important mechanism of regulating V-ATPase activity in vivo, interactions between V1
and the N-terminal domain must be broken to facilitate this dissociation. Thus, these
interactions cannot be so stable that they prevent in vivo dissociation of the complex.
A number of previous studies have identified interactions between V1 subunits
and the N-terminal domain of subunit a that represent candidates for the shielding
interactions identified in Chapter 2. Yeast two-hybrid experiments together with coimmunoprecipitation studies have demonstrated that the N-terminal domain of subunit a
interacts with both the catalytic A subunit and subunit H of V1 (Landolt-Marticorena et
al., 2000). More recent studies using co-immunoprecipitation indicate that it is the C
terminus of subunit H that binds to the N-terminal domain of subunit a (Diab et al.,
2009). Crosslinking studies using the photoactivatable maleimide reagent
maleimidobenzophenone demonstrated proximity between both subunit E and subunit G
of V1 and subunit a in V0 (Inoue and Forgac, 2005; Xu et al., 1999). Importantly, crosslinking to subunits E and G occurs in both the proximal and distal lobes of the N-terminal
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domain of subunit a (Qi and Forgac, 2008). Because maleimidobenzophenone has a
cross-linking arm of ∼10 Å, these earlier studies could only provide information about
proximity rather than proof of actual subunit contact. The current data demonstrating
shielding from solvent accessibility of residues in close proximity to those observed to
crosslink to subunits E and G suggest that shielding of residues in both the proximal and
distal lobes of the a subunit N-terminus is likely due to binding of an EG heterodimer to
each site. Additional support for interaction between the N-terminal domain of subunit a
and an EG heterodimer comes from recent studies using isothermal calorimetry (Oot and
Wilkens, 2012), peptide mapping analysis (Parsons and Wilkens, 2012), and a
cryoelectron microscopy study of the yeast V-ATPase (Benlekbir et al., 2012). This latter
study also suggests that subunit H makes contact with the N-terminal domain of subunit a
in the flexible region between the distal and proximal lobes. We would thus suggest that
it is interaction with subunit H that restricts accessibility of residue Lys-82, whereas
interactions with separate EG heterodimers sequester the other residues shown to be
protected in the proximal and distal lobes of the N-terminal domain. Indeed, the most
recent cryo-EM structure of the yeast V-ATPase supports the idea that NT-a interacts
with two of the EG heterodimers and subunit H (Zhao et al., 2015).
Interaction between the N-terminal domain of subunit a and subunit H is of
particular interest due to the regulatory role of subunit H in preventing ATP hydrolysis by
the free V1 domain (Liu et al., 2005). Subunit H is present in eukaryotic V-ATPases but
not in F-ATPases or A-type ATPases, consistent with regulated assembly generating free
peripheral domains in the former but not the latter complexes. In the intact complex,
subunit H binds to the N-terminal domain of subunit a, most likely through the C
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terminus of subunit H (Diab et al., 2009). Under these conditions, the rotary complex of
the V-ATPase (including subunits D, F, and the ring of proteolipid subunits) is free to
rotate, allowing the intact complex to hydrolyze ATP. Upon dissociation of the V1 and V0
domains, interaction between subunit H and the N-terminus of subunit a is broken,
freeing subunit H to interact with the rotary subunit F, thus preventing ATP hydrolysis by
free V1 by physically preventing ATP-driven rotation (Jefferies and Forgac, 2008).
Maximal inhibition of ATP hydrolysis by subunit H requires the intact subunit (Diab et
al., 2009). Silencing ATP hydrolysis by the free V1 domain allows reversible disassembly
of the V-ATPase complex to function as a means of regulating acidification in vivo
without excessive hydrolysis of ATP by an uncoupled V1 domain. Whether subunit H and
the N-terminal domain of subunit a directly interact via the identified site and whether
blocking this interaction alters pump activity or assembly warrants future investigation.
In addition to making contact with other V-ATPase subunits, the N-terminal
domain of subunit a has been shown to interact with a number of signaling molecules,
which may play a role in regulating V-ATPase assembly in vivo. For example, aldolase
has been shown to bind the N-terminal domain of subunit a as well as the V1 subunits E
and B (Lu et al., 2001). Interaction between V-ATPase subunits and aldolase stabilizes
the enzyme in an assembled state. Disruption of this interaction through mutation of
specific aldolase residues that do not affect catalytic activity leads to dissociation of the
V-ATPase complex (Lu et al., 2007). In addition to glucose, pH has been implicated as a
regulatory cue for pump assembly (Diakov and Kane, 2010). The N-terminus of subunit a
has recently been shown to interact with the Sec7 domain of ARNO, a GDP/GTP
exchange factor involved in pH sensing (Hosokawa et al., 2013). Moreover, it has been
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suggested that the V-ATPase regulates ARNO activity through this interaction. We
hypothesize that the exposed regions of the subunit a N-terminus identified in Chapter 2
are candidate sites for these interactions and may prove useful in the design of regulatory
small molecules.
In conclusion, in Chapter 2 we have mapped the surface of the N-terminal domain
of subunit a of the V-ATPase and have obtained support for a model of this domain based
upon homology to subunit I of the A-ATPase from M. ruber. These data suggest that very
little of the N-terminal domain of subunit a is sequestered through interaction with other
V0 subunits and that the proposed model appears accurate in the context of the remainder
of the V-ATPase complex. In addition, we have identified residues that are solventinaccessible only in the intact V-ATPase and thus likely lie at the interface of the V1 and
V0 domains. Further studies will be required to confirm the identity of V1 subunits
responsible for sequestering these regions of subunit a and to explore the possibility of
modulating these interactions through small molecule inhibitors.

Investigating novel regulators of V-ATPase assembly in yeast
Reversible disassembly of the V-ATPase represents an important mechanism by
which V-ATPase activity is regulated in vivo in both yeast and higher eukaryotes (Cotter
et al., 2015a). In yeast, disassembly occurs in response to glucose depletion and
reassembly occurs upon glucose readdition. These processes occur rapidly and do not
require new protein synthesis (Parra and Kane, 1998). Despite its importance, the signals
that control assembly and disassembly downstream of glucose availability are not
completely understood. Previous studies have identified the Ras/cAMP/PKA pathway as
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playing an essential role in promoting assembly downstream of glucose in yeast (Bond
and Forgac, 2008). However, the mechanism by which PKA stimulates assembly is not
known. In Chapter 3, we performed a mutagenesis screen in yeast to identify novel
regulators of assembly that are downstream or independent of PKA.
The mutagenesis screen was performed in the adenine-deficient YPH500 yeast
strain, which accumulates a red pigment in acidic vacuoles and thus appears red when the
V-ATPase is assembled. YPH500 appears white on the poorly fermentable carbon source
raffinose as a result of V-ATPase disassembly (Figure 3.1). For the primary screen
described in Chapter 3, we mutagenized YPH500 with EMS and identified mutants that
remain red on raffinose. From ~61,000 mutants screened, 47 mutants were selected for
further examination and 14 were assessed for defects in glucose-dependent dissociation.
Six of the mutants tested do not appear to be defective in glucose-dependent
dissociation, despite their red-on-raffinose phenotype (Figure 3.4). The color phenotype
of these mutants may have occurred for several reasons. First, these mutants may have a
partial defect in V-ATPase disassembly that is sufficient to acidify the vacuole, but
cannot be detected by the GDDA. Second, EMS mutagenesis may have induced a
mutation in some other gene that promotes vacuolar acidification. For example, the yeast
plasma membrane proton pump Pma1p may have been mislocalized to the vacuole,
allowing for V-ATPase-independent vacuolar acidification.
Eight of the mutants tested appear to be defective in glucose-dependent
dissociation (Figure 3.5). Several mutants, particularly 61842 and 92421, exhibit only
partial blocks in disassembly, suggesting that some degree of pump disassembly is still
occurring in response to glucose depletion. This phenotype could be the result of a partial
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loss-of-function mutation in a gene that is important for disassembly or a partial gain-offunction mutation in a gene that promotes assembly. Several mutants, such as 82609 and
9249, exhibit more complete blocks in disassembly, similar to ira2Δ. It is possible that
these strains contain mutations that completely disrupt the function of a gene that is either
required for disassembly or that negatively regulates a protein that stimulates assembly.
Future experiments are required in order to confirm that the mutants in Figure 3.5
are actually defective in glucose-dependent dissociation. 33 additional mutants have yet
to be tested in the secondary screen. If a mutant is confirmed to be defective in glucosedependent dissociation, experiments to determine whether it contains a mutation in a
novel regulator of V-ATPase assembly will be performed. If no novel regulators are
identified, alternative screening methods may be employed. For example, an EMS
mutagenesis screen of YPH500/ira2Δ may be performed to identify suppressors of the
ira2Δ red-on-raffinose phenotype.
It remains possible that PKA stimulates V-ATPase assembly in yeast through a
direct phosphorylation event. PKA transiently phosphorylates subunit C in M. sexta
(Voss et al., 2007). Furthermore, V-ATPase assembly on the apical membrane of the
blowfly salivary gland occurs in a PKA-dependent manner in response to serotonin. The
PKA catalytic subunits translocate to the apical membrane during this process, where
they could feasibly contact the pump (Voss et al., 2009). DIGE studies in our laboratory
have not identified glucose-dependent changes in V-ATPase phosphorylation (Sarah
Bond, unpublished work). However, a transient phosphorylation event may not have been
detected by this method. Mutation of PKA consensus sites or of the consensus sites of
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other kinases may allow us to identify whether a direct phosphorylation event is critical
for V-ATPase assembly.
One candidate subunit that may be directly phosphorylated by PKA is subunit A.
In renal α-intercalated cells, PKA phosphorylates subunit A in the non-homologous
region to promote apical membrane localization (Alzamora et al., 2010). The nonhomologous region of subunit A is not present in the F-ATPase, which does not undergo
reversible assembly. Mutations in the non-homologous region in yeast prevent
dissociation, and this region has been found to bind V0 in a glucose-dependent manner
(Shao and Forgac, 2004; Shao et al., 2003). It is thus feasible that a stable or transient
phosphorylation of the subunit A non-homologous region could serve as the signal that
promotes assembly in response to glucose in yeast.
Another candidate subunit that may be phosphorylated by PKA is subunit C,
which is transiently phosphorylated in insects (Voss et al., 2007). Since subunit C
dissociates from the remainder of V1 upon disassembly, the previously mentioned DIGE
experiments would not have detected a glucose-dependent phosphorylation change in this
subunit. However, mutation of the PKA consensus sites in yeast subunit C does not alter
glucose-dependent assembly (Rachel Liberman, unpublished work). While this argues
against PKA-mediated phosphorylation of subunit C in yeast, it is possible that PKA
phosphorylates this subunit at a different site, or that subunit C phosphorylation involves
some other kinase. The role of subunit C phosphorylation in glucose-dependent assembly
of the V-ATPase in yeast thus warrants further study.
Work in mammalian cells has identified several additional mediators of assembly.
Assembly occurs during dendritic cell maturation in a PI3K/mTORC1 dependent manner
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(Liberman et al., 2014). PI3K is also involved in glucose-mediated reassembly in renal
cells (Sautin et al., 2005). EGF stimulation, which typically activates PI3K, stimulates
assembly in primary rat hepatocytes (Xu et al., 2012c). Finally, assembly was recently
found to increase in HEK293T cells upon amino acid starvation in a PI3K and mTORC1independent manner (Stransky and Forgac, 2015). Additional work is required to
determine whether these observations extend to yeast and other mammalian cell types, or
whether the V-ATPase responds to specific assembly stimuli in a context-dependent
manner.
In summary, in Chapter 3 we have performed a yeast mutagenesis screen in order
to generate mutant yeast strains that are defective in glucose-dependent disassembly.
Future work using these mutant strains may allow for the identification of novel
regulators of V-ATPase assembly. Elucidation of the mechanisms controlling V-ATPase
assembly will enhance our understanding of how to modulate pump activity in vivo. This
will have important implications for the therapeutic targeting of V-ATPase activity, as
discussed in further detail below.

Plasma membrane V-ATPase activity is critical for breast cancer cell invasion
Although a number of studies have implicated the V-ATPase in tumor cell
invasion, the mechanisms by which the pump is involved in this process have not been
elucidated (Capecci and Forgac, 2013; Chung et al., 2011; Hendrix et al., 2013; Hinton et
al., 2009b; Michel et al., 2013; Nishisho et al., 2011; Sennoune et al., 2004; Wiedmann et
al., 2012). Several reports have identified a correlation between cancer cell invasiveness
and V-ATPase localization to the plasma membrane (Capecci and Forgac, 2013; Chung
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et al., 2011; Hinton et al., 2009b; Martinez-Zaguilan et al., 1993; Michel et al., 2013;
Nishisho et al., 2011; Sennoune et al., 2004). Moreover, siRNA-mediated knockdown of
subunit a isoforms known to localize V-ATPases to the plasma membrane has been
shown to reduce invasion (Capecci and Forgac, 2013; Hinton et al., 2009b). One
limitation of previous studies has been the inability to specifically inhibit V-ATPases
localized to the plasma membrane, because the available V-ATPase inhibitors, although
highly specific, are membrane-permeant and thus inhibit all the V-ATPases in the cell.
This is important because of the possible role of intracellular V-ATPases in the secretion
of pro-invasive factors, such as proteases and growth factors (Hendrix et al., 2013;
Nishisho et al., 2011). The purpose of Chapter 4 was to determine whether V-ATPase
activity at the plasma membrane plays a role in cancer cell invasion by determining the
effect of specifically inhibiting the activity of plasma membrane V-ATPases on this
process.
As described in Chapter 4, we have employed two methods to specifically ablate
plasma membrane V-ATPase activity to address this question. First, we have tagged the
proteolipid c subunit of the V-ATPase with a V5 epitope tag at the C terminus. The
topology of the c subunit ensures that the V5 tag in this construct will be exposed on the
luminal, or, for plasma membrane localized V-ATPases, the extracellular surface of the
protein (Flannery et al., 2004). An added benefit of epitope tagging subunit c is that it is
present in multiple copies per V-ATPase, making it likely that the V5 tag is present in
nearly every V-ATPase in the cell (Forgac, 2007; Powell et al., 2000). The tagged
construct was stably transfected into MB231 breast cancer cells. Plasma membrane
expression of V5 in c-V5 expressing MB231 cells was confirmed by
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immunocytochemistry using an anti-V5 antibody in non-permeabilized cells (Figure
4.1B). Expression of c-V5 tagged V-ATPases at the plasma membrane is consistent with
previous reports showing that MB231 cells localize V-ATPases to the cell surface
(Hinton et al., 2009b; Sennoune et al., 2004). We next wished to determine whether
treatment of c-V5 expressing MB231 cells with the anti-V5 antibody affected the
regulation of cytosolic pH or the activity of V-ATPases at the plasma membrane. Using
the fluorescent pH indicator SNARF-1, we observed a decrease in cytosolic pH upon
addition of the anti-V5 antibody in cells expressing the c-V5 construct but not in
untransfected cells (Figure 4.2). Moreover, addition of the anti-V5 antibody inhibited
proton flux across the plasma membrane in c-V5-transfected MB231 cells but not
untransfected cells (Figure 4.4A). These results suggest that the anti-V5 antibody is able
to inhibit proton transport across the plasma membrane mediated by the V-ATPase.
The mechanism by which the anti-V5 antibody inhibits V-ATPase activity is
uncertain. We showed that this inhibition is not due to decreased assembly of the
complex, because antibody treatment did not reduce the degree of membrane association
of the V1 domain (Figure 4.4B). The slight increase in assembly after antibody treatment
may be the result of increased plasma membrane V-ATPase assembly caused by
inhibition of activity. It has previously been shown that inhibition of V-ATPase activity
prevents dissociation of the V1 and V0 domains and favors the assembled state of the
pump (Parra and Kane, 1998). It is possible that binding of the antibody to the c subunits
sterically inhibits rotation of the proteolipid ring, which is required for ATP-driven
proton transport (Hirata et al., 2003; Yokoyama et al., 2003). This is made more likely
because each proteolipid ring contains multiple copies of the c subunit (Forgac, 2007;
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Powell et al., 2000). The presence of multiple anti-V5 antibodies bound to each VATPase complex may set up interactions with the stator portion of the complex that
obstruct rotation. Additional studies will be required to address this question.
Interestingly, we found that cells expressing the c-V5 construct had a more
alkaline cytosol than untransfected cells (Figure 4.2). Because transfected cells express
endogenous subunit c in addition to the V5-tagged subunit c, it is possible that increased
expression of proteolipid subunits leads to an alteration in the number of or assembly
status of V-ATPase complexes. The fact that the levels of subunit A and subunit d do not
change following transfection (Figure 4.3A) indicates there is no change in V-ATPase
expression levels in transfected cells. Furthermore, no difference in V-ATPase assembly
or plasma membrane localization was observed between transfected and untransfected
cells (Figures 4.1B and C). Additionally, the fact that c-V5 expression does not alter
proton flux across the plasma membrane (Figure 4.4A) suggests there is no difference in
the total V-ATPase activity at the plasma membrane. It remains possible that a more
alkaline pH is observed in transfected cells because of increased proton transport into
intracellular compartments.
Finally, we wished to determine whether inhibiting plasma membrane V-ATPase
activity blocks invasion of c-V5-expressing cells. Using an in vitro invasion assay, we
observed no difference in the invasiveness of transfected and untransfected cells.
However, addition of the anti-V5 antibody reduced invasion of c-V5 expressing cells by
over 50% relative to untreated cells but had no effect on invasion by untransfected cells
(Figure 4.5A). That this effect is due to plasma membrane V-ATPase inhibition and not a
consequence of antibody binding to an irrelevant extracellular epitope is supported by the
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observation that treatment of MB231 cells with an antibody against an extracellular
epitope of the (Na+,K+)-ATPase did not alter invasiveness (Figure 4.6). We also observe
that in vitro migration of transfected (but not untransfected) cells is significantly reduced
upon anti-V5 treatment (Figure 4.5B). The reductions in invasiveness and migration
upon antibody treatment were similar to those observed after treatment with the
membrane permeable V-ATPase inhibitor ConA. Overall, these results suggest that
inhibition of plasma membrane V-ATPase activity is sufficient to reduce invasion and
migration of c-V5 expressing cells.
To confirm the role of plasma membrane V-ATPases in tumor cell invasion and
migration, we determined the effect of treatment of cells with the membrane
impermeable V-ATPase inhibitor streptavidin-biotin-bafilomycin. We confirmed that this
reagent is membrane impermeable using isolated yeast vacuoles (Figure 4.7A). This
suggests that streptavidin-biotin-bafilomycin can be used to selectively inhibit plasma
membrane V-ATPases in mammalian cells without inhibiting intracellular V-ATPases.
We observed that streptavidin-biotin-bafilomycin was as effective as ConA in inhibiting
invasion and migration of MB231 cells (Figures 6B and C). These results thus provide
further support for the role of plasma membrane V-ATPases in breast cancer cell
invasion and migration.
One possible way that V-ATPases could promote invasion is by activating
proteases that facilitate degradation of extracellular matrix. We suggest that plasma
membrane V-ATPases may promote invasion by creating the acidic extracellular
microenvironment required for the activity of secreted proteases critical for tumor cell
invasion. Preliminary experiments to test this possibility are presented in Chapter 6 of
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this dissertation (see below). The mechanisms by which plasma membrane V-ATPases
may contribute to migration will also be discussed in further detail below.
A recent report has shown that pharmacological V-ATPase inhibition or siRNAmediated knockdown of the V0 subunits a1 or d1 prevents Rab27-mediated invasion in
breast cancer cells by preventing peripheral localization and secretion of Rab27containing vesicles (Hendrix et al., 2013). Furthermore, it has also been observed that the
invasiveness of poorly metastatic prostate cells with low plasma membrane V-ATPase
expression can be reduced after V-ATPase inhibition (Michel et al., 2013). The results of
these studies suggest that intracellular V-ATPases may play an important role in the
trafficking of molecules that participate in invasion. Thus, V-ATPases may participate
both at the plasma membrane and within intracellular compartments to promote tumor
cell invasiveness.

Subunit a3 localizes to the plasma membrane of invasive breast cancer cells and is
overexpressed in human breast tumors
Although several studies have examined the role of the a3 isoform of the VATPase subunit a in breast cancer cell invasion in vitro (Capecci and Forgac, 2013;
Cotter et al., 2015b; Hinton et al., 2009b), much remains unknown with regard to the
localization, function, and expression of a3 in human breast cancer. It has been
demonstrated that a3 mRNA is upregulated in invasive breast cancer cell lines relative to
noninvasive or noncancerous cell lines and that its knockdown reduces breast cancer cell
invasion in vitro (Capecci and Forgac, 2013; Hinton et al., 2009b). Importantly,
overexpression of a3 in the noninvasive MCF10a breast epithelial line enhances both
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invasiveness and plasma membrane localization of V-ATPases (Capecci and Forgac,
2013). We have also recently shown that plasma membrane V-ATPases are critical for
the invasion and migration of MB231 breast cancer cells (Chapter 4) (Cotter et al.,
2015b). These studies have not examined the localization of subunit a3 in breast cancer
cells, and thus it was unclear whether a3-containing V-ATPases are actually present at
the plasma membrane of breast cancer cells or were merely important in the intracellular
trafficking of V-ATPase complexes to the cell surface. Furthermore, the expression of a3
in human breast tumors had not been assessed. Chapter 5 of this dissertation aimed to
determine both the expression and localization of the a3 isoform in human breast cancer
samples in order to gain insight into its suitability as a target to limit breast cancer
metastasis. To address these questions, we employed a monoclonal antibody specific for
the a3 isoform (Sun-Wada et al., 2011). This antibody has previously been utilized to
assess a3 expression in mouse melanoma cells (Nishisho et al., 2011). The anti-a3
antibody recognizes an epitope that is specific for the a3 isoform in mouse and human
and thus does not recognize the other subunit a isoforms. We have confirmed that this
antibody recognizes the corresponding human protein by Western blot (Figure 5.4A).
In Chapter 5, we have demonstrated that a3-containing V-ATPases are present
intracellularly in normal MCF10a breast epithelial cells as well as in invasive breast
cancer cells. Importantly, a3 was observed at the leading edge of migrating invasive
breast cancer cells (Figure 5.2). While our data could indicate that leading edge
induction promotes localization of a3 to the plasma membrane from intracellular
compartments, it is also possible that in the non-migratory state, a3 is dispersed
throughout the plasma membrane below the level of detection by immunofluorescence,
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and is only concentrated at the leading edge upon induction of migration. Subunit a3 has
previously been shown to be important for the in vitro invasiveness of MB231 and
MCF10CA1a breast cancer cells (Capecci and Forgac, 2013; Hinton et al., 2009b). Our
results from Chapter 5 indicate for the first time that a3 is the predominant subunit a
isoform contributing to breast cancer cell migration (Figure 5.4B). This, in combination
with our work in Chapter 4 demonstrating a role for plasma membrane V-ATPases in
breast cancer cell invasion and migration (Cotter et al., 2015b), highlight the importance
of plasma membrane V-ATPases containing a3 in these processes.
Our co-localization studies in normal MCF10a breast epithelial cells and invasive
MB231 breast cancer cells provide insight into possible intracellular functions of a3containing V-ATPases (Figure 5.3). The presence of a3-containing V-ATPases in
endosomes and Golgi in both MCF10a and MB231 cells suggest the possibility that they
may be involved in endocytosis, protein trafficking or protein modification. Furthermore,
our results indicate that in the invasive breast cancer cell line, intracellular a3
predominantly localizes to lysosomes. This suggests the possibility that plasma
membrane V-ATPases containing a3 may be derived from the fusion of secretory
lysosomes with the cell surface, although additional work will be needed to test this
hypothesis. Indeed, previous studies of osteoclast progenitor cells have demonstrated that
a3 localizes to late endosomes and lysosomes, and that upon differentiation into mature
osteoclasts, a3 relocalizes to the plasma membrane, possibly through fusion of secretory
lysosomes with the cell surface (Toyomura et al., 2003). The presence of a3-containing
V-ATPases in lysosomes suggests a possible role in protein degradation. Lysosomes
undergo a number of changes during malignant transformation, including increased
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protease activity and increased trafficking towards the leading edge of migrating cells
(Glunde et al., 2003; Kallunki et al., 2013; Rozhin et al., 1994). Both of these properties
would promote the release and activation of proteases into the extracellular space that
could enhance the invasiveness of breast tumor cells (Kallunki et al., 2013). Strong colocalization of a3 with lysosomes in breast cancer cells suggests that a3-containing VATPases are involved in these processes. This represents a possible mechanism by which
intracellular V-ATPases may contribute to the process of invasion.
The differences in a3 localization between MCF10a and MB231 cells suggest that
the intracellular localization patterns of a3 may be altered in breast cancer. a3 localizes to
late endosomes and lysosomes in osteoclast progenitor cells and to the plasma membrane
in mature osteoclasts (Toyomura et al., 2003). In pancreatic β cells, a3 localizes to
insulin-containing secretory vesicles and may participate in insulin release as well as in
acid-dependent insulin processing (Sun-Wada et al., 2006). These studies, in addition to
our findings, support the previously suggested concept that localization of subunit a
isoforms depends upon the cellular context (Sun-Wada et al., 2006). Differential
localization of a3-containing V-ATPases may be a result of both subunit a expression and
interaction of the V-ATPase with various cellular factors. For example, the hemeresponsive gene 1 (HRG-1) protein has been proposed to aid in localization of the pump
to the plasma membrane of invasive cancer cells and to promote V-ATPase activity in
order to enhance invasiveness (Fogarty et al., 2014). The identification of factors that
contribute to the specific localization patterns of subunit a3 in different cell types
warrants future study.
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The expression of the subunit a isoforms in human breast cancer had not
previously been determined. Our results assessing a3 mRNA expression in the breast
cancer cDNA array (Figure 5.5A) demonstrate a significant upregulation of a3 ranging
from 2.5-47 fold in every breast cancer sample tested relative to normal tissue. In general,
the highest degree of overexpression occurred in the higher-stage tumor samples. Our
immunohistochemistry results demonstrate that a3 expression is greater in invasive breast
carcinoma relative to adjacent ductal carcinoma in situ and relative to adjacent normal,
hyperplastic, and solid tumor tissue (Figure 5.6). These results support those from the
cDNA array and demonstrate for the first time that a3 expression is greatest in invasive
breast cancer relative to noninvasive tumors and normal tissue. The mechanisms by
which a3-containing V-ATPases contribute to a more invasive or migratory phenotype in
cancer cells are unclear and will be discussed in further detail below.
While the expression of a3 was generally greater in the cDNA samples of
increased tumor stage, there was considerable variation in expression level within each
group. This suggests that some, though not all, tumors of a more advanced stage upregulate a3 expression. It is interesting to note that a3 is also overexpressed in many stage
I tumor samples. Because these tumors are not invasive, this suggests that a3 plays other
roles in cancer cells beyond promotion of metastasis. The V-ATPase has previously been
implicated in cancer cell survival, proliferation, and drug resistance (Feng et al., 2013;
Graham et al., 2014; Huang et al., 2012; Liu et al., 2015; Lozupone et al., 2015; Lu et al.,
2013; McHenry et al., 2010; Schempp et al., 2014; von Schwarzenberg et al., 2013, 2014;
Xu et al., 2012a), and a3-containing V-ATPases may participate in these processes in
breast cancer cells. Because of the heavy reliance of cancer cells on glycolytic
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metabolism, cancer cells face a larger than normal acid burden. The presence of VATPases at the cell surface where they can pump this acid into the extracellular
environment allows cancer cells to survive despite this high rate of acid production
(Webb et al., 2011). a3 expression in early-stage tumors may also signal an increased
potential of tumors to become metastatic. Future studies will address these questions.
In addition to breast cancer cells, a3 expression has also been detected on the
plasma membrane of invasive pancreatic cancer cells (Chung et al., 2011) and was shown
to be involved in the in vitro invasion and migration as well as in vivo metastasis of
mouse melanoma cells (Nishisho et al., 2011). a4 has previously been reported to be
overexpressed in human glioma samples and to be involved in glioma cell invasion
(Gleize et al., 2012). Previous work in our laboratory also demonstrated a role for a4 in in
vitro invasion of MB231 cells (Hinton et al., 2009b), although in Chapter 5, a4 mRNA
was upregulated in relatively few breast tumor samples (Figure 5.5B). The a2 isoform
was recently detected at the surface of ovarian cancer cells and was found to be
moderately overexpressed in ovarian cancer tissues (Kulshrestha et al., 2015).
Interestingly, this study also reported a significant upregulation of a3 in two of the three
ovarian cancer cell lines tested. Furthermore, immunohistochemistry demonstrated a very
significant upregulation of a3 in ovarian cancer relative to normal tissue (Kulshrestha et
al., 2015). Collectively, these studies suggest that a3 may play critical roles in cancers
other than breast cancer, but that other a subunit isoforms may be important in a tumorspecific manner. The contribution of other subunit a isoforms in breast cancer and other
cancer types requires further study.
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Overexpression of particular subunit a isoforms could result in altered localization
of the pump without an increase in the number of V-ATPases in the cell. However, it is
also possible that other subunits are overexpressed in breast cancer in order to enhance
overall V-ATPase activity in the cell, and this warrants further examination. In addition
to the subunit a isoforms, a number of studies have observed overexpression of other VATPase subunits in human tumor samples (Chung et al., 2011; García-García et al., 2012;
Hendrix et al., 2013; Huang et al., 2012; Liu et al., 2015; Lu et al., 2013; Ohta et al.,
1996; Otero-Rey et al., 2008; Pérez-Sayáns et al., 2010; Xu et al., 2012a). Importantly,
these studies did not report the expression levels of other subunits, and it is thus possible
that multiple V-ATPase subunits are overexpressed in these contexts. A recent study has
reported that V1G1 expression in GBM is elevated without concomitant overexpression
of other V1 and V0 subunits. G1 expression was correlated with poor survival (Di
Cristofori et al., 2015). This suggests that overexpression of single subunits other than the
subunit a isoforms may have important implications in cancer cells. Unfortunately, none
of these studies have tested whether overexpression of a single subunit results in
increased or altered pump activity. Increased V-ATPase activity as the result of
overexpression of a single subunit would suggest that other subunits are available in
excess and that the overexpressed subunit is limiting for activity. Future work is required
to assess the expression patterns of multiple subunits in cancer tissues as well as whether
activity can be modulated through variations in expression of a single subunit.

The mechanisms by which the V-ATPase promotes tumor cell invasion
Although the V-ATPase has been implicated in invasion and migration of a
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number of cancer cell types, the mechanisms by which it contributes to these processes
have yet to be fully elucidated. One possibility is that V-ATPases create an acidic
microenvironment required for the activation and/or activity of pH-dependent proteases
involved in invasion (Cotter et al., 2015a). Several studies have suggested that the VATPase promotes extracellular MMP-2 and MMP-9 activity, which are both involved in
invasion (Chung et al., 2011; Kulshrestha et al., 2015; Lu et al., 2005; Nishisho et al.,
2011). However, MMPs are not directly pH-dependent (Kessenbrock et al., 2010; Robey
and Nesbit, 2013). The cathepsins are pH-dependent proteases secreted by cancer cells
that cleave extracellular matrix and activate a number of other proteases, including the
MMPs. Cathepsin activation and activity are optimal at an acidic pH, and their secretion
is enhanced when cells are exposed to an acidic pH (Robey et al., 2009; Rothberg et al.,
2013; Rozhin et al., 1994; Turk et al., 2012). In Chapter 6, we tested the hypothesis that
the V-ATPase contributes to the activity of cathepsin B, one of the best-studied
cathepsins implicated in invasion of breast cancer cells.
We observed that treatment of MB231 breast cancer cells with the membrane
impermeable cathepsin B inhibitor CA-074 significantly reduces invasion (Figure 6.1),
consistent with previously reported results (Gillet et al., 2009). We went on to
demonstrate that treatment with ConA significantly reduces total (intracellular and
extracellular) cathepsin B activity in MB231 cells (Figure 6.2). This is consistent with
previous work reporting that V-ATPase inhibition with archazolid reduces intracellular
cathepsin B activity in bladder carcinoma cells (Kubisch et al., 2014). Our results are the
first to demonstrate that total cathepsin B activity is reduced upon V-ATPase inhibition in
breast cancer cells. Furthermore, we demonstrated that extracellular cathepsin B activity

224

in live cells is reduced upon V-ATPase inhibition with ConA (Figure 6.3). In general,
our results support the hypothesis that V-ATPases may contribute to cancer cell invasion
by promoting cathepsin activity.
It is unclear whether intracellular, plasma membrane, or all cellular V-ATPases
are required for cathepsin B activity in MB231 cells. Intracellular V-ATPases likely
contribute to intracellular cathepsin B activity by providing the low lysosomal pH
required for maturation and activity. Some cancer cell lines have been reported to
internalize extracellular matrix and degrade it intracellularly (Sameni et al., 2000; Victor
et al., 2011). Several studies have shown that intracellular matrix degradation is cathepsin
B-dependent (Premzl et al., 2003; Sameni et al., 2000; Szpaderska and Frankfater, 2001).
Intracellular V-ATPases may thus promote the invasiveness of at least some cancer cell
lines by enhancing intracellular matrix degradation through the activity of intracellular
cathepsins. The present study did not assess whether inhibition of intracellular cathepsin
B reduces MB231 cell invasion, and thus future work is required to test this hypothesis.
Intracellular V-ATPases may also contribute to extracellular protease activity by
promoting intracellular activation within secretory vesicles (Hendrix et al., 2013).
Plasma membrane V-ATPases may create an acidic extracellular
microenvironment that allows for cathepsin B activation and activity outside of the cell.
As plasma membrane pumps are critical for MB231 invasion (Chapter 4) (Cotter et al.,
2015b) and inhibition of extracellular cathepsin B reduces invasion (Figure 6.1), we
expected that ablation of plasma membrane V-ATPase activity would reduce
extracellular cathepsin B activity. Interestingly, this was not observed upon plasma
membrane V-ATPase inhibition of c-V5-transfected MB231 cells using the anti-V5
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antibody (Figure 6.4). These preliminary results suggest that extracellular cathepsin B
activity may not be dependent upon plasma membrane pumps in this cell line. Plasma
membrane pumps in MB231 cells may contribute to invasion through the activation of
another extracellular protease or through an effect on migration, as will be discussed
further below. The role of subunit a3 in both intracellular and extracellular protease
activity requires further study.
It is important to note that our results do not rule out a contribution of plasma
membrane V-ATPases to extracellular cathepsin B activity. Although the concentration
of anti-V5 antibody used for the activity assay (1:500) was the same as that utilized for
the 8 h invasion and migration assays described in Chapter 4, the treatment time for the
activity assay is only 2 h. Thus, increasing the antibody concentration or the treatment
time may yield different results. Additionally, alternative methods that better mimic in
vivo matrix degradation, such as plating cells on DQ-collagen and imaging live cells to
monitor the formation of fluorescent products, are necessary. Thus, while inhibition of
plasma membrane V-ATPases may not alter the activity of cathepsins secreted into the
bulk media, it may have dramatic effects on the activity of cathepsins secreted into
localized extracellular spaces at the leading edge of invading cells (Sameni et al., 2000).
Once additional activity assays have been been optimized in our laboratory, the relative
contributions of plasma membrane and intracellular V-ATPases to cathepsin activity in
breast cancer cells can be more accurately assessed.
The expression of intracellular mature cathepsin B decreased upon V-ATPase
inhibition with ConA in MB231 cells, confirming that the pump contributes to cathepsin
processing in this cell line (Figure 6.5). Expression of pro-cathepsin B in the media
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dramatically increased upon ConA treatment, consistent with previous results in MCF7
cells (Figure 6.5) (Kubisch et al., 2014). Our results also support previous findings that
neutralization of late endosomes increases lysosomal protein secretion as a result of M6P
receptor saturation (Borden et al., 1990; Gonzalez-Noriega et al., 1980; Kubisch et al.,
2014; Tapper and Sundler, 1995).
We were not able to detect mature cathepsin B in the media of MB231 cells, and
it is possible that it is present in levels below the detection threshold of Western blotting
of the bulk medium. Alternatively, cathepsin B may be bound to the plasma membrane of
MB231 cells (Mohamed and Sloane, 2006; Sloane et al., 1986, 1994). Cell surface
mature and pro-cathepsin B localize to caveolae in colon cancer (Cavallo-Medved et al.,
2003, 2005) and SUM149 breast cancer cells, where they bind to annexin II (Victor et al.,
2011). We employed two methods to isolate caveolae-enriched fractions from MB231
cells. Both protocols resulted in identification of pro-cathepsin B in caveolae-enriched
fractions (Figure 6.6), confirming the presence of cathepsin B in the caveolae in this cell
line. Mature cathepsin B was present in a V-ATPase-dependent manner in the caveolaeenriched fractions isolated with the octylglucoside-based protocol (Figure 6.6A),
suggesting that MB231 cells may localize mature cathepsin B to the caveolae, similar to
SUM149 breast cancer cells (Victor et al., 2011). However, the SDS-based isolation
protocol did not detect mature cathepsin B in the caveolae-enriched fraction and it is thus
unclear whether the mature form is actually present in the caveolae of this cell line.
Further optimization of caveolae isolation protocols, including detergent-based isolation,
sucrose density centrifugation, and immunoisolation, is required to address this question
in MB231 cells.
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Interestingly, both caveolae isolation protocols allowed for detection of the VATPase subunit A in the caveolae-enriched fraction, suggesting that the assembled pump
may be present at the caveolae (Figure 6.6). This is the first time the pump has been
localized to the caveolae in a cancer cell line and has important implications. Caveolae
play key roles in several cellular processes, including signal transduction and migration.
Caveolin-1 localizes to invadopodia and its expression correlates with survival and
invasion in several advanced tumor types (Martinez-Outschoorn et al., 2015; Senetta et
al., 2013). In addition to cathepsin B, several other proteases localize to caveolae in
tumor cells, such as the serine protease urokinase plasminogen activator, which can be
activated by cathepsin B, and a number of the MMPs (Cavallo-Medved et al., 2005;
Mohamed and Sloane, 2006; Navarro et al., 2004; Victor et al., 2011). V-ATPasemediated acidification of the caveolae environment could thus promote caveolaeassociated cathepsin B activity, which in turn can activate other caveolae-associated
proteases involved in the proteolytic cascade. This localization of the V-ATPase may also
allow it to maintain close proximity to pro-migratory factors that associate with caveolae.
As the TI fraction may contain intracellular membranes, future studies, such as
immunofluorescence to detect colocalization of the V-ATPase with caveolin-1 at the
plasma membrane, are required to confirm V-ATPase expression in cancer cell caveolae.
It is important to note that protease expression and localization, as well as the site
of matrix degradation (extracellular versus intracellular), is highly variable even between
cells of the same cancer type (Sameni et al., 2000; Victor et al., 2011). It is thus necessary
to determine the role of V-ATPases in promoting protease activity in a number of
different cancer cell lines. For example, MCF10CA1a breast cancer cells secrete mature
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cathepsin B in levels detectable by Western blotting (Figure 6.7), while MB231 cells do
not. On the other hand, MCF10CA1a cells do not express detectable levels of pro- or
mature cathepsin L (Figure 6.7), while pro-cathepsin L expression can be detected in
MB231 cell medium (Hinton et al., 2009b). MCF10CA1a cells may thus represent a more
optimal cell line to study the role of plasma membrane V-ATPases in cathepsin B
maturation and activity. Furthermore, mature cathepsin B expression in caveolae has
been previously documented in SUM149 breast cancer cells (Victor et al., 2011), and this
cell line may be useful for testing the hypothesis that caveolae-associated V-ATPases are
critical for the maturation of membrane-associated cathepsin B.
Aside from the promotion of cathepsin B activity, it is likely that the V-ATPase
mediates invasion through additional mechanisms. The effect of V-ATPase inhibition on
the activity of the other cathepsins, particularly D and L, should be assessed in a variety
of different cell lines. MMP-3, which functions optimally at low pH and has been
implicated in the invasion of several tumor cell lines, may also be regulated by the VATPase (Hegedüs et al., 2008; Johnson et al., 2000; Mercapide et al., 2003; Phromnoi et
al., 2009; Webb et al., 2011). The ADAM family of proteases, which are closely related
to the MMPs, have been implicated in proliferation, migration, and invasion (Duffy et al.,
2011; Gialeli et al., 2011). The processing of ADAM8, which has been implicated in
several cancers, is partially pH-dependent. Furthermore, pH has been shown to regulate
ADAM8 substrate selection, suggesting that this protease could also be regulated by the
V-ATPase (Hall et al., 2009). It will be helpful to perform in vitro invasion assays on a
variety of cancer cells with protease-specific inhibitors in combination with membrane
impermeable and permeable V-ATPase inhibitors. For example, if combination treatment
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of MB231 cells with ConA and the pan-cysteine cathepsin inhibitor E64 reduces MB231
invasion to a greater degree than E64 alone, it is likely that the pump promotes invasion
through additional mechanisms beyond cathepsin activation.
Reduction of V-ATPase activity with membrane permeable inhibitors (Sennoune
et al., 2004; Wiedmann et al., 2012), inhibition of plasma membrane V-ATPases
(Chapter 4) (Cotter et al., 2015b), and knockdown of subunit a3 (Chapter 5) all reduce in
vitro breast cancer cell migration. Additional work is required to determine the
mechanisms by which the pump contributes to this process. The pump could in part
regulate migration through cathepsin activity. Cathepsins have been linked to migration,
potentially through their ability to release cell-matrix contacts required for cell movement
(Yang and Cox, 2007). Additional mechanisms likely exist. The V-ATPase has been
demonstrated to directly interact with actin in yeast, insect, and mammalian cells (Chen
et al., 2004; Holliday et al., 2000; Lee et al., 1999; Vitavska et al., 2003; Zuo et al.,
2008). Moreover, a recent study has found that subunit C interacts with F-actin at the
plasma membrane of invasive breast cancer cells and that loss of this subunit disrupts
actin arrangement in these cells (Cai et al., 2014). Furthermore, plasma membrane VATPases present at the leading edge of microvascular endothelial cells are thought to
promote migration through a local increase in cytosolic pH, which facilitates actin
polymerization (Rojas et al., 2006). It is possible that a similar phenomenon occurs in
invasive cancer cells. Thus, the V-ATPase may play an important role in cytoskeletal
rearrrangements required for cell motility. Interestingly, inhibiting V-ATPases with
archazolid impairs plasma membrane localization of EGFR and Rac1 in SKBR3 breast
cancer cells, a critical process for cell migration (Wiedmann et al., 2012). Finally, cell
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migration is a calcium-dependent process. The V-ATPase has been implicated in the
regulation of membrane potential, which in turn could alter ion channel conductance,
promoting calcium influx into the cell (Forgac, 2007; Schwab et al., 2012). Additional
studies are required to explore these possibilities.

The V-ATPase as a therapeutic target for breast cancer
The results from Chapters 4 and 5 of this dissertation demonstrate the importance
of plasma membrane and a3-containing V-ATPases in breast cancer cell invasion and
migration. They also demonstrate for the first time that the a3 isoform is present at the
plasma membrane of tumor cells and is overexpressed in human breast cancer samples.
These results suggest that overexpression of a3 results in increased trafficking of the VATPase to the plasma membrane, where it participates in cancer cell invasion and
migration (Figure 7.1). Because of the importance of these processes for tumor
metastasis, it is important to consider the viability of the V-ATPase as a target to limit
metastasis.
A limited number of studies have assessed the effect of V-ATPase inhibition on in
vivo cancer growth and metastasis. Intravenously injected 4T1 mouse breast cancer cells
display reduced colonization of the lung when mice are treated with the V-ATPase
inhibitor archazolid (Wiedmann et al., 2012). Similar results were obtained when 4T1
cells were pre-treated with archazolid prior to tail vein injection (Schempp et al., 2014).
In a xenograft breast cancer model, bafilomycin-treated mice experience reduced tumor
growth and lymph node metastasis (Graham et al., 2014). Similarly, knockdown of
subunit V1C in 4T1 cells prior to mammary fat pad injection in mice results in prolonged
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Figure 7.1: The promotion of cancer metastasis by plasma membrane V-ATPases.
Overexpression of V-ATPase subunit a isoforms, particularly a3 and a4, may result in
increased trafficking of the pump to the plasma membrane. Plasma membrane VATPases have been shown to be critical for the invasion and migration of breast cancer
cells. While the mechanisms by which plasma membrane pumps contribute to these
processes remain under investigation, several possibilities are listed above. Increased
invasion and migration eventually allows tumor cells to escape the primary tumor and
colonize a secondary site in the body.
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survival, reduced tumor growth, and reduced metastasis to the lung, liver, and bone (Feng
et al., 2013). In a mouse model of liver metastasis, knockdown of subunit V0c and
bafilomycin treatment reduces metastasis and primary tumor growth (Lu et al., 2005; Xu
et al., 2012a). These studies support a role for the V-ATPases in tumor metastasis.
Together with the results presented in this dissertation, along with previous observations
suggesting a role of the pump in drug resistance and cancer cell survival, the cumulative
data suggest that the V-ATPase represents an important and novel anti-cancer target
(Cotter et al., 2015a).
An important question is whether V-ATPases can be safely targeted in vivo to
reduce tumor growth and metastasis, as complete and prolonged inhibition of the VATPase is lethal for mammalian cells (Gottlieb et al., 1995; Ishisaki et al., 1999;
Karwatowska-Prokopczuk et al., 1998). Several lines of evidence support this idea. First,
cancer cells are more dependent upon the V-ATPase for their survival (Lu et al., 2016;
Morimura et al., 2008; Nishihara et al., 1995; Straud et al., 2010; Zhang et al., 2015). Our
results presented in Chapter 6 support this, as MCF10CA1a breast cancer cells are
significantly more sensitive to prolonged V-ATPase inhibition than the parental MCF10a
breast epithelial cell line. Second, patients with the genetic disease XMEA display a
global, 70-90% reduction in V-ATPase activity, but experience predominantly defects in
skeletal muscle function as a result of enhanced autophagy (Ramachandran et al., 2013).
This suggests that most normal cells may be able to survive despite reduced V-ATPase
activity during cancer treatment with a V-ATPase inhibitor.
Nevertheless, the design of V-ATPase inhibitors that more specifically target VATPases expressed in cancer cells will likely cause fewer side effects than pan-V-
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ATPase inhibitors. Our results from Chapter 4 suggest that plasma membrane pumps may
be a viable anti-metastatic target in vivo. Plasma membrane V-ATPases are only found in
a small number of cells in the body, including osteoclasts, renal intercalated cells and
epididymal clear cells. It may thus be possible to specifically target plasma membrane VATPases in tumor cells to reduce breast cancer metastasis without causing life
threatening side effects.
Our results from Chapter 5 suggest that targeting a3-containing plasma membrane
V-ATPases may also represent a novel strategy for inhibiting breast cancer metastasis in
vivo. This strategy would likely result in limited systemic side effects given the relatively
restricted expression of a3-containing V-ATPases localized to the cell surface (Cotter et
al., 2015a; Forgac, 2007). In adults, impaired osteoclast function from inhibition of a3containing V-ATPases would most likely only require careful monitoring and
maintenance of plasma calcium levels (Key et al., 1984; Li et al., 1999). Compromised
osteoclast function could also be a beneficial side effect for the prevention of breast
cancer metastasis since breast cancer cells have been shown to recruit osteoclasts to
invade bone (Yin et al., 2005). Knockdown of a3 has been shown to reduce melanoma
metastasis to the lung and bone in mice, and future work is required to determine whether
these findings extend to other cancer cell types (Nishisho et al., 2011). In addition to a3,
several other studies have proposed a role for the other subunit a isoforms in cancer,
particularly a4 (Gleize et al., 2012; Hinton et al., 2009b). Cell surface a4 is only present
in renal and epididymal clear cells. As renal tubule acidosis can be treated by maintaining
plasma bicarbonate levels (Rodríguez Soriano, 2002), inhibition of a4-containing pumps
to reduce the growth or spread of tumors that depend upon a4 is also unlikely to cause
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systemic, life-threatening side effects. Ultimately, additional work is required to assess
the in vivo consequences of targeting V-ATPases containing specific subunit a isoforms
for the treatment of breast cancer metastasis.
The results described in Chapter 2 provide important insight into how we may
develop subunit a isoform-specific inhibitors of the V-ATPase by shifting the equilibrium
of assembled/disassembled V-ATPases. We identified five residues present on the Nterminus of Vph1p in yeast that are present at the interface of the V1 and V0 domains. It
will be of interest to determine whether the homologous regions in the mammalian
subunit a isoforms are also interfacial. It may be possible to design isoform-specific
peptides from the interfacial regions that will compete with V0 for binding to V1. This
could reversibly decrease V-ATPase assembly (and thus activity) in a subunit a isoformspecific manner. It is also possible that subunit a isoforms interact with specific isoforms
of other V1 subunits in cancer cells relative to normal cells. It may thus be possible to
screen for inhibitors that prevent these isoform-specific interactions to more specifically
reduce V-ATPase activity in cancer cells (Kartner et al., 2010). Small molecule inhibitors
of signaling pathways involved in assembly could also reduce V-ATPase activity in vivo,
though this has the potential to result in greater side effects than direct V-ATPase
inhibition. Nevertheless, the yeast screen described in Chapter 3 promises to facilitate the
identification of novel regulators of V-ATPase assembly and activity.
There are important considerations with regard to the potential efficacy of VATPase inhibitors in vivo. In some circumstances, general V-ATPase inhibition initially
induces a protective response. For example, bafilomycin treatment of MB231 cells can
upregulate pro-survival MAP kinases. Inhibition of these kinases with sorafenib in
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combination with V-ATPase inhibition reduces in vivo breast tumor growth and
metastasis in mice to a greater degree than either inhibitor alone (Graham et al., 2014). VATPase inhibition may thus function more optimally in combination with other anticancer treatments. The role of the V-ATPase in apoptosis is an additional concern. While
many cancer cell lines depend upon the V-ATPase for survival, the pump has been
suggested to play a pro-apoptotic role in cancer cells that are sensitive to TNF-related
apoptosis-inducing ligand (TRAIL)-mediated apoptosis. V-ATPase-dependent
acidification of intracellular compartments is required for TRAIL signaling and
subsequent apoptosis (Horova et al., 2013). Inhibition of intracellular V-ATPases may
thus contribute to survival in some cancer cells.
It is also important to consider the mechanisms by which the pump contributes to
tumor cell growth and metastasis in vivo. Archazolid treatment decreases mature
cathepsin B expression and activity in a breast cancer mouse model (Kubisch et al.,
2014). If the pump is involved in promoting the in vivo activity of proteases near the top
of the proteolytic cascade, it is likely that V-ATPase inhibition will be more effective in
reducing metastasis relative to treatment with individual protease inhibitors. However,
the complexities of the proteolytic cascade must be taken into account, as inhibition of
the pump could have unintended consequences. For example, the V-ATPase has been
implicated in reducing MMP activity in some cell types. Membrane-type 1 MMP (MT1MMP) is a membrane-bound MMP that degrades a wide range of matrix proteins and
activates MMP-2. V-ATPase inhibition has been shown to reduce MT1-MMP
internalization in a melanoma cell line, resulting in the enhancement of extracellular
MMP-2 activity (Maquoi et al., 2003). V-ATPase inhibition in Panc-1 pancreatic cancer
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cells also enhances MMP-2 activation, potentially through the same mechanism (Chung
et al., 2011). These results contrast those obtained in other cancer cell lines, such as
hepatocellular carcinoma cells, in which ablation of V-ATPase activity reduces MMP-2
activity (Lu et al., 2005). Indeed, elucidating the contribution of MMP family members to
invasion has been difficult, as their effects depend upon the tumor type and the MMPs
present. Several MMPs, such as MMP-3, can either reduce or promote cancer
progression, depending upon the context (Mason and Joyce, 2011). Overall, it is
important to note that while V-ATPase inhibition may be an effective anti-cancer
treatment for many cancer cell types, the effects may be cancer-type specific. Future
studies are required to determine the consequences of general, plasma membrane, and
subunit a isoform-specific V-ATPase inhibition in a wide variety of cancer cell types.
In summary, the results described in this dissertation have provided important
insight into how the V-ATPase contributes to breast cancer cell invasion and migration
and how we may specifically target these pumps in vivo. These studies support the
concept that targeting plasma membrane and a3-containing V-ATPases may reduce
breast cancer metastasis. Further work is required to address whether inhibition of these
V-ATPases provides a safe and effective anti-cancer treatment.
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