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The Arf-like GTPase ArI8b is essential for three-dimensional
invasive growth of prostate cancer in vitro and xenograft
formation and growth in vivo
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ABSTRACT

Cancer is a multistep process that requires cells to respond appropriately to
the tumor microenvironment, both in early proliferative stages and in later invasive
disease. Ari8b is a lysosome localized Arf-like GTPase that controls the spatial
distribution of lysosomes via recruitment of kinesin motors. Common features of
the tumor microenvironment such as acidic extracellular pH and various growth
factors stimulate lysosome trafficking to the cell periphery (anterograde), which
is critical for tumor invasion by facilitating the release of lysosomal proteases to
promote matrix remodeling. Herein we report for the first time that Ari8b regulates
anterograde lysosome trafficking in response to hepatocyte growth factor, epidermal
growth factor, and acidic extracellular pH. Depletion of Ari8b results in juxtanuclear
lysosome aggregation, and this effect corresponds with both diminished invasive
growth and proteolytic extracellular matrix degradation in a three-dimensional model
of prostate cancer. Strikingly, we found that depletion of Ari8b abolishes the ability
of prostate cancer cells to establish subcutaneous xenografts in mice. We present
evidence that Ari8b facilitates lipid hydrolysis to maintain efficient metabolism for a
proliferative capacity in low nutrient environments, suggesting a likely explanation
for the complete inability of Ari8b-depleted tumor cells to grow in vivo. In conclusion,
we have identified two mechanisms by which ArI8b regulates cancer progression: 1)
through lysosome positioning and protease release leading to an invasive phenotype
and 2) through control of lipid metabolism to support cellular proliferation. These
novel roles highlight that ArI8b is a potential target for the development of novel
anti-cancer therapeutics.

INTRODUCTION

The formation of metastatic foci from an invasive
primary tumor is responsible for nearly all instances
of cancer-associated death. In general, progression to
metastasis requires cancer cells be amenable to adjusting
their metabolic phenotype in response to the ever-changing
tumor microenvironment (TME). During later stages in the

metastatic cascade, tumor cells must acquire the ability to
remodel the extracellular matrix (ECM) through secretion
of proteases, allowing for invasion and metastasis.
Numerous published studies suggest lysosomes can
profoundly influence these processes (reviewed in [1]).
The role of lysosomes in tumor progression is
complex and consists of three notable functions: 1)
Following fusion with lipid inclusion bodies, lysosomes
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play a role in the hydrolysis of stored and internalized
neutral lipids through lysosomal acid lipase (LAL)
activity [2, 3]; 2) Lysosome trafficking has been linked to
nutrient-sensing signaling cascades involving mammalian
target of rapamycin (mTOR) activity and autophagy [4];
3) Lysosomes supply proteases for ECM degradation that
can lead to invasion and metastasis [1]. Each of these
lysosome functions is dependent on intracellular lysosome
mobility along cytoskeletal components.

Lysosomes are acidic organelles that normally
function as the terminal degradative end point of the
endocytic pathway. As such, lysosomes are typically
found in the perinuclear region of quiescent cells. Our
laboratory and others have determined that stimuli
commonly found in the TME influence lysosome
positioning within cells. Acidic extracellular pH (pH,)
and growth factor signaling drive anterograde (plus end or
peripheral) lysosome trafficking, and we have previously
demonstrated that the spatial distribution of lysosomes
within tumor cells dictates secretion of cathepsin B and
invasiveness [5—8]. Cathepsin B is an important protease
that regulates tumor cell invasion, and lysosomes
proximal to the plasma membrane facilitate the release of
cathepsins to the extracellular environment [9]. Although
evidence suggests that some forms of tumor cell invasion
are protease independent, a growing body of data indicates
that lysosomal cathepsins and matrix metalloproteinases
(MMPs) are major contributors to invasion in vitro and
in vivo [1, 10-12]. Blocking lysosome trafficking to the
plasma membrane results in decreased protease secretion
and reduced invasion [5-8].

Lysosome trafficking along microtubules is mediated
by dynein and kinesin motors in a retrograde (minus end
or toward the microtubule organizing center (MTOC))
or anterograde fashion, respectively [13—15]. Several
GTPases are known to regulate the recruitment of
kinesins and dyneins to lysosomes. For example, the
lysosome-localized GTPase Rab7 is well-known for its
role in recruiting dyneins to lysosomes through its effector
Rab-interacting lysosomal protein (RILP) [14], and we
have recently established a role for Rab7 as a potential
tumor suppressor via its ability to cluster lysosomes near
the MTOC [8].

ADP-Ribosylation Factor like Protein 8b (Arl8b)
is an Arf-like GTPase that when in the GTP-bound,
activated state is specifically localized to lysosomes
and controls lysosome positioning within the cell via
recruitment of motor proteins [16, 17]. Arl8b recruits
kinesin 1 to lysosomes to promote anterograde lysosome
trafficking [18]. Loss of Arl8b or expression of an Arl8b
inactive mutant, results in tight clustering of lysosomes
over the MTOC [16]. Arl8b has also been implicated in
lysosome fusion, immune cell function, and lysosomal
tubulation [19-23]. Arl8b can be recruited to lysosomes in
response to ErbB2 signaling, supporting a mechanism for
lysosome redistribution in response to cancer-associated

extracellular stimuli [24]. Recent reports suggest that
Arl8b regulates cell motility and cell spreading [23,
25]; however, Arl8b has not yet been investigated in the
context of tumor growth and invasion.

Herein, we analyzed whether Arl8b plays a role in
tumor progression. We found that Arl8b is required for
invasion and protease secretion in 3D culture and report
that Arl8b is required for prostate tumor growth in a
xenograft mouse model. Interestingly, Arl8b depletion
does not affect proliferation in complete growth media,
but greatly impairs proliferation in the absence of serum
which appears to be associated with an aberrant lipogenic
phenotype. Overall, these data suggest Arl8b is a potential
target to prevent prostate cancer progression.

RESULTS

Depletion of Arl8b prevents anterograde
lysosome trafficking in response to acidic
pH_ and growth factors

Previous studies have identified Arl8b as a key
regulator of lysosome spatial distribution [16, 17]. We have
previously demonstrated that lysosomes traffic toward the
plasma membrane in response to acidic pH , hepatocyte
growth factor (HGF), or epidermal growth factor (EGF)
found within the TME [6, 7]. To determine whether Arl8b
plays a role in this stimulus-driven anterograde lysosome
redistribution, we transduced DU145 and PPC1 human
PCa cell lines with Non Target (NT) or Arl8b-targeted
lentiviral-delivered shRNA to generate stable cell lines.
Immunoblot analysis revealed that Arl8b protein levels
were depleted by more than 90% in DU145 and PPC1
cells (Figure 1A). NT and Arl8b KD cells were treated
with serum-free media containing HGF or EGF, or serum-
free media at pH 6.4 for 18 hours and stained for LAMP-1
(a marker for late endosomes and lysosomes) (Figure 1B).
The lysosomes in DU145 cells responded to all conditions,
while lysosomes in PPC1 cells did not traffic in response
to growth factors (data not shown). In accordance with
previously published literature, lysosomes in DU145
and PPC1 NT cells underwent anterograde lysosome
trafficking upon treatment with acidic media and
lysosomes were found near the plasma membrane. In
contrast, DU145 and PPC1 Arl8b KD cells maintained
lysosomes significantly closer to the nucleus compared
to NT cells (Figure 1B; quantified in Figure 1C). The
knockdown and lysosome phenotype were confirmed
with additional shRNA clones for both DU145 (Figure
S1A, S1B) and PPCI1 cells (Supplementary Figure S1C,
S1D). We also generated Arl8b KD in MDA MB 231
human breast cancer cells (Supplementary Figure S1E)
and confirmed Arl8b KD prevents acidic pH -mediated
anterograde lysosome trafficking in breast cancer cells
as well (Supplementary Figure S1F). Overall, these data
suggest that Arl8b is necessary for the redistribution of
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Figure 1: Arl8b knockdown prevents low pH-, EGF-, and HGF-induced lysosome trafficking to the cell
membrane. A. DU145 and PPC1 cells were transduced with lentiviral-delivered shRNA sequences targeted to Arl8b (KD) or
non-targeted (NT) shRNA. Immunoblots confirm knockdown. B. DU145 and PPC1 cells were treated with low pH for 2 hours, or
33 ng/mL HGF or 100 ng/mL EGF for 18 hours then fixed, stained for LAMP-1 (Red), phalloidin (Green), and DAPI (Blue). C.
Quantitated lysosome distribution from 25 cells shown as mean = SEM; *=p<0.001 compared to NT control, #=p<0.05 compared
to NT control.

www.impactjournals.com/oncotarget 31039 Oncotarget



lysosomes in response to defined external stimuli that are
commonly found in the TME.

KifSb is necessary for lysosome trafficking in
response to acidic pH, and growth factors

Arl8b is known to promote anterograde lysosome
trafficking via recruitment of kinesin 1 to lysosome
membranes [18]. Kinesin 1 drives plus-end trafficking,
and previous reports indicate that depletion of the kinesin
1 heavy chain (Kif5b) results in a tight clustering of
lysosomes near the nucleus in embryonic mouse cells [15].
We next tested whether Kif5b was necessary for lysosome
dispersion in response to acidic pH_ and growth factors.
To this end, we depleted Kif5b using lentiviral-delivered
shRNA and confirmed knockdown by immunoblot
(Supplementary Figure S2A). NT and Kif5b KD cells
were stimulated with acidic pH , HGF, or EGF and lyso-
some positioning was observed by immunofluorescence
(Supplementary Figure S2B). In line with our Arl8b KD
findings, Kif5b depletion prevented anterograde lysosome
trafficking in response to acidic pH_ and growth factor
stimulation, validating the cooperative function of Arl8b
with kinesin 1.

Arl8b KD prevents protease secretion and
invasion in a 3D culture model

We have previously described the role of lysosome
distribution in tumor cell invasion and cathepsin B
secretion and found that the lysosomal GTPase Rab7,
by promoting perinuclear lysosome localization, is a
potential tumor suppressor [8]. However, the role of
Arl8b in tumor cell invasion and protease secretion has
not been previously investigated. We used a Matrigel 3D
culture model with embedded DQ-collagen IV to assess
the necessity of Arl8b for cellular invasion and protease
activity. DQ-collagen fluoresces upon proteolytic cleavage
and indicates ECM degradation by proteases, including
those released from lysosomes [26, 27]. DU145 or PPC1
NT and Arl8b KD cells were grown in 3D culture for two
days followed by an additional two days of stimulation
with HGF or EGF in serum-free media (Figure 2A;
quantified in Figure 2B). Protease activity, as indicated
by cleaved DQ-collagen IV fluorescence, was increased
in DU145 NT cells treated with growth factor compared
to NT control cells. This increased protease activity was
accompanied by the formation of invasive structures and
loss of spheroid colony morphology. Both the formation of
invasive outgrowths and protease secretion were prevented
by Arl8b depletion. Unlike DU145 cells, PPCI1 cells form
large branching colonies with copious protease activity
even in the absence of growth factor. However, when
Arl8b is knocked down, PPC1 cells form smaller, more
compact colonies with minimal protease secretion and few
invasive outgrowths (Figure 2C; quantified in Figure 2D).

These studies indicate that Arl8b is necessary for prostate
tumor cell protease release, matrix degradation, and tumor
cell invasion in a 3D environment.

Loss of Arl8b does not impair growth factor
signaling or cell scattering

HGF and EGF signaling are often hyperactivated
in cancer, culminating in increased motility and invasion
(reviewed in [28, 29]). Previous studies have identified
the lysosomal GTPase Rab7 as a regulator of both EGFR
and c-Met signaling via the control of lysosome-mediated
receptor degradation [8, 30]. Immunoblot analysis of
DU145 NT and Arl8b KD cells treated with HGF or
EGF revealed that the absence of Arl8b does not prevent
activation of the c-Met or EGF receptors or downstream
signaling (Figure 3A; quantified in Figure 3B). DU145
PCa cells respond to long term EGF and HGF stimulation
by losing cell-cell adhesions and undergoing an epithelial
to mesenchymal transition (EMT) whereby cells take
on a scattered appearance [31] . To test whether Arl8b
depletion disrupted the motile response to growth factor
signaling, DU145 NT and Arl8b KD cells were treated
with HGF or EGF and scattering was assessed by fluoresc-
ence microscopy (Figure 3C; quantified in Figure 3D).
Although Arl8b KD cells still scattered in the presence
of growth factors, these cells appeared shorter than their
elongated NT counterparts, suggesting that loss of Arl8b
and/or juxtanuclear lysosome aggregation may alter cell
spreading and actin dynamics. Additionally, time-lapse
microscopy revealed that both DU145 and PPC1 Arl8b KD
cells had delayed cell spreading and attachment compared
to NT cells (Supplementary Figure S3). Although Arl8b
depletion does not prevent an EMT phenotype, there was
an apparent disparity in morphology that suggests altered
actin dynamics.

Active Racl and RhoA levels are decreased in
Arl8b KD cells

Published reports indicate that the position of lysosomes
can contribute to the spatial regulation of proteins controlling
actin dynamics including GTPases RhoA and Racl, thus
influencing leading edge morphology and cell motility [32—
35]. Due to the stunted cellular phenotype (Figure 3C) and
the 3D invasion results (Figure 2), we investigated RhoA
and Racl activity in response to Arl8b knockdown. DU145
NT and Arl8b KD cells were treated with or without EGF,
and Racl or RhoA activity were assessed by GST-PAK1
or RhoA-Rhotekin pulldown, respectively. Immunoblot
analysis revealed that basal active Racl and RhoA levels
were significantly decreased in Arl8b KD cells compared to
NT cells (Supplementary Figure S4A, S4C), although EGF-
stimulated Racl and RhoA activity was not significantly
different in Arl8b KD cells (Supplementary Figure S4B,
S4D). These data indicate that loss of Arl8b results in
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modestly reduced basal levels of active Racl and RhoA, but
does not hinder their activation potential by growth factor.
Therefore, the decrease in Racl and RhoA activity is unlikely
to account for the reduced invasion (Figure 2) and defective
cell spreading observed in Arl8b KD cells when stimulated
with growth factor (Figure 3C and Supplementary Figure S3).

Co-culture with NT cells does not rescue motility
defects seen in Arl8b KD cells

Given that Arl8b is involved in vesicle trafficking,
it is possible that knockdown prevents the secretion
of a protein(s) necessary for motility. Accordingly, we
tested whether co-culture with NT cells could rescue the
phenotype by supplying this hypothetical protein in trans.
We performed transwell motility assays with both DU145
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(Figure 4A) and PPC1 cells (Figure 4B). NT or Arl8b KD
cells were seeded on the top of the transwell insert and
allowed to migrate toward complete media on the underside
of the insert. Arl8b KD cell migration toward complete
media was less efficient compared to NT. Alternatively, NT
cells were plated on the well underneath the insert and Arl8b
KD cells were seeded on top. Contact with conditioned
media from the NT cells did not rescue Arl8b KD motility
to levels similar to NT. Together, these data indicate Arl8b
depletion prevents cell motility by restricting lysosome
trafficking in a manner not able to be supplanted in trans.

Arl8b knockdown prevents tumor growth in vivo

Due to the strong effect of Arl8b silencing on tumor
cell invasion in 3D Matrigel (Figure 2), we sought to
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Figure 2: Arl8b knockdown prevents the formation of invasive outgrowths and matrix degradation. A. DU145 and C.
PPC1 cells were grown in Matrigel and DQ-Collagen IV for 72 hours under the indicated experimental conditions then fixed and stained
with phalloidin (red). Green represents DQ-collagen IV cleavage as a readout for protease secretion. Images are representative of three
independent experiments and are quantified in B. and D.. Data are shown as mean = SEM;*=p<0.05 compared to NT.
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These data have demonstrated that Arl8b-directed
lysosome function plays two critical roles in prostate
cancer progression. We have found that: 1) during periods
of growth and proliferation, Arl8b is necessary for
regulating lysosome mediated metabolic processes. This
function would be particularly essential in low nutrient
environments, such as during early, poorly vascularized,
cancer development and during late, poorly perfused dense
tumor growth. In addition to this, we have determined that:
2) Arl8b is required for anterograde lysosome trafficking
which occurs in response to invasion-promoting stimuli.
In addition to promoting a motile phenotype, these
stimuli elicit anterograde lysosome trafficking in order
to degrade and reorganize ECM to allow invasive growth
and ultimately vascular intravasation and metastasis.
While other non-lysosomal proteases are also known
to play a role in ECM degradation, it is clear from our
work and others that lysosomal protease release is equally
important. These results suggest Arl8b plays a critical role
during periods of invasive cancer growth through control
of lysosomal protease release (Figure 7).

Most strikingly, we found that prostate cancer cells
depleted of Arl8b did not form subcutaneous xenograft
tumors. No evidence of xenograft growth was detectable
at any point during the experiments, and identically
processed cells seeded in parallel in culture dishes
grew normally. We find it likely that our conclusions
with respect to nutrient deprived growth account for
the inability to grow subcutaneously. We did not find
evidence that Arl8b KD causes a reduction in the stem
cell population, nor was deficiency in nutrient sensing
observed by changes to mTOR signaling. However, it
is possible that the proteolytic role of Arl8b is required
for the initial establishment of a tumor bed in which to
grow through ECM remodeling [50]. Regardless, we
have provided evidence of two mechanisms for Arl8b
involvement in cancer progression. Future work will
further clarify the role of Arl8b-dependent lysosome
function in vivo at different stages of cancer progression.

In conclusion, we provide data supporting a role for
Arl8b as an important regulator of metabolic phenotype,
protease secretion, invasion, and proliferation in multiple

Figure 7: Proposed model for Arl8b regulation of protease-dependent tumor invasion and activation of the
lipogenic phenotype. A. Arl8b regulates lysosome trafficking to the periphery, which facilitates release of lysosomal proteases and
ECM remodeling. P: protease. B. Arl8b regulates hydrolysis of internalized and/or stored lipids preventing unnecessary, metabolically
inefficient de novo lipogenesis. This mechanism would maintain adequate ATP production supporting a proliferative capacity in a low
nutrient environment. LP: lysosomal proteases, TAG: triaclyglycerides, CE: cholesterol esters, LAL: lysosomal acid lipase.
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