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INTRODUCTION

In our studies proposed herein, we demonstrate the causal role between
VAPB and breast cancer, specifically in three areas (1) cell growth (2) invasion
and (8) tumor growth in vivo. Our results show VAPB is important for breast
tumor cell growth, affecting proliferation both in vitro and in mammary gland
transplantation experiments. We also provide evidence that VAPB elevates the
invasive potential of mammary epithelial cells. These phenotypes are, at least,
partly mediated through enhanced AKT activation, a critical mitogenic signaling
pathway in breast cancer. Additionally, we generated VAPB-deficient mice that
overexpress the rat homologue of HER2 specifically in the mammary gland and
scored spontaneously arising tumors for size and proliferation. Collectively, the
genetic, functional and mechanistic analyses suggest an important function of
VAPB in human breast cancer.



BODY

Statement of Work

Specific Aim 1: Define the function of secreted VAPB-MSP in tumor cells

Task 1:  Establishing MMTV-Neu VAPB-knockdown cells rescued with VAPB-
MSP or full-length VAPB, and MCF-10A cells overexpressing full-
length VAPB or VAPB-MSP

Summary of Results:

Ectopic expression of VAPB-MSP in HER2-expressing breast tumor cells
To investigate whether the VAPB-MSP domain is critical for enhanced

spheroid growth, we designed and cloned a VAPB-MSP construct (sSMSP) into a

pCLXSN (retroviral vector) and infected MMTV-Neu knockdown cells and

MCF10A cells that overexpress HER2 (Figure 1).

Techniques Acquired: Lentivrial-mediated siRNA knockdown, Retroviral-
mediated protein expression

Task 2: Assessing colony size, proliferation, apoptosis in above cell lines

Summary of Results:
VAPB promotes tumor spheroid growth by enhancing tumor cell
proliferation

Because the VAPB is often overexpressed in human breast cancer [1-3],
we sought to determine if elevated VAPB expression enhances tumor cell
growth. MCF10A-HER2 cells, an immortalized mammary epithelial cell line with
low level of endogenous VAPB, were transduced to express human VAPB
protein (Figure 2A). Tumor spheroid growth was quantified in a three-dimensional
culture. As previously reported, control MCF10A-HER2 cells formed large acinar-
like structures with a filled lumen [4]. Expression of VAPB in MCF10A-HER2 cells
led to larger, irregular structures with invasive protrusions and a significant
increase of spheroid size relative to parental and vector controls (Figure 2B).

To determine whether increased tumor spheroid size is due to increased
cell proliferation, the tumor spheroids were stained for proliferating cell nuclear
antigen (PCNA), a cell proliferation marker. As shown in Figure 2C, VAPB
expression elevated the number of PCNA-positive nuclei per spheroid,
suggesting that VAPB regulates cell proliferation. Apoptosis, as measured by
cleaved caspase 3 staining of 3D spheroid cultures, was not significantly
changed (Figure 7A).

As an independent approach to determine whether VAPB is necessary for
tumor cell growth, we knocked down VAPB in MMTV-Neu cells. These cells are
derived from spontaneously arising mammary tumors from the MMTV-Neu



mouse model [5]. Stable expression of two independent shRNAs significantly
reduced VAPB protein levels (Fig. 3A) but not the related protein VAPA (Figure
3C), suggesting that shRNAs specifically downregulated VAPB expression. In
contrast to the morphology of vector control spheroids, which displayed
disorganized and irregular structures with protrusions, knockdown of VAPB
resulted in much smaller and more compact tumor spheroids (Figure 4A). Since
one of the VAPB shRNA sequences (KD #1) targeted the 3' UTR, we were able
to re-express full-length human VAPB protein (Figure 3B). Re-expression of
VAPB restored tumor spheroid size and irregular morphology, demonstrating that
phenotypes induced by shRNAs are VAPB specific and not due to off-target
effects (Figure 4A). Knockdown of VAPB significantly reduced proliferation in
spheroid cultures as quantified by PCNA staining (Figure 4B), without affecting
apoptosis as measured by cleaved caspase 3 staining of 3D spheroid cultures
(Figure 7B). Together, these data indicate that VAPB regulates tumor spheroid
size by increased tumor cell proliferation.

VAPB-MSP is not sufficient to enhance VAPB-mediated spheroid growth

In order to investigate the function of VAPB and sMSP in tumor cells, we
examined the effects of altering VAPB or sMSP expression in breast cancer cell
culture models. First, we examined whether VAPB or sMSP is necessary for
tumor cell growth in MMTV-Neu tumor cells. As shown in Figure 5A, expression
of sSMSP in VAPB deficient MMTV-Neu tumor cells was not sufficient to rescue
spheroid growth. Analysis by confocal microscopy revealed that VAPB
knockdown cells also formed smaller, more organized acini (Figure 5B). Similar
results were found in MCF10A-HER2 cells. Restoration of full-length human
VAPB but not sMSP enhanced spheroid size and irregular morphology (Figure
6). These data suggest that sSMSP is not sufficient to rescue VAPB deficiency.
Because the sMSP did not have significant effects on spheroid growth, we did
not access proliferation and apoptosis as measured by PCNA and cleaved
caspase-3 respectively.

Techniques Acquired: 3D-Matrigel culture, proliferation and apoptosis
assays, confocal microscopy analysis of
immunofluorescent images.

Task 3. Orthotopic transplantation of above cell lines into mammary gland
of female syngeneic mice

Summary of Results:
VAPB promotes tumor growth in an orthotopic mammary tumor model

Next, we investigated the role of VAPB in tumor growth in vivo in a
mammary tumor orthotopic transplantation model [6]. One million MMTV-Neu
control or VAPB knockdown cells were injected into cleared mammary gland fat
pads of FVB recipient female mice. VAPB knockdown tumor cells failed to form



tumors or formed very small, non-palpable tumors at five weeks post-
transplantation, compared to parental or vector controls (Figure 8A). While
parental or vector control tumors display densely packed tumor cells, VAPB
knockdown tumors exhibit a reduced mammary tumor cell content (Figure 8B).
To examine changes within the tumor epithelium, we assessed tumor
proliferation and apoptosis in tissue sections by staining for Ki67 and cleaved
caspase-3, respectively. We observed a significant decrease in tumor cells with
Ki67 nuclear staining (Figure 8C). Whereas cleaved caspase-3 levels were
unaffected (Figure 7C). These data suggest that loss of VAPB inhibits HER2-
initiated mammary tumor proliferation in vivo.

VAPB deficient mice exhibit normal mammary gland architecture.

Our own studies revealed that VAPB, but not secreted MSP promotes
tumor cell proliferation in cell culture (Figures 2-5). However whether the
phenotypes induced by VAPB are reproducible in an animal model of breast
cancer remain unknown. Therefore we generated (inGenious Targeting
Laboratory) VAPB KO mice in order to test the function of VAPB in tumor cell
growth in vivo. The targeting strategy and confirmation of genotype by southern
blot are shown in Figure 9A and 9B. After backcrossing mice into the FVB
background, we confirmed VAPB deficiency by western analysis. As expected
VAPB protein was undetectable from whole mammary gland lysates from VAPB
KO mice when compared with littermate WT controls (Figure 10A).

To determine whether VAPB deletion affects mammary gland architecture,
we performed whole mount analysis of WT and VAPB KO mammary glands at 8
weeks of age. We observed no gross morphological changes in the outgrowth of
epithelial cells into the fat pad (Figure 10B) and in number of epithelial branch
points as quantified in Figure 10C. These results suggest that VAPB deficiency is
not critical to mammary gland development under these conditions.

Reduced tumor number in MMTV/NeuT VAPB KO mice

To investigate the influence of VAPB expression on mammary tumor
formation, we crossed VAPB knockout mice (FVB background) with MMTV-NeuT
transgenic mice as diagrammed in Figure 9C. In this model, MMTV-LTR drives
the expression Neu, the rat homolog of ErbB2 (HER2) along containing an
activating mutation, specifically in the mammary gland. In this model, virgin,
female mice develop tumors between 4-5 months of age [7]. At five months,
tumors that were harvested from MMTV-NeuT-positive, VAPB WT or KO mice
were enumerated and scored for size. Not only do we see a significant decrease
in the number of tumors formed per mouse (Figure 11A), we also observed a
reduction in overall tumor burden in VAPB KO mice relative to WT controls
(Figure 11B). Western analysis of tumor lysates show that VAPB depletion in KO
tumors, however protein expression levels of ErbB2 were not affected by VAPB
deficiency (Figure 11B). Our in vivo results are consistent with our observations
that VAPB deficiency also reduces spheroid growth (Figure 4A) in cell culture.



Techniques Acquired: Orthotopic transplantation of breast cancer cells
into mammary glands of recipient mice, mouse
colony maintenance, mouse tumor model crosses,
geneotyping, tumor palpation, and histological
analysis of breast cancer samples, including
routine histology techniques.

Specific Aim 2: Investigate the mechanism of VAPB-MSP in regulation of
Ras/MAPK signaling.

Task 1: Investigate if VAPB-MSP binds to EphA2

Summary of Results:
VAPB-MSP co-localizes with EphA2 in MMTV-Neu tumor cells

Purified Maltose Binding Protein (MBP)-MSP or MBP control was
incubated with MMTV-Neu VAPB knockdown cells that lack sMSP, but have
endogenous expression of EphA2. Under non-permeabilizing conditions, we
observed co-localization of MBP-MSP and EphA2 (yellow) as determined by
confocal analysis (Figure 12)

Techniques Acquired: Protein purification, immunofluorescense analysis
Task 2. Investigate if VABP-MSP binding results in increased Ras and
MAPK activity

Purified VAPB-MSP fails to activate the ERK pathway

The ERK pathway has emerged as one of the primary signaling pathways
mediating cellular responses with Eph receptors. There is much evidence to
support the role of ephrin-A1 in inhibition of ERK activation in tumor cells.
Therefore we tested whether VAPB-MSP can compete with ephrinA1-induced
ERK inhibition. Previous studies have shown that MSP can antagonize Eph
receptors and activate ERK in C. elegans [8,9]. As shown in Figure 13, ephrinA1
reduced phospho-ERK and phospho-EphA2 levels. However the purified Maltose
binding protein (MBP)-MSP did not appear to compete with ephrinA1 to increase
ERK activation.

Full length VAPB elevated AKT activity

To understand the mechanisms through which VAPB enhances
proliferation, we investigated potential links between VAPB and signaling
molecules relevant to tumor growth. Because ERK and AKT signaling pathways
are two major players in regulating cell proliferation in mammary tumor cells, we
assessed their activities by western blot analysis. MCF10A-HER2 or VAPB
knockdown MMTV-Neu cells carrying either wild-type VAPB expression construct
or the control vector were serum-starved overnight and stimulated with EGF at




the indicated time points. In response to EGF stimulation, there is a rapid
increase in phosphorylation of AKT at both Thr308 and Ser473 residues,
indicating activation of its kinase activity. The phospho-AKT levels were
significantly increased in MCF10A-HER2 cells overexpressing VAPB than those
carrying the control vector (Figure 14A). Re-expression of VAPB in knockdown
cells restored AKT phosphorylation to control levels (Figure 14B). In contrast,
ERK phosphorylation levels were not changed between two cell populations
(Figure 14). These results indicate that AKT may play a key role in regulating cell
growth in these cells.

To test if VAPB-mediated spheroid growth is dependent on AKT
phosphorylation, cells were treated with an allosteric AKT inhibitor [10]. AKT
inhibition significantly reduced spheroid growth of VAPB expressing cells (Figure
15A and 15C). As expected the AKT inhibitor reduced phosphorylated AKT, while
phospho-ERK was unaffected (Figure 15B and 15D). Although these results do
not rule out the contribution of other signaling pathways, our findings suggest that
VAPB-induced proliferation is mediated, at least in part, through activation of the
AKT pathway.

Techniques Acquired: Immunoblot analysis, inhibitor assays

Task 3. Determine the effects of VABP-MSP on the ability of EphA2
receptor to recruit RasGAP or Grb2/Shc.

This task was not completed because there was not enough rationale to
move forward with this experiment. Our analysis of ERK and AKT signaling
pathways demonstrate increased AKT activation with VAPB expression, rather
than ERK. Since RasGAP and Grb2/Shc are upstream activators of ERK, it would
be more reasonable to investigate molecules in the PI3K pathway in future
studies.

Specific Aim 3: Investigate the role of VAPB-MSP in regulation of cell-cell
adhesion.

Task 1: Assess E-cadherin localization in MCF10A and MCF10A/Her2 cells
overexpressing VAPB-MSP

Summary of Results:
VAPB alters the morphology of MCF10A-HER2 acini.

While we demonstrated that ectopic expression of VAPB in MCF10A-
HER2 cells increased acini growth in 3-dimensional culture (Figure 2), we also
observed gross morphological changes in VAPB-expressing acini. Consistent
with previous reports, parental and vector control MCF10A-HER2 cells formed
non-invasive acini structures (Figure 16A) and intact basement membrane
structures as seen with laminin V immunofluorescence staining (Figure 16B)




[11,12]. However with the expression of VAPB, we observed an increase in
invasive growth into the surrounding matrix as quantified in Figure 15A. Further
analysis of the VAPB-mediated invasive acini growth with confocal microscopy
revealed a strong presence of E-cadherin at cell junctions but weak laminin V
staining at the area of invasive growth into the matrix (white arrow) (Figure 16B).

To address the observations seen in Figure 16B, we examined the effects
of VAPB expression on basement membrane integrity by monitoring laminin V
deposition. MCF10A cells normally deposit laminin V at the basal surface of acini
by day five [4], creating a continuous ring that surrounds each structure. Upon
ectopic expression of VAPB in MCF10A-HER2 cells we observed a significant
decrease in laminin V circumscribing each acini as analyzed by confocal
microscopy at day nine (Figure 17A). At day 5, both vector and VAPB-expressing
cells have a continuous laminin V layer surrounding the acini, suggesting that
laminin V is sufficiently produced in early stages of acinar growth. The results at
day five and nine are quantified in the lower panel (Figure 17B). These data
support the idea that VAPB is an important factor that promotes the irregularity
and invasive behavior of HER2-driven acini growth.

Techniques Acquired: 3D-immunofluroescense assays

Task 2. Investigate epithelial-to-mesenchymal (EMT) transition in cells
overexpressing VAPB-MSP

Summary of Results:
VAPB expression elevates the invasive potential of MCF10A-HER2 cells

A critical step in the metastatic cascade is the acquisition of invasive
characteristics such as increased tumor cell motility and the ability to break down
ECM components [13]. Therefore, we tested whether VAPB allowed for these
characteristics in MCF10A-HER2 cells, using Transwell (Boyden chamber)
assays. As seen in Figure 18A, VAPB expression significantly increased
MCF10A-HER2 invasion through the Matrigel-coated Transwell filters in
response to EGF (Figure 18A), demonstrating that VAPB imparts to MCF10A-
HER2 cells the ability to breakdown the Matrigel layer, prior to migration through
the membrane pores. However the results presented in Figure 18B suggest that
VAPB does not affect cell motility because the differences seen between vector
and VAPB-expressing are diminished when using uncoated Transwell filters,
which tests for directional cell migration. Thus, it is likely that VAPB enhances the
invasive capabilities of MCF10A-HER2 cells at the level of ECM breakdown,
rather than increasing cell motility.

Based on our earlier studies, we found that VAPB expression increases
tumor cell proliferation through enhanced AKT activation (Figure 14 and Figure
15). In addition to proliferation, invasion is also a process modulated by the AKT
pathway [14]. Therefore, we used the same allosteric AKT inhibitor as in Figure
15, to test whether VAPB-induced invasion is dependent on AKT. Indeed, we find



that pharmacologic inhibition of AKT significantly reduced invasion in VAPB-
expressing cells (Figure 18C).

Interestingly we observe no significant difference in EGF-induced cell
migration between vector and VAPB-expressing cells, suggesting that VAPB has
little effect on cell motility. While it is tempting to speculate that VAPB increases
invasive potential by inducing epithelial-to-mesenchymal transition (EMT), a
process by which polarized cells gain motility, characterized by loss of E-
cadherin expression [15], our data show clear junction staining of E-cadherin with
or without VAPB expression. This suggests that downregulation of E-cadherin
may not be the primary mechanism promoting invasion in the context of VAPB.
However, a more thorough analysis of EMT markers such as Vimentin, Snail and
Twist is needed [15].

Techniques Acquired: Transwell invasion assays (Boyden chamber)

Task 3. Analyze the role of VAPB-MSP in EphA2 & Arf6 mediated E-
Cadherin localization

Summary of Results:

The AFR6-GTPase is a known regulator of endosome traffic a key
modulator of cadherin movement along the endosomal pathway. Our preliminary
data suggests shows a modest increase in ARF6-GTP in VAPB expressing
MCF10A-HER2 cells. However our 3D culture analysis shows that E-cadherin
staining is quite strong whereas laminin V staining is diminished, suggesting that
ARF6 may not be the primary mechanism for increased invasiveness.

Another potential mechanism that warrants further investigation is the role
of matrix metalloproteinases (MMPs). MMPs are a family of proteins that remodel
the ECM through proteolytic degradation its components, including collagens and
laminin. MCF10A-HER2 cells secrete specific MMPs such as MMP-2 and MMP-9
that break down ECM components and facilitate invasion [16]. Interestingly it has
been shown that AKT activation can increase the expression and activity of both
MMP-2 and MMP-9, leading to enhanced invasive capabilities [17-19]. Therefore,
future studies are needed to explore the possibility that the invasive phenotypes
observed with VAPB expression are dependent on MMPs.

While the potential involvement of MMPs suggests that VAPB promotes
the breakdown the basement membrane, it is equally likely that laminin V is being
mis-localized. This alternative hypothesis is supported by the fact that there are
centrally-located cells with cytoplasmic localization of laminin V in VAPB-
expressing structures (Figure 15B and 16A). This is also consistent with the fact
that VAPB has reported functions in vesicle trafficking [Reviewed in [20]].



KEY RESEARCH ACCOMPLISHMENTS
VAPB is highly expressed in human breast cancer clinical samples and
human-derived tumor cell lines

High VAPB expression correlates with poor patient outcome as
determined from two independent microarray datasets

VAPB enhances breast tumor growth by modulation of AKT activity

Major Sperm Protein (MSP) domain of VAPB is not sufficient to promote
breast tumor growth

VAPB elevates the invasive potential of MCF10A-HER2 cells

VAPB promotes breast tumor growth by modulating the protein secretory
pathway

VAPB-deficient mouse models of breast cancer have reduced tumor
number
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CONCLUSIONS

We recently observed that high expression VAPB in clinical breast cancer
samples significantly correlated with reduced overall and relapse-free survival.
Other laboratories have also reported similar results. A genome—wide microarray
analysis of 50 human breast cancer cell lines and 145 clinical specimens
revealed that VAPB is often amplified or overexpressed in breast cancer, and
functions in metastasis initiation. VAPB is a member of the VAP family proteins
that interact with a large number of intracellular proteins and known VAP
functions include vesicle trafficking, lipid metabolism and transfer, and the
unfolded protein response (UPR). In addition to VAPB’s intracellular function, it is
cleaved and secreted, acting as a ligand for Eph receptor tyrosine kinases.
Despite VAPB’s clinical relevance and its role in diverse cellular processes, the
precise function of VAPB in breast cancer was poorly understood. Our work
presented herein has advanced our understanding of VAPB in breast tumor cell
proliferation and invasion.

Many breast cancers depend on the hyperactivation of AKT-PI3K for
growth, evasion of apoptosis, and invasion [21,22]. We provide evidence that
VAPB regulates breast tumor cell proliferation and invasion through AKT
activation. Overexpression of VAPB in MCF10A-HER2 cells enhances
phosphorylation of AKT. In contrast, knockdown of VAPB in MMTV-Neu tumor
cells diminishes pAKT levels. Moreover, pharmacological inhibition of AKT
significantly reduced three-dimensional spheroid growth induced by VAPB and
invasion through Transwell filters. Although these results do not rule out the
contribution of other signaling pathways that modulate cell proliferation, our
evidence suggests that VAPB induces growth and invasion through AKT
activation.

Future Directions
While our work implicates two mechanisms by which VAPB promotes
breast tumor growth or invasion, further investigation is required to reveal VAPB’s
full potential in cancer. We are confident that continued work in this field of study
will provide novel insights into breast cancer progression. We attempt to
speculate on a few possibilities below.

How does VAPB modulate AKT activity?

Although we demonstrate that VAPB enhances breast tumor cell
proliferation and invasion, at least in-part, through the AKT pathway, the exact
mechanism by which this happens remains unknown. There are several steps
leading to AKT phosphorylation, starting with phosphoinositide 3-kinase (PI3K)
activation upon recruitment to autophosphorylated, ligand-activated receptor
tyrosine kinases (RTKs) [22]. PI3K is a lipid kinase that catalyzes the synthesis of
membrane phosphatidylinositol-3,4,5-P; (PIP3) from phosphatidylinositol-4,5-P-
(PIP2). The generation of PIP3 on the inner leaflet of the plasma membrane
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recruits AKT by direct interaction with its PH domain [22]. At the membrane,
another PH-domain-containing serine/threonine  kinase named PDK1
phosphorylates AKT on Thr308 [23] and while mTORC2 mediates
phosphorylation of Ser473 [24].

Given the effects of VAPB on breast tumor cell proliferation and invasion is
dependent on AKT activation, it would be interesting to examine how VAPB
modulates upstream activators of AKT, such as PI3K, both at the level of
recruitment to RTKs and PI3K activity. In this study it is also noteworthy that
VAPB interacts with Arf1, a small, Ras-family GTP-ase. Interestingly, Arf1 has
been implicated in the recruitment of the p85 subunit of PI3K to EGFR in breast
cancer cells [25]. This raises the possibility that the VAPB/ Arf1 interaction
enhances PI3K activity by promoting recruitment of its p85 subunit.

On the other hand, if VAPB does not affect AKT activation at the level of
PI3K, it is possible that VAPB alters the availability of PI3K’s intracellular
substrate PIP2 at the plasma membrane. We can speculate on this idea because
we, and others, have found that VAPB interacts with Nir2 (PITPB2), a
phosphoinositol transfer protein [Table 3; [26,27]]. These proteins facilitate the
transfer of phosphoinositols between various cell membrane interfaces. Nir2 has
been proposed to target Pls from the ER to trans-Golgi Pl4-kinases [28]
ultimately generating Ptdins(4)Ps at the Golgi. However, recent studies indicate
that the majority of PtdIins(4)P resides in the plasma membrane [29], which is
then converted to PIP2 by phosphatidylinositol 4-phosphate 5-kinases (PIP5Ks)
[30].1t is tempting to speculate that VAPB promotes AKT by elevating levels of
PIP2 substrate for PI3K, perhaps through localized targeting of phosphoinositide
(Pls) intermediates by Nir2.

Does VAPB relieve ER stress during tumor proliferation?

Proliferative tumor cells often hijack various cellular processes in order to
support growth, exerting stress on organelles such as the ER which is the site of
protein folding and secretion, lipid biosynthesis and calcium homeostasis [31].
Tumor cells face extracellular stresses such as hypoxia, nutrient deprivation or
growth constraints by the extracellular matrix (ECM) as well as intracellular
stresses such as high protein demand for growth factors and receptors [31]. Such
harsh conditions activate the UPR through one or all three receptors (IRE1, ATF6
and PERK).

Evidence has emerged that VAPB activates the IRE1-XBP1 arm of the
UPR [32]. Furthermore sustained IRE1-XBP1 activation has been shown to help
cells enhance proliferation and evade cell death [33,34]. Interestingly the IRE1-
XBP1 pathway has been implicated in breast cancer such that XBP1 expression
is upregulated in certain breast cancers and correlates with poor prognosis in
patients [35,36]. Additionally, in vitro studies have demonstrated that XBP1
confers resistance to apoptosis in breast cancer cell lines [37]. A role for the
IRE1-XBP1 pathway in breast cancer is further supported by in vivo
bioluminescence imaging of breast tumor cells expressing a XBP1-luciferase

12



reporter in which luciferase is expressed only when XBP1 is spliced by activated
IRE1 [31,38], which also provides a useful mouse model to address the role of
IRE1-XBP1 in VAPB-mediated breast tumor proliferation and invasion.

VAPB’s therapeutic potential in breast cancer?

Our data presented thus far demonstrate that VAPB functions to increase
breast tumor cell and invasion through enhanced AKT activity. This pathway is
commonly dysregulated in breast cancer and often promotes resistance to
current therapies [21], such as those that target HER2. Treatment of VAPB-
expressing cells with two different PI3BK-AKT inhibitors reduced spheroid size to a
greater extent than non-VAPB-expressing cells. This suggests that VAPB is more
dependent on AKT signaling and may increase sensitivity to AKT inhibitor-based
therapies. Another step to determine the therapeutic potential of targeting AKT in
VAPB-expressing cancers is to correlate high VAPB expression with elevated
AKT activity in human breast tumor samples. The results from such studies
would help stratify patient populations into those that would benefit most from
AKT-targeted therapies.

Furthermore, our observations that high VAPB expression correlates with
poor prognosis and the ability to detect its secreted form (MSP) in human serum
[39] suggests that VAPB can be used as a potential biomarker in breast cancer
diagnostics, both in tumor tissue and in serum. Despite numerous advances in
mechanism-based therapies, breast cancer morbidity rates remain high.
Therefore, it is imperative that alternate cellular processes, such as those
modulated by VAPB, be further investigated as potential targets for breast cancer
chemotherapy.
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Figure 1. WT VAPB and sMSP constructs. (A) Schematic of
human VAPB wildtype or sMSP cDNA tagged with Myc/ 6x His
and subsequently inserted into pcLSXN_Neo retroviral vector.
(B) MMTV-Neu VAPB knockdown tumor cells or MCF10A-
Her2 cells were infected and selected with G418. Cell lysates
were subjected to western analysis for protein expression.
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retroviral transduction, as judged by western blot analysis. (B) MCF10A-HER2-VAPB
spheroids were cultured in three-dimensional Matrigel. Spheroid size was quantified
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proliferation in spheroid culture was determined by immunofluorescence using an
anti-PCNA antibody (red). Cell nuclei were stained blue by TO-PRO-3 nuclear stain.
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each of two experiments (p<0.05, t test). Arrows: PCNA positive cells.
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(KD #1) cells were rescued by re-expressing a full-length human VAPB cDNA
via retroviral transduction. (C) VAPA protein expression was not affected by
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Figure 4. VAPB knockdown impairs mammary tumor spheroid growth
and cell proliferation. (A) MMTV-Neu spheroids were cultured in three-
dimensional Matrigel. Spheroid size was quantified and presented as average
pixel area per spheroid (p < 0.01, ANOVA). (B) MMTV-Neu cell proliferation in
spheroid culture was determined by immunofluorescence using an anti-PCNA
antibody (red). PCNA-positive nuclei were quantified from an average of 15
random spheroids for each of two experiments (p<0.05, t test). Arrows: PCNA
positive cells.
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Figure 5. Partial rescue of mammosphere size in VAPB knockdown cells
with VAPB or sMSP. (A) MMTV-Neu cells were retrovirally infected with WT
VAPB or sMSP. We observed decreases in coloney size of VAPB mutants in 3D
Matrigel culture when compared with WT VAPB (p < 0.05 Single Factor ANOVA).
(B) Confocal analysis of colonies; E-cadherin (red) and nuclei (blue).
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were retrovirally overexpressed with WT VAPB or sMSP. The mammosphere sizes

of mutants cells were similar to parental and vector controls but were significantly

decreased than WT VAPB (p < 0.05 Single Factor ANOVA).
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Figure 7. VAPB expression does not affect apoptosis. (A) MCF10A-HER2 or
(B) MMTV-Neu knockdown cells were stained for cleaved caspase-3 at day 8 in
3-dimensional culture. Cleaved caspase-3 positive spheroids (green) were
quantified by confocal microscopy analysis. No significant changes were
observed in both cell lines. (C) in vivo analysis of apoptosis was measured by
cleaved caspase-3 staining of tumor sections. Cleaved caspase -3 positive
nuclei were quantified. VAPB deficiency does not significantly affect apoptosis in
vivo. Arrows: cleaved caspase-3 positive cells.
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Figure 8. VAPB is required for tumor growth in vivo. (A) One million of
MMTV-Neu control or VAPB knockdown cells were injected into cleared mam-
mary gland fat pads of 3-week old FVB recipient female mice (n=8-
10/experimental condition). Tumors were harvested 5 weeks after transplanta-
tion. Tumor size was measured by a caliper and tumor volumes were calcu-
lated. (p < 0.05, ANOVA). (B) Tumors were processed, sectioned and stained
with H&E (B) or Ki67, a proliferation marker (C). Proliferating tumor cells were
quantified by enumeration of Ki67+ nuclei and presented as a percentage of
Ki67+ nuclei/total nuclei. VAPB knockdown cells showed a significant decrease
in proliferation (p < 0.05, ANOVA). Arrows: Ki67 positive cells.
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Figure 9. Generation of VAPB knockout/ LacZ knockin mice. (A) Targeting
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fied by PCR in ES cells. Lanes 1-3 is DNA from C57BI(6), 129/ SzEv, and B6 X
129 hybrid, respectively. (C) Breeding strategy to generate VAPB WT or VAPB
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Figure 10. Normal mammary gland morphology in VAPB deficient mice.
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KO mice when compared to WT controls. (B) Whole-mount hematoxylin
staining of number 4 inguinal mammary glands collected from VAPB WT and
KO VAPB female animals at 8 weeks after birth and was quantified for number
of branch points (C).
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Figure 11. VAPB deficiency results in reduced tumor number and
burden. (A) MMTV-NeuT/ VAPB WT or KO mice were sacrificed at 5 months
of age. Tumors were harvested, enumerated and scored for size (n=4). (A)
Average number of tumors per mouse was significantly reduced with VAPB
deficiency (p < 0.05 unpaired t-test). (B) Reduced tumor burden per mouse
was observed in MMTV-NeuT/ VAPB KO mice. (C) Confirmation of VAPB
protein in tumor lysates.
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Figure 12. MBP-MSP co-localizes with EphA2. MMTV-Neu VAPB knockdown
cells were incubated with 20ug of MBP control or MBP-MSP purified protein
under non-permeabilizing conditions. Cells were co-stained with anti-EphA2 and
anti-MBP and were analyzed by confocal microscopy. White arrows indicated
co-localizaion of MBP-MSP and EphA2.
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Figure 13. EphrinA1 VAPB-MSP competition assays. MMTV-Neu cells
lines were stimulated with ephrinA1 in the presence of increasing amoutns
of purifed MSP or control. Cell lysates were analyzed for pERK and
PEphA2.
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Figure 14. Analysis of AKT and ERK activities in VAPB expressing cells. (A) MCF10A cells express-
ing VAPB or carrying control vector were serum starved and stimulated with 20ng/mL EGF at the indicated
time points. As a negative control for EGF stimulation, cells were treated for 60 minutes with EGFR inhibi-
tor, erlotinib (1uM). Phospho-AKT and phospho-ERK levels in MCF10A-HER2 cells were measured by
western blot analysis and quantified. Representative blots from 3 independent experiments are shown. (B)
VAPB was knocked down in MMTV-Neu cells and re-expressed via retroviral transduction. Cells were
stimulated as in (A) and phospho-AKT and phospho-ERK levels were measured by western blot analysis
and quantified. Representative blots from 3 indepen??loent experiments are shown.
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Figure 15. VAPB-dependent cell growth is mediated through AKT activity.
Pharmacologic AKT inhibition significantly impaired VAPB-mediated spheroid
growth in (A) MCF10A-HER2 cells and (C) MMTV-Neu VAPB knockdown cells
rescued with VAPB re-expression (p < 0.05). Inhibition of AKT activity was
confirmed by western blot analysis for phospho-AKT in (B) MCF10A-HER2
cells and (D) MMTV-Neu knockdown cells.
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Figure 16. VAPB induces invasive-like growth into the extracellular
matrix. (A) MCF10A-HER2-VAPB cells were cultured in Matrigel. At day 9,
cultures were photodocumented and scored for invasive growth (black arrows)
as previously described (Chatterjee et al, 2012). Percentage of acini displaying
invasive protrusions were quantified from three independent experiments (p <
0.05, t-test) (B) Acini were stained at day 9 for TO-PRO-3 nuclear stain (blue),
E-cadherin (red) and laminin Vy2 (green) and imaged by confocal microscopy.
Confocal analysis revealed MCF10A-HER2 VAPB acini displayed normal
E-cadherin localization at the cell junction, but diminished laminin V localization
at areas of invasive growth (white arrow).
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Figure 17. VAPB expression disrupts basement membrane integrity. (A)
MCF10A-HER2 cells were cultured in Matrigel and stained at day five and
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Quantification of 30 randomly selected spheroids from two independent
experiments is shown in the lower panel (p < 0.05 ANOVA).
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Abstract

VAPB (VAMP- associated protein B) is an ER protein that regulates multiple biological functions. Although aberrant
expression of VAPB is associated with breast cancer, its function in tumor cells is poorly understood. In this report, we
provide evidence that VAPB regulates breast tumor cell proliferation and AKT activation. VAPB protein expression is
elevated in primary and metastatic tumor specimens, and VAPB mRNA expression levels correlated negatively with patient
survival in two large breast tumor datasets. Overexpression of VAPB in mammary epithelial cells increased cell growth,
whereas VAPB knockdown in tumor cells inhibited cell proliferation in vitro and suppressed tumor growth in orthotopic
mammary gland allografts. The growth regulation of mammary tumor cells controlled by VAPB appears to be mediated, at
least in part, by modulation of AKT activity. Overexpression of VAPB in MCF10A-HER2 cells enhances phosphorylation of
AKT. In contrast, knockdown of VAPB in MMTV-Neu tumor cells inhibited pAKT levels. Pharmacological inhibition of AKT
significantly reduced three-dimensional spheroid growth induced by VAPB. Collectively, the genetic, functional and
mechanistic analyses suggest a role of VAPB in tumor promotion in human breast cancer.
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Introduction breast cancer [13,14]. As a potential Eph receptor ligand, the
MSP domain of the VAPB protein could affect tumor growth
and invasion through modulation of Eph receptor activity,
which is commonly dysregulated in cancer [15,16]. Further-
more, as VAPB also functions in protein secretion and vesicle
trafficking, tumor cells may rely on this pathway for receptor
localization and growth factor secretion in order to sustain
growth [17]. Despite strong indications of the consequences of
VAPB expression in cancer, a direct role of VAPB in tumor
growth has not been investigated.

Vesicle associated membrane protein associated protein B
(VAPB) is a highly conserved type II integral membrane protein
that belongs to the VAP protein family [1,2] and primarily
localizes to the endoplasmic reticulum (ER) and cis-Golgi [3,4].
Studies of VAP-interacting proteins in yeast and in higher
organisms implicate VAP proteins in a diverse array of cellular
processes. VAP proteins function in the regulation of neuro-
transmitter release, vesicle trafficking, lipid binding and transfer
proteins, maintainance of ER/golgi architecture and the
unfolded protein response (UPR) [5,6,7,8]. Recent studies in
C. elegans and Drosophila discovered that the MSP domain of
VAPB can be cleaved, secreted, and act as a ligand for Eph
receptor tyrosine kinases [9]. A single missense mutation within
the human VAPB gene is associated in a familial form of
atypical amyotrophic lateral sclerosis (ALS) [10,11,12], trigger-
ing a renewed interest in the VAPB protein and its cellular
function in human pathologies.

In addition to familial ALS, VAPB expression has been
observed with cancer. A genome-wide microarray analysis of 50
human breast cancer cell lines and 145 clinical specimens
revealed that VAPB is often amplified or overexpressed in

In this report, we studied the role of VAPB in breast cancer. We
analyzed the expression of VAPB in both a breast cancer tissue
microarray and two published large mRNA expression datasets
and correlated VAPB expression with clinical outcomes. To
determine the causal role of VAPB in cancer, we overexpressed
VAPB in mammary epithelial cells or stably knocked down VAPB
in tumor cells. Cell proliferation, apoptosis, spherical growth in 3D
culture, and tumor growth in vivo were analyzed. Finally, we
identified molecular mechanisms by which VAPB regulates tumor
cell proliferation.

PLOS ONE | www.plosone.org 1 October 2012 | Volume 7 | Issue 10 | e46281
35



Recurrence Free Survival
(van di Vijver, et al, 2002)

Recu

VAPB in Cancer

rrence Free Survival
(Wang, et al, 2005)

1.0
> > 08 4
3 3
2 g
_8 S 0.6 4
o e o p <0.05
S 04 P<0003 | G 04 -
s s
A VAPB LOW a 02 VAPB LOW
027 \aps High s : VAPB High s
0.0+ 0.0
T T T T T T
0 5 10 15 5 10 15

Survival Time (months)

Survival Time (months)

VAPB IHC

- Nomal e - R
".'l". | ﬁ'_"", % T )‘ L
H VAPB High D
e]

) O D oA
8 DO N0 N
2 O VAPB Low P ® b 8 o0 W T
£ K 1 F o+ e H 1O O O O \
5 40} <001 WO g SNSRI\ \
= b <0.01 25 kDa — e D po VAPB
g 30 | 20 kDa —
6 o0l 50 kDa—.—M Actin
©
5 10 Human Mouse
_g i
5 U]

Normal Primary Metastatic

Figure 1. Analysis of VAPB expression in human breast cancer. VAPB expression levels were analyzed in two published breast cancer
microarray datasets [19-20]. Correlation of VAPB expression with clinical outcome was analyzed by Kaplan-Meier survival curve using the van de
Vijver dataset (A) [19] and the Wang dataset (B) [20] (C) VAPB protein expression was analyzed in human invasive ductal carcinoma samples on
commercial tissue microarrays by immunohistochemistry using a previously validated anti-VAPB antibody, as described in Materials and Methods (D)

Western analysis of VAPB protein in human breast cancer cell lines.
doi:10.1371/journal.pone.0046281.g001
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Materials and Methods

Antibodies, Reagents and Plasmids

Antibodies against the following proteins were used: anti-VAPB
(K-16), anti-VAPA (K-14), anti-actin (I-19), anti-B-tubulin (Santa
Cruz Biotechnologies), and anti-PCNA (NeoMarkers), anti-Myc,
anti-cleaved casepase 3, anti-pThr308AKT, anti-pSer473AKT,
anti-pERK, anti-AKT, anti-ERK (Cell Signaling Technologies).
Lentiviral control and VAPB shRNA plasmids KD# 1 (5'-
GCACACACAAATATAGCATAA-3") and KD# 2 (5'-
CGGAAGACCTTATGGATTCAA-3") and VAPB ¢cDNA were
obtained from OpenBiosystems. Growth factor-reduced Matrigel
and TO-PRO3 was purchased from BD Biosciences and
Invitrogen, respectively. The AKT 1/2 inhibitor 5]8/0360263-1
was produced by the Vanderbilt University Department of
Chemistry as described previously [18].

Human mRNA Expression Profiling and Tissue Microarray

Protein Analyses

Analysis of VAPB expression in human breast cancer datasets
[19,20] was performed in collaboration with the Vanderbilt-
Ingram Cancer Center’s Biostatistics Core Resource. VAPB
“high” or “low” expression was defined as top or bottom quartiles
of tumors expressing VAPB. Expression levels were analyzed in
relation to overall and/or recurrence-free survival using Log Rank
and Cox analyses. Statistical analyses were performed using
Software: R2.12.1. The survival curves from Kaplan-Meier was
created and plotted by the function “survfit” under R package
“survival.” P values shown on KM plots were calculated based on
log rank test between two survival curves of high or low expression
groups.

Breast tumor spectrum Tissue Microarrays (TMAs; BR480)
were purchased from US Biomax, Inc. (Rockville, MD). Immu-
nohistochemical staining for VAPB was performed as described
previously [15,21] using a previously validated rabbit anti-VAPB
antibody [22].Briefly, tumor sections were re-hydrated and
subjected to thermal antigen retrieval in citrate buffer (2 mM
citric acid, 10 mM sodium citrate, pH 6.0) using a PickCell
Laboratories 2100 Retriever as per manufacturer’s instructions.
Endogenous peroxidases were quenched by incubation in 3%
HyOy solution for 30 minutes. After blocking, sections were
incubated with anti-VAPB (1:25, produced in the Lev lab)
overnight at 4C, followed by a biotinylated goat anti-rabbit
secondary antibody (1:200, BD Pharmingen, San Diego, CA), an
avidin-peroxidase reagent (Life Technologies/Molecular Probes,
Carlsbad, CA), and stained with liquid 3,3'-diaminobenzidine
tetrahydrochloride (DAB) substrate kit (Life Technologies/Zymed
Laboratories). Relative expression in TMAs was scored using a
continuous scale as [22] follows: 0=0—10% positive tumor
epithelium, 1=10—25% positive tumor epithelium, 2=25—-50%
positive tumor epithelium, and 3= >50% positive tumor
epithelium/core. Differential expression between tissue samples
was quantified and analyzed statistically (Chi square analysis).

Cell Culture and Generation of Stable VAPB Knockdown

or Overexpression Cell Populations

MMTV-Neu tumor cells were isolated as previously described
[23] and grown in DMEM/F-12 (Invitrogen) supplemented with
10% Fetal Bovine Serum (FBS) (Hyclone), 5 ng/mL estrogen
(Sigma-Aldrich), 5 ng/mL progesterone (Sigma-Aldrich), 5 ng/
mL EGF (PreproTech), 5 pg/mL insulin (Sigma-Aldrich) with
penicillin/streptomycin. For generation of stable VAPB knock-
down cells, Vector-only (pLKO.1) or VAPB shRNA lentivirus was
produced by co-transfecting HEK-293T cells with pLKO.1 or
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pLKO.1-shRNAs, along with packaging plasmids psPAX2 and
pMD.2G, using Lipofectamine. Viral supernatants were collected
48 and 72 hours post transfection and used to infect MMTV-Neu
tumor cells. MMTV-Neu cells were selected for plasmid inclusion
by culturing cells in growth media containing 5 pg/mL of
puromycin (Sigma-Aldrich). For re-expression of VAPB, VAPB
cDNA (open reading frame) was subcloned into pCLSXN
retroviral vector that contains a Neomycin resistance gene,
allowing for G418 (300 pg/mL for 6 days) selection in puromy-
cin-resistant populations. Viral supernatant was collected as
described above from HEK 293T cells that were co-transfected
with pCLSXN-Vector (10 pg) only or pCLSXN-VAPB (10 pg)
and pCLAmpho plasmids (10 pg) using Lipofectamine 2000.

MCFI10A cells were obtained from American Type Culture
Collection (ATCC) and cultured as previously described [24].
MCF10A-HER2 cells were generated via retroviral transduction
of the HER2 proto-oncogene [25]. Overexpression of VAPB in
MCF10A-HER2 cells was achieved by infecting cells with
pCLXSN-Vector or -VAPB retrovirus and selected in media
containing 300 pug/mlL G418 for 6 days.

Analysis of 3-dimensional Spheroid Culture

MMTV-Neu tumor cells or MCF10A-HER2 cells were plated
on a solidified layer of Matrigel (2 mm thick) using an 8-well, glass
chamber slide (Thermo Scientific) as previously described [15,24].
Fresh MMTV-Neu growth media or MCF10A-HER2 Assay
Media [24] was replaced every 48 hours. Cultures
maintained for 9 days prior to photo-documentation. Digital
images were taken in 4 random fields/well (3—4 spheroids/field).
Total spheroid area was calculated using NIH Image J software.
For spheroid proliferation analysis, cultures were fixed at day 5 in
a 1:1 methanol: acetone solution for 10 minutes at —20°C and co-
stained with anti-PCNA (1:1000) and nuclear stain TO-PRO3
(1:2000) as previously described [24]. Confocal images of 15
spheroids per experiment were taken at random and percentage of
PCNA-positive nuclei was quantified. For AKT inhibitor-treated
spheroid cultures, cells were allowed to grow for 48 hours,
followed by daily AKT-inhibitor or vehicle control treatment
starting on day3. For each analysis described above, at least two to
three independent experiments were performed.

were

In vivo Tumor Studies

All animals were housed under pathogen-free conditions, and
experiments were performed in accordance with AAALAC
guidelines and with Vanderbilt University Institutional Animal
Care and Use Committee approval. FVB female recipient animals
were cleared of endogenous epithelium as described previously
[26] and one million MMTV-Neu tumor cells were injected
orthotopically. A total of 8-10 animals per group were analyzed in
2 independent experiments. Resulting tumors were harvested 4-5
weeks after injection for analysis of tumor volume (volume = length
x width? x 0.52). Harvested tumors were further processed for
H&E staining and immunohistochemistry analysis of proliferation
(Ki67) or apoptosis (cleaved caspase-3). Proliferating tumor cells
were quantified by enumerating Ki67 positive nuclei in 4 random
fields per tumor and presented as a percentage of Ki67+nuclei/
total nuclei. A total of 8-10 tumors were quantified in two
independent experiments. Statistical significance was assessed by
single factor ANOVA.

Immunoblotting
For immunoblot analysis of VAPB knockdown or overexpres-

sion, cells were washed with PBS and lysed in Radioimmunopre-
cipitation Assay (RIPA) buffer (50 mM Tris pH 7.4, 150 mM
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Figure 2. VAPB expression enhances spheroid size and proliferation in mammary epithelial cells. (A) VAPB was stably expressed in
MCF10A-HER2 cells via retroviral transduction, as judged by western blot analysis. (B) MCF10A-HER2-VAPB spheroids were cultured in three-
dimensional Matrigel. Spheroid size was quantified and presented as average pixel area per spheroid (p<<0.01, ANOVA). (C) Cell proliferation in
spheroid culture was determined by immunofluorescence using an anti-PCNA antibody (red). Cell nuclei were stained blue by TO-PRO-3 nuclear stain.
PCNA-positive nuclei were quantified from an average of 15 random spheroids for each of two experiments (p<<0.05, t test). Arrows: PCNA positive

cells.
doi:10.1371/journal.pone.0046281.g002

NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS) supple-
mented with protease and phosphatase inhibitor tablets (Roche).
Approximately 30-50 ug of total cell lysate was separated by SDS-
PAGE and probed with anti-VAPB (1:1000) overnight in 5%
nonfat dry milk/ TBS-Tween (0.05%) and detected with anti-goat
HRP (1:1000). For analysis of pAKT levels in VAPB expressing
cells, cells were serum starved overnight and stimulated with
DMEM/F-12 with 20 ng/mL of EGF for 20 minutes. For some
experiments, an AK'T inhibitor was added under normal growth
conditions for 3 hours prior to cell lysis. Data are a representation
of three independent experiments.

Statistical Analysis

Results are presented as mean values*standard error. P-values
are given in the figure legends, and values of P<0.05 were
considered to be statistically significant. Statistical analyses were
performed by single factor ANOVA and unpaired, two-tailed
Student #test using PRISM software (GraphPad Sofware, La Jolla,
CA, USA). For TMA:s, statistical significance of VAPB expression
between patient samples was determined by Chi-Square analysis.

Results

VAPB is Overexpressed in Breast Cancer and Negatively
Correlates with Patient Survival

Several studies reported an increase in VAPB copy number or
expression in breast cancer [13,14,27,28,29]. To determine the
impact of VAPB expression on clinical outcome in human breast
cancer, we analyzed VAPB expression in a published human
breast cancer microarray dataset from a panel of 295 patient
samples [19]. Kaplan-Meier analysis revealed that high levels of
VAPB mRNA were significantly associated with poorer recurrence
free survival (Figure 1A) than in patients with low VAPB mRNA
expression. Similar results were obtained from a second, indepen-
dent patient data set (n=286) (Figure 1B) [20]. To assess VAPB
protein expression in human breast cancer, we performed
immunohistochemistry in breast cancer tissue microarrays
(TMA, n=284) with a previously validated anti-VAPB antibody
[22]. As shown in Figure 1C, we observed a significant increase of
VAPB expression in invasive ductal carcinoma and lymph node
metastasis samples, compared to normal tissue (p<0.01, Chi-
square test). Taken together these data highlight the clinical
relevance of high VAPB expression in human breast cancer.

VAPB Promotes Tumor Spheroid Growth by Enhancing
Tumor Cell Proliferation

Because the VAPB allele is often amplified in human breast
cancer [13,14], including cancers that have HER2-amplification
[27],we sought to determine if elevated VAPB expression
enhances tumor cell growth. MCF10A-HER2 cells, an immortal-
ized mammary epithelial cell line expressing the HER2 oncogene,
were transduced to express human VAPB protein (Figure 2A).
Tumor spheroid growth was quantified in a three-dimensional
culture. As previously reported, control MCF10A-HER2 cells
formed large acinar-like structures with a filled lumen [24].
Expression of VAPB in MCF10A-HER2 cells led to larger,
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irregular structures with invasive protrusions and a significant
increase of spheroid size relative to parental and vector controls
(Figure 2B). To determine whether increased tumor spheroid size
is due to increased cell proliferation, the tumor spheroids were
stained for PCNA, a cell proliferation marker. As shown in
Figure 2C, VAPB expression elevated the number of PCNA-
positive nuclei per spheroid, suggesting that VAPB regulates cell
proliferation. Apoptosis, as measured by cleaved caspase 3 staining
of 3D spheroid cultures, was not significantly changed (data not
shown).

As an independent approach to determine whether VAPB i1s
necessary for tumor cell growth, we knocked down VAPB in
MMTV-Neu cells. These cells are derived from spontaneously
arising mammary tumors from the MMTV-Neu mouse model
[23]. Stable expression of two independent shRNAs significantly
reduced VAPB protein levels (Fig. 3A) but not the related protein
VAPA (Figure S1), suggesting that shRINAs specifically downreg-
ulated VAPB expression. In contrast to the morphology of vector
control spheroids, which displayed disorganized and irregular
structures with protrusions, knockdown of VAPB resulted in much
smaller and more compact tumor spheroids. Since one of the
VAPB knowndown (KD #1) targets the 3" UTR, we were able to
re-express full-length human VAPB protein (Figure 3B). KD cells
with re-expression of VAPB restored tumor spheroid size and
irregular morphology, demonstrating that phenotypes induced by
shRNAs are VAPB specific and not due to off-target effects
(Figure 3C). Consistent with the VAPB overexpression data,
knockdown of VAPB significantly reduced proliferation in
spheroid cultures as quantified by PCNA staining (Figure 3D).
Together, these data indicate that VAPB regulates tumor spheroid
size by increased tumor cell proliferation.

VAPB Promotes Tumor Growth in an Orthotopic
Mammary Tumor Model

Next, we investigated the role of VAPB in tumor growth i vivo
in a mammary tumor orthotopic transplantation model [15]. One
million MMTV-Neu control or VAPB knockdown cells were
injected into cleared mammary gland fat pads of FVB recipient
female mice. VAPB knockdown tumor cells failed to form tumors
or formed very small, non-palpable tumors at five weeks post-
transplantation, compared to parental or vector controls
(Figure 4A). While parental or vector control tumors display
densely packed tumor cells, VAPB knockdown tumors exhibit a
reduced mammary tumor cell content (Figure 4B). To examine
changes within the tumor epithelium, we assessed tumor
proliferation and apoptosis in tissue sections by staining for Ki67
and cleaved caspase-3, respectively. We observed a significant
decrease in tumor cells with Ki67 nuclear staining (Figure 4C),
whereas cleaved caspase-3 levels were unaffected (data not shown).
These data suggest that loss of VAPB inhibits HER2-initiated
mammary tumor proliferation i vivo.

VAPB-induced Cell Proliferation is Mediated by Elevated
AKT Activity

To understand the mechanisms through which VAPB enhances
proliferation, we investigated potential links between VAPB and

October 2012 | Volume 7 | Issue 10 | e46281
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Figure 3. VAPB knockdown impairs mammary tumor spheroid growth and cell proliferation. (A) VAPB expression was silenced in MMTV-
Neu tumor cells by two independent lentiviral-mediated shRNAs, as judged by western blot analysis. (B) VAPB knockdown (KD #1) cells were rescued
by re-expressing a full-length human VAPB cDNA via retroviral transduction. (C) MMTV-Neu spheroids were cultured in three-dimensional Matrigel.
Spheroid size was quantified and presented as average pixel area per spheroid (p<<0.01, ANOVA). (D) MMTV-Neu cell proliferation in spheroid culture
was determined by immunofluorescence using an anti-PCNA antibody (red). PCNA-positive nuclei were quantified from an average of 15 random
spheroids for each of two experiments (p<<0.05, t test). Arrows: PCNA positive cells.

doi:10.1371/journal.pone.0046281.g003

PLOS ONE | www.plosone.org 6 October 2012 | Volume 7 | Issue 10 | e46281
40



MMTV-Neu Orthotopic Transplant

VAPB in Cancer

H&E Staining 50x

P 1500] n
g € 1000 n
= £ 5007
)
gg L] .l
OO0 2504 e A
A - =
0l KD #1 KD #3
(\\’o\ a0t e ¥ =
o® N[ W W
C = Y - ﬂ' Al 5 Ta
% 50 p<0.05 o ? ‘.‘.’;‘"" Daal 2 LA BRSNS ) A el 1
g NP L s o | AN
Z 40| -.,_&._‘liha.“. 565" Q"‘.hb‘ T S
< ‘i; ..--"‘"I':‘ \a? “\ : oy ".-':"“B? a:‘ ':0
2 30} 1,» o &L en® s o Sl .'-.'3’1'
% 2| et POl MAet e 2
g 20_ : , ' ’ ‘ ‘ A A " n A -
f E SN o -'h!ﬂ‘ - ¥.%s .“.5“_{#1, 8 ® &
e iy " /) < - 4 l\-": e
('B 10L 6‘ TN s : .-,'}g ) ¢ J,ﬁ& _g.-f"\‘. ; f‘-.:. >" g
< ,"‘h L¥5o 3 L4l ,j}fv 0579 » O% &
© 0 % é e Sy i : )
° 0\0‘ “\ ,“‘L -0 " " - '}J : '\-‘ > ‘f‘- *‘J &\ -
?,& Qe NASIRVAY 8.» N ¢ :. : B I . ‘..“ A D
KD #1 . R ) (oD R G Esaat 4

Figure 4. VAPB is required for tumor growth /n vivo. (A) One million of MMTV-Neu control or VAPB knockdown cells were injected into cleared
mammary gland fat pads of 3-week old FVB recipient female mice (n=8—10/experimental condition). Tumors were harvested 5 weeks after
transplantation. Tumor size was measured by a caliper and tumor volumes were calculated. (p<<0.05, ANOVA). (B) Tumors were processed, sectioned
and stained with H&E (B) or Ki67, a proliferation marker (C). Proliferating tumor cells were quantified by enumeration of Ki67+ nuclei and presented as
a percentage of Ki67+ nuclei/total nuclei. VAPB knockdown cells showed a significant decrease in proliferation (p<<0.05, ANOVA). Arrows: Ki67

positive cells.
doi:10.1371/journal.pone.0046281.g004

signaling molecules relevant to tumor growth. Because ERK and
AKT signaling pathways are two major players in regulating cell
proliferation in mammary tumor cells, we assessed their activities
by western blot analysis. MCF-10A.HER?2 cells carrying wild-type
VAPB expression construct or the control vector were serum-
starved overnight and stimulated with EGF at the indicated time
points. In response to EGF stimulation, there is a rapid increase in
phosphorylation of AKT at Thr308 and Ser473, indicating
activation of its kinase activity. The phospho-AKT levels were
more pronounced in cells overexpressing VAPB than those
carrying the control vector (Figure 5A). In contrast, ERK
phosphorylation levels were not changed between two cell
populations. Likewise, knockdown of VAPB in MMTV-Neu cells
reduced phospho-AKT levels upon EGF treatment without
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affecting phospho-ERK. Re-expression of VAPB in KD cells
restored AKT phosphorylation to control levels, indicating that
AKT may play a key role in regulating cell growth in these cells.
To test if VAPB-mediated spheroid growth is dependent on AKT
phosphorylation, cells were treated with an allosteric AKT
inhibitor [18]. AKT inhibition significantly reduced spheroid
growth of VAPB expressing cells (Figure 5B and 5E). As expected
the AKT inhibitor reduced phosphorylated AK'T, while phospho-
ERK was unaffected (Figure 5C and 5F). Although these results do
not rule out the contribution of other signaling pathways, our
findings suggest that VAPB-induced proliferation is mediated, at
least in part, through activation of the AK'T pathway.
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Figure 5. VAPB-dependent cell growth is mediated through AKT activity. (A) MCF-10A cells expressing VAPB or carrying control vector were
serum starved and stimulated with 20 ng/mL EGF at the indicated time points. Phospho-AKT levels in MCF10A-HER2 cells were measured by western
blot analysis. (B) VAPB was knocked down in MMTV-Neu cells (KD#1) and re-expressed via retroviral transduction (KD#1_VAPB). Phospho-AKT levels
were measured by western blot analysis Representative blots from 3 independent experiments are shown. (C-E) Pharmacologic AKT inhibition
significantly impaired VAPB-mediated spheroid growth in MCF10A-Her2 cells (C) and MMTV-Neu VAPB knockdown cells rescued with VAPB
reexpression (E) (p<<0.05 ANOVA). Inhibition of AKT activity was confirmed by western blot analysis for phospho-AKT in MCF10A-HER2 cells (D) and

MMTV-Neu knockdown cells (F).
doi:10.1371/journal.pone.0046281.g005

Discussion

VAPB was originally identified as one of the vesicle-associated
membrane protein (VAMP) associated proteins. Although VAPB
was implicated in a wide range of cellular processes, its function in
cancer has not been characterized. In this report, we provide
evidence that VAPB regulates mammary tumor growth and
proliferation via activation of AKT activity. VAPB protein
expression is elevated in primary and metastatic tumor specimens,
and VAPB mRNA expression levels correlated negatively with
patient survival in two large breast tumor datasets. Overexpression
of VAPB increased spheroid size and proliferation in MCF10A-
HER2 cells. Conversely, knockdown of VAPB in MMTV-Neu
mammary tumor cells inhibited tumor cell proliferation in 3-D
culture  witro and suppressed tumor growth in orthotopic
mammary tumor allografts. The growth regulation of mammary
tumor cells controlled by VAPB appears to be mediated, at least in
part, by modulation of AK'T activities. Collectively, the genetic,
functional and mechanistic analyses suggest a role of VAPB in
tumor promotion in human breast cancer.

In breast cancer, approximately 30% of tumors have mutations
in one or more components of the PI3K/AKT pathway [30]. Two
lines of evidence suggest that VAPB expression modulates AK'T
activation. First, overexpression of VAPB in MCF10A-HER2 cells
enhances phosphorylation of AK'T, whereas knockdown of VAPB
in MMTV-Neu tumor cells inhibited pAKT levels. Furthermore,
the addition of an allosteric AKT inhibitor significantly reduced
3D spheroid growth induced by VAPB. It is currently unclear how
VAPB regulates AKT activity. Since VAPB does not contain
known enzymatic activities, it is likely that its action is mediated by
its interaction with other proteins.

Major subcellular compartments where VAPB is localized are
the ER and Golgi, where secretory and membrane proteins are
synthesized and transported to cell surface [3,4]. Several studies
show that VAPB is required for neurotransmitter release and
functions in early secretory transport events [5,7]. Therefore it is
possible that VAPB may regulate the protein secretion. Indeed,
when VAPB is overexpressed in MCF10A-HER2 cells, transport
of VSV-G-GFP ts045, a protein used to monitor vesicle traffic
from ER/Golgi to the plasma membrane, is markedly enhanced
(Figure S2), consistent with a previous report that show VAPB
deficiency inhibited VSV-G-GFP ts045 to the plasma membrane
in HelLa cells [31]. Accordingly, one mechanism by which VAPB
promotes tumor cell proliferation could be through secretion of
growth factors, cytokines, matrix metalloproteinases, as well as
delivery of receptors to the cell surface [17]. This possibility is
further strengthened by the fact that VAPB physically interacts
with Arfl and Rabl (Figure S3), two small GTPases that are
known to play critical roles in regulation of vesicle trafficking in the
secretary pathway [32,33,34,35,36]. Interestingly, Arfl has also
been implicated in recruitment of p85 subunits of PI3K to EGFR
in breast cancer cells [37], providing an additional possible
mechanism by which VAPB could regulate AK'T activities.

Aside from interacting with Arfl/Rabl, we and others also
found VAPB in complex with other proteins including lipid
transfer binding proteins such as Nir2 (Table SI) [22,31], a
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phosphoinositol/phosphotidyalcholine transfer protein. Deletion
of scs2, the yeast homolog of VAPs, was reported to reduce
phosphoinosotide levels [38]. Since AKT phosphorylation is
dependent on recruitment to the plasma membrane through
interaction between the PH domain and PIP3, such alterations in
phosphoinositols at the plasma membrane could affect ultimately
the activation of AKT. Given the diverse function of VAPB-
interacting proteins (Table S1), it is likely that multiple pathways
converge through VAPB to enhance the AKT pathway and affect
tumor cell proliferation.

Our results suggest that VAPB enhances breast tumor cell
proliferation is mediated through the AK'T pathway. However we
cannot rule out other functions of VAPB that also may contribute
to the phenotypes observed in this study, such as lipid sensing and
transport [39,40,41] ER and Golgi architecture [22,31], and the
unfolded protein response [6,10]. Therefore further studies are
needed to address whether perturbation in these mechanisms
alters the phenotypes of tumor cells in relation to VAPB
expression. Furthermore, although full-length VAPB localizes to
the ER, Golgi, and membrane-bound vesicles [3,42], a number of
studies showed that the MSP domain of VAPB can be secreted
and act as an antagonist for Eph receptor tyrosine kinases in C.
elegans and Drosophila [9,43]. Secreted MSP has also been detected
in human serum [9]. Because ligand-dependent EphA2 receptor
signaling has been associated with tumor suppression whereas
EphA2 ligand-independent signaling promotes tumor initiation
and malignancy in breast cancer [44,45], it is tempting to
speculate that the secreted MSP domain may compete with ligand
for binding to EphA2 receptor, thereby blocking EphA2-tumor
suppressive function. However, although tumor cells do secrete
MSP (Rao and Chen, unpublished data), further investigations are
required to test this hypothesis.

In summary, we identified a functional role of VAPB in
promoting tumor cell proliferation in breast cancer. This discovery
opens up a number of exciting avenues for future studies of both
full length VAPB and the secreted MSP domain in cancer. As
VAPB overexpression is associated with poor patient survival,
targeting VAPB-associated protein secretory pathway may provide
novel targets for future pharmacological strategies in cancer
therapy.

Supporting Information

Figure S1 Knockdown of VAPB does not affect VAPA
expression. VAPB expression was silenced in MMTV-Neu
tumor cells by two independent lentiviral-mediated shRNAs
(Figure 3A). VAPA protein expression was not affected by VAPB
shRNA, as judged by western blot analysis, demonstrating the
specificity of VAPB shRNAs. (Materials and Methods S1).

(EPS)

Figure S2 VAPB expression does not affect apoptosis.
(A) MCF10A-HER2 or (B) MMTV-Neu knockdown cells were
stained for cleaved caspase-3 at day 8 in 3-dimensional culture.
Cleaved caspase-3 positive spheroids (green) were quantified by
confocal microscopy analysis. No significant changes were
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observed in both cell lines. (C) in vivo analysis of apoptosis was
measured by cleaved caspase-3 staining of tumor sections. Cleaved
caspase-3 positive nuclei were quantified. VAPB deficiency does
not significantly affect apoptosis in vivo. Arrows: cleaved caspase-3
positive cells. (Materials and Methods S1).

(EPS)

Figure S3 PCNA analysis of tumor allografts. Proliferat-
ing tumor cells were quantified by enumeration of PCNA- positive
nuclei and presented as a percentage of PCNA+ nuclei/total
nuclei. VAPB knockdown tumors showed a significant decrease in
proliferation (p<0.05, ANOVA). Arrows: PCNA positive cells.
(Materials and Methods S1).

(EPS)

Figure S4 Analysis of AKT and ERK activities in VAPB
expressing cells. MCFI10A-HER2 (A) and MMTV-Neu
knockdown cells (B) expressing VAPB or carrying control vector
were serum starved and stimulated with 20 ng/mL EGF at the
indicated time points. Phospho-ERK levels were measured by
western blot analysis and quantified. (C) VAPB was knocked down
in MMTV-Neu cells (KD#1) and re-expressed via retroviral
transduction (KD#1_VAPB). Phospho-AKT and phospho-ERK
levels were measured by western blot analysis. Representative blots
from 3 independent experiments are shown. (Materials and
Methods S1).

(EPS)

Figure S5 PI3K inhibition attenuates VAPB dependent
spheroid growth. (A) Cells were cultured in 3D Matrigel for 2
days and then treated with LY294002 (20 uM) or vehicle control
every 2 days. Tumor cell spheroids were quantified at day 8. (B)
Inhibition of AKT activity was confirmed by western blot analysis
for phospho-AKT levels. Shown were representative blots from
two independent experiments. (Materials and Methods S1).
(EPS)

Figure S6 VAPB facilitates the transport of secretory
proteins to cell surface. (A) MCF10A-HER2-VAPB express-
ing cells were transfected with the ts045 temperature sensitive
vesicular stomatitis viral glycoprotein (VSVG) GFP and incubated
at 40°C for 16 hours to accumulate misfolded VSVG protein in
the ER. Following a 30-minute incubation with cyclohexamide,
the cells were shifted to a permissive temperature (32°C) to allow
transport along the secretory pathway. Total VSVG was visualized
by GFP fluorescence (green) and cell surface VSVG was detected
using an antibody against VSVG ectodomain (red) under non-
permeable condition. (B) The kinetics of appearance of VSVG-
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