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Abstract: The purpose of this paper was to better understand the role of polyamine transport in pancreatic cancers.
This paper identifies potential biomarkers for assessing the relative tumor commitment to polyamine biosynthesis
or transport. Cell lines with low polyamine import activity and low ATP13A3 protein levels appear committed to
polyamine biosynthesis and required high concentrations of the polyamine biosynthesis inhibitor, difluoromethy-
lornithine (DFMO) to inhibit their growth (e.g., AsPC-1 and Capan 1). In contrast, cell lines with high polyamine import
activity and high ATP13A3 protein expression (e.g., L3.6pl) demonstrated a commitment to polyamine transport and
required lower DFMO concentrations to inhibit their growth. Pancreatic cancer cell lines which were most sensitive
to DFMO also gave the highest EC50 values for the polyamine transport inhibitors (PTls) tested indicating that more
PTI was needed to inhibit the active polyamine transport systems of these cell lines. Most significant is that the
combination therapy of DFMO+PTI was efficacious against both cell types with the PTI showing low efficacy in cell
lines with low polyamine transport activity and high efficacy in cell lines with high polyamine transport activity. High
ATP13A3 protein expression and moderate to low Cav-1 protein expression was shown to be predictive of tumors
which effectively escape DFMO via polyamine import. In summary, this report demonstrates for the first time the
role of ATP13A3 in polyamine transport and its use as a potential biomarker along with Cav-1 to select tumors most
susceptible to DFMO. These findings may help stratify patients in the ongoing clinical trials with DFMO-based thera-
pies and help predict tumor response.
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Introduction bolic flux, neoplasia and tumor spread is well
established [3-5].

The native polyamines, putrescine (Put), sper-

midine (Spd) and spermine (Spm) are key
resources required by mammalian cells for
growth and proliferation. These low molecular
weight aliphatic amines play critical roles in
chromatin remodeling, translation, elF-5A bio-
synthesis, and transcription [1]. Polyamines
exist primarily as polycations at physiological
pH and interact strongly with biological polyan-
ions such as RNA and DNA [2]. Unlike inorganic
cations (e.g., Mg*?) the native polyamines can
be biosynthesized. In addition, they can be
imported from the extracellular milieu. The con-
nection between increased polyamine meta-

Compounds that disrupt polyamine homeosta-
sis have been shown to be clinically useful for
both the chemoprevention and treatment of
human cancers [6, 7]. Biomass generation is
a critical requirement for rapidly-proliferating
cancer cells and the altered metabolism of spe-
cific cancers make them especially sensitive to
polyamine-targeting therapies [1, 8]. Polyamine
metabolites are needed to replicate the cancer
cell's contents. For example, Spd is required for
the formation of the novel aminoacid hypusine,
a critical residue in the formation of the required
initiation factor elF-5A [1]. In short, certain can-
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cers seem to be ‘addicted’ to polyamines and
rely on a combination of intracellular polyamine
biosynthesis and import to maintain high levels
of intracellular polyamines. The import process
involves the polyamine transport system (PTS)
which is used to scavenge polyamines from the
extracellular milieu. This addiction to polyamine
metabolites provides an opportunity to selec-
tively target cancers via their upregulated PTS
[9-11].

In principle, cancer cells exclusively committed
to polyamine biosynthesis (Case A) could be
targeted by a-difluoromethylornithine (DFMO),
a compound which irreversibly inhibits orni-
thine decarboxylase (ODC), a key enzyme
involved in the first step of polyamine biosyn-
thesis. In practice, however, DFMO as a single
therapy has been more challenging because
DFMO-treated cancer cells often respond by
upregulating polyamine import to circumvent
DFMO’s blockade of polyamine biosynthesis.
Alternatively, cells exclusively committed to
polyamine import via high utilization of the PTS
(Case B) could be targeted by cytotoxic poly-
amine-based compounds [9-11], which selec-
tively enter and kill cells via the PTS [10] or via
polyamine transport inhibitors (PTls) [12-14]. As
most cancers are expected to lie along the con-
tinuum of these two extremes (Cases A and B),
combinations of these agents (e.g., DFMO+PTI)
are expected to show promise even in the treat-
ment of cancers with high tumor heterogeneity
[6, 15]. In addition, polyamine transport has
been shown to be increased in hypoxic tumors
[16], and the combination therapy of DFMO+PTI
holds promise for the treatment of recalcitrant
solid tumor types with aberrant hypoxia signal-
ing such as pancreatic cancers [13, 14, 17-19].

The DFMO+PTI combination therapy may pro-
vide a ‘catch-all’ technology for cell populations
with different commitment levels to polyamine
biosynthesis and transport and this approach
may be especially relevant in pancreatic can-
cers, where multiple cell populations with the
ability to form tumors and self-renew have
been identified [6, 15, 20]. Moreover, a recent
report by Rao et al. demonstrating the critical
roles that polyamines play in developing pan-
creatic cancers provides further impetus for
this study [21]. Combination therapies involving
DFMO+PTI are expected to be more efficacious
than DFMO alone because they block an impor-
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tant cellular escape mechanism (i.e., polyamine
import) and can thereby potentiate the in vivo
effects of DFMO [13, 14]. This report describes
our progress in identifying the role of ATP13A3
and caveolin-1 (Cav-1) as biomarkers which
indicate which cell types will best respond to
the DFMO+PTI combination therapy.

Materials and methods
Reagents

DFMO was kindly provided by Dr. Patrick Woster
(MUSC). Aminoguanidine was acquired from
Sigma-Aldrich (St. Louis, MO), spermidine (Spd)
from Acros Organics (Geel, Belgium), and
3H-Spd from Perkin-Elmer Inc, (Boston, MA).
The primary rabbit polyclonal antibodies
against ATP13A3 and caveolin-1 were pur-
chased from Abgent (San Diego, CA) and from
Santa Cruz Biotechnology (Dallas, TX), respec-
tively. The primary rabbit monoclonal antibod-
ies against c-Myc, MTAP, and pl6 were pur-
chased from Abcam (Cambridge, MA). The pri-
mary mouse monoclonal antibody against
B-actin was obtained from Sigma-Aldrich. The
secondary antibodies used included goat anti-
rabbit and goat anti-mouse antibodies from
Santa Cruz Biotechnology. All cell culture media
and reagents were purchased from Life
Technologies (Grand Island, NY). FBS was pur-
chased from Atlanta Biologicals (Norcross, GA).
All siRNA reagents, including ATP13A3 siRNA,
scrambled siRNA and the Viromer Blue trans-
fection agent were obtained from OriGene
(Rockville, MD).

Cell culture

The L3.6pl pancreatic cell line was a gift from
Dr. Isaiah Fidler at MD Anderson Cancer Center
at Houston TX. hTERT-HPNE cells were a gener-
ous gift from Dr. Cheryl Baker at BioCurity
Holdings, Inc. in Orlando, FL. CHO-K1 cells and
CHO-MG cell lines were a gift from Dr. Wayne
Flintoff at the University of Western Ontario,
Canada. Other cell lines (AsPC-1, BxPC-3,
Capan-1, MiaPaca-2, Pan02, Panc-1, and
Su86.86) were purchased from ATCC (Mana-
ssas, VA), first cultured in the growth media
suggested by ATCC and then shifted to RPMI
1640 media with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin, to allow testing
of all cell lines under the same conditions. In
the human cancer cell lines, 250 yM aminogua-
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nidine was added to the media to prevent
serum oxidase activity on polyamine-based
compounds. For CHO and CHO-MG cells, 1 mM
aminoguanidine was used. The media con-
tained L-proline (2 ug/mL) for proper growth of
the CHO-MG cells. Cells in early to mid-log
phase were used for all experiments. All cells
were grown at 37°C under a humidified 5% CO,
atmosphere.

Cell treatments

Cells were grown to 70-80% confluence. The
cells were then trypsinized and re-plated at
the appropriate cell density depending on the
length of drug treatment. Prior to drug addition,
the cells were incubated for 24 h (to facilitate
re-attachment) before adding the appropriate
compound or vehicle in PBS. DFMO dosage was
adapted according to the length of incubation
and cell line while Spd was used at 1 uM for
all experiments. The cells were incubated for
either 48 h or 72 h depending upon the experi-
ment, with aminoguanidine present in the
media.

IC,,and IC, determinations

Cell growth was assayed in sterile 96-well
microtiter plates (Costar 3599, Corning, NY).
CHO and CHO-MG cells were plated at 1000
cells/well. All the pancreatic cell lines were plat-
ed at 500 cells/well, except Su86.86 which
was plated at 1500 cells/well and incubated
overnight. As these experiments required three
additives, cells were plated in 70 pL volumes.
DFMO, Spd or polyamine drug solutions (10 pL/
well) of appropriate concentration in phos-
phate-buffered saline (PBS) were added. When
needed, additional PBS was added to ensure
that each well had a total volume of 100 L for
the experiment. After incubation with the
compound(s) for 72 h, cell growth was deter-
mined by measuring formazan formation from
the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfenyl)-2H tetrazolium,
inner salt (MTS) using a SynergyMxBiotek
microplate reader for absorbance (490 nm)
measurements. All experiments were perform-
ed in triplicate. IC,, and IC , values (i.e., the
concentration of the compound needed to
maintain 50% and 90% viability, respectively),
were calculated. Thus, the IC10 value defines
the maximum concentration of the compound
which a cell line can tolerate with minimal toxic
effects to the cell (£ 10% toxicity).
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Rescue assay and EC,, determination

Cells were seeded in 96 well plates as above
and were exposed to the respective IC,, DFMO
dose for that cell line, with or without a rescuing
amount of Spd (1 uM) for 72 h. This rescue from
DFMO treatment with exogenous Spd was cell-
line dependent. For example, in L3.6pl cells the
72 h DFMO IC value was 4.2 mM and gave
50% viability. Spd addition to these DFMO
treated L3.6pl cells resulted in 90% viability
and defined a window spanning from DFMO
only (50%) to DFMO+Spd (90% viability). The
EC,, was defined as the concentration of the
PTI needed to traverse halfway between these
two endpoints (in this case the [PTI] needed
to achieve 70% viability in the presence of
DFMO+Spd). This approach allows ranking of
the PTls in different cell lines since it considers
the different response to a fixed concentration
of Spd (1 uM) in each of the DFMO-treated cell
lines.

SiRNA treatment and ATP13A3 knockdown

Three siRNAs against ATP13A3 along with a
scrambled siRNA were purchased from Ori-
Gene. The effect on ATP13A3 expression as
measured by immunoblot are as follows:
ATP13A3 siRNA #1 (Cat# SR312433A) - poor
knockdown, ATP13A3 siRNA #2 (Cat# SR31-
2433B) - maximal knockdown, ATP13A3 siRNA
#3 (Cat# SR312433C) - moderate knockdown.
ATP13A3 siRNA #2 demonstrated the best
knockdown of all three siRNAs tested and was
used for all subsequent experimentation. For
the experiments, L3.6pl cells were grown to
70-80% confluence in the presence of either
ATP13A3 siRNA #2 or scrambled siRNA com-
plexed with the Viromer Blue transfection
agent. After 48 h incubation with the appropri-
ate siRNA/transfection agent complexes, cells
were washed with PBS, harvested by trypsiniza-
tion, and re-plated into sterile 96-well plates at
500 cells/well. As described above, the rescue
assay (48 h) was performed on the siRNA-treat-
ed cells to determine rescue efficiency with and
without ATP13A3 knockdown and used DFMO
(8 mM), Spd (1 uM) and aminoguanidine (250
puM). ATP13A3 knockdown was confirmed by
western blotting. Since the scrambled siRNA
treated cells behaved like non-siRNA treated
cells in terms of their Spd rescue profile, we
concluded that the reduced viability observed
with the ATP13A3 siRNA treated cells was not
due to general siRNA cell stress but due to the
specific reduction in ATP13A3 expression.
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Table 1. Kinetic profiles (V__ and K ) of
human pancreatic cancer cell lines, murine
(Pan02) and Chinese hamster ovary (CHO)
cells

Cell line V__ (°*HSpd) K, for Spd
(nmoles/mg protein/min) (MM)
HPNE 1.8 0.19 £.02
L3.6pl 24 0.67 +.07
Panc-1 13 0.31+.01
Su86.86 7.0 0.29+.01
BxPC-3 9.0 0.18 +.01
AsPC-1 2.3 0.12 +.03
Capan-1 0.8 0.18 +.02
Pan02 9.0 0.36 +.05
CHO 3.0 0.24 + .06
CHOMG 0 ND

Legend: Aminoguanidine (AG, 250 pyM) was added to

all pancreatic and HPNE cell lines and AG (at 1 mM)

was added for CHO cell experiments to prevent amine
oxidase activity present in the fetal bovine serum used
for cell culture. These AG concentrations were non-toxic
to the respective cell lines in separate experiments

(not shown). The K values for the PTls, trimer44 (5a),
trimer44NMe (5b) and Lys-Spm (6) in L3.6pl human
pancreatic cancer cells, were 36, 55, and 26 nM, respec-
tively.

V__ determination
max

The kinetic profiles for Spd uptake and the abil-
ity of the PTls to inhibit Spd uptake in the cell
lines were determined using the protocols of
Weeks et al. [19] Briefly, the respective cells
(100,000/well) were seeded into a 24-well
plate for log phase growth and incubated for
24 h at 37°C. The media was then replaced
with preheated Hanks Balanced Salt Solution
(HBSS, containing Ca*? and Mg*?) at 37°C. For
K, andV__ determinations 3H-Spd was added
at a range of 0-3 uM/well. For K determina-
tions (Table 1 footnote) *H-Spd (1 uM final con-
centration) was added with the respective PTI
at different PTI concentrations (0, 0.1, 0.3, 1, 2
or 3 uyM). Cells were incubated at 37°C for 15
min. The cells were then washed with cold
HBSS and lysed with 0.1% sodium dodecyl sul-
fate (SDS) in water (500 uL). Each cell lysate
was then transferred to an Eppendorf tube and
centrifuged at 15,000 rpm for 15 min. A sam-
ple of each supernatant (200 uL) was trans-
ferred into a scintillation vial containing 2 mL
of Scintiverse BD (Fisher Chemical, Pittsburgh,
PA), and the resulting scintillation counts were
measured. The amount of protein was deter-
mined using the Pierce BCA protein assay kit
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(Pierce, Rockford, IL) from the remaining lysate
volume (approximately 300 pL) to normalize the
radioactive counts obtained and the data
reported as nmol *H-Spd/mg protein. K and K
values were determined using double recipro-
cal Lineweaver-Burk plots. The K, value was
determined from the equation K =I1C, /(1 + (L +
K,)), where ICSO is the concentration of PTI
required to block 50% of the relative uptake of
3H-Spd and L is the concentration of *H-Spd
used in the assay (1 uM). The K_and V__ for
Spd was calculated by plotting the inverse of
[®*H-Spd] versus the inverse of the nmol Spd/mg
protein/min. The K_ = —1/x intercept, and V __
= 1/Y intercept.

X

Western blot analysis

Cells were grown to 70-80% confluence, wa-
shed with cold PBS, and harvested in PBS after
centrifugation. Cell lysates were prepared in
standard RIPA buffer. Protein concentration
was measured with the Pierce BCA Assay kit.
For western blotting, equal quantities of protein
(50-75 pg) were loaded onto SDS-PAGE gels.
Protein was transferred to a nitrocellulose
membrane (Bio-Rad, Hercules, CA) and blocked
with 5% non-fat dry milk in PBS with 0.1%
Tween-20 (PBS-T). Membranes were incubated
with primary antibodies overnight at 4°C at
respective dilutions [ATP13A3 (1:500), Cav-1
(1:500), c-Myc (1:2000), MTAP (1:1000), pl16
(1:500), B-actin (1:25,000)]. The next morning,
the membrane was washed with phosphate
buffer saline containing 0.1% Tween-20 (PBS-
T). The membrane was then incubated for 1 h
at room temperature in the respective second-
ary antibodies (1:10,000) conjugated to horse-
radish peroxidase. Protein bands were visual-
ized using the SuperSignal West Pico ECL kit
(Pierce) and subsequent exposure to X-ray
films. For re-probing, the membranes were
stripped with Restore PLUS stripping buffer
(Life Technologies) and re-probed with the
B-actin antibody as a loading control. The inten-
sity of the protein exposures on the X-ray film
was evaluated by densitometry using Image)
software (National Institutes of Health, Bethe-
sda, MD). The data is presented as intensity of
protein of interest divided by intensity of B-actin
in each respective lane.

ATP13A3 and Cav-1 mRNA expression analysis
in public human cancer datasets

Genome-wide mRNA expression profiles of 238
different datasets containing human cancer
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samples were retrieved from the public Gene
Expression Omnibus (GEO) dataset at the NCBI
website http://www.ncbi.nlm.nih.gov/geo/ [22],
from the EBI Express website http://www.ebi.
ac.uk/arrayexpress/, and from the TCGA con-
sortium website https://tcga-data.nci.nih.gov/
tcga/, as annotated in Table S4. The data for
the GSK-950 and Sadanandam-47 cell line
sets used in Table S1 were from http://cbiit.nci.
nih.gov and NCBI GEO (GSE17891), respective-
ly. The large majority of studies were on the
Affymetrix Gene Chip Human Genome U133A
and Plus 2.0 platforms (U133A/U133P2;
Affymetrix, Santa Clara, CA). CEL data were
downloaded, and analyzed as described [23].
Briefly, gene transcript levels were determined
from data image files using GeneChip operat-
ing software (MAS5.0 and GCO0S1.0, from
Affymetrix). Samples were scaled setting the
average intensity of the middle 96% of all
probe-set signals to a fixed value of 100 for
every sample in the dataset, to allow transcript
level comparison between samples and be-
tween studies. We determined significant pres-
ent (“present call”) and absent expression
using this software. The TranscriptView genom-
ic analysis and visualization tool (http://bioinfo.
amc.uva.nl/human-genetics/transcriptview/)
was used to select probe-sets, except Agilent
G4502 array probes, for which no sequence
data were available. Probes had to show unique
mapping in an anti-sense position within (late)
coding exons and/or the 3’ UTR of the gene.
When multiple correct probe-sets were avail-
able for a gene, the probe-set with the highest
average expression and the highest amount of
present calls for that dataset were used. The
probe-sets selected for analysis of U133A/P2
arrays were 204069_at and 223282_at, for
lllumina WG-6 v3.0 arrays 1663684 and 21-
49226, and for Agilent HG 4x44K arrays 24_
P183094 and 23_P134454, for ATP13A3 and
Cav-1, respectively. Analyses were performed
using R2; a genomics analysis and visualiza-
tion platform developed in the Department of
Oncogenomics, Academic Medical Center, Am-
sterdam, The Netherlands (http://r2.amc.nl).
Website standard settings were used for all
tests on Oncomine (http://www.oncomine.org).

Statistical analysis of public human cancer
datasets

Correlations between ATP13A3 and Cav-1
mMRNA expression (Figures 8 and 9, Table S4)
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were calculated using a Pearson test on 2log-
transformed expression values (with the signifi-
cance of a correlation determined by t = R/
sart((1-r*2)/(n-2)), where R is the correlation
value and n is the number of samples, and dis-
tribution measure is approximately as t with n-2
degrees of freedom). Significant correlations
were only calculated for datasets when > 10%
of samples had a present call for both genes.
The Statistical Package for the Social Sciences
software package for Windows (Version 13.0)
was used for all statistical analyses. Numerical
results (Table S1) are expressed as the mean
value £ SEM. When values are shown as 2log-
median centered (Figure 9A-D, Tables S2 and
S3), statistically significant differences were
determined by t-testing. Results were consid-
ered significant when p < 0.05.

Results and discussion

Due to the broad context of this study, which
incorporates the interplay between polyamine
metabolism, oncogenes and transport activity,
a brief overview is warranted.

Polyamine homeostasis via biosynthesis and
transport

Polyamine homeostasis requires that poly-
amine biosynthesis and transport be intimately
linked and balanced. The polyamine biosynthe-
sis pathway is well understood [1] and relies
on S-adenosylmethionine (SAM) and ornithine
resources, which are derived from the aminoac-
ids methionine and arginine, respectively. A
detailed description is shown in Figure 1.

Intricate intracellular control mechanisms main-
tain polyamine levels via regulation of biosyn-
thesis and transport. For example, antizyme 1
(AZ) is considered a dual regulator of polyamine
biosynthesis and transport [1, 24, 25]. High
intracellular polyamine levels cause a +1 trans-
lational frameshift which aligns two open read-
ing frames and produces a full length AZ pro-
tein. AZ then binds to ornithine decarboxylase
(ODC) to form an inactive ODC:AZ heterodimer
and facilitates its degradation via the protea-
some, thereby inhibiting polyamine biosynthe-
sis [26, 27]. AZ induction also inhibits poly-
amine transport by an unknown mechanism
[28-30]. In another example, inhibition of ODC
with DFMO, results in a concomitant increase
in polyamine import activity [13, 14, 31, 32] in
an attempt to maintain cellular polyamine
homeostasis. In summary, while there is evi-
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Figure 1. Human polyamine biosynthesis, metabolism and transport and
the methionine salvage pathway. Ornithine decarboxylase (ODC) converts
ornithine to putrescine and then spermidine synthase (SRM) appends an
aminopropyl fragment derived from decarboxylated S-adenosylmethionine
(dc-SAM) to putrescine to form Spd. The dc-SAM is generated by the action
of adenosylmethionine decarboxylase (AMD1) on SAM. Spermine synthase
(SMS) performs a similar task with dc-SAM to convert Spd to spermine (Spm).
Catabolic enzymes like spermidine/spermine acetyl transferase (SSAT) and
polyamine oxidase (PAO) allow for back-conversion from the higher poly-
amines (Spd and Spm) to putrescine (Put) as well as the formation of N-acet-
ylated polyamines for cell export (presumably via SLC3A2 as seen in colon
cancer cells). Abbreviations: AMD1 (adenosylmethionine decarboxylase), AZ
(antizyme), Cav-1 (caveolin-1), dc-SAM (decarboxy-S-adenosylmethionine),
DFMO (difluoromethylornithine), MTA (5’-methylthioadenosine), MTAP (S-
methyl-5'-thioadenosine phosphorylase), MTOB (methylthiooxobutyrate),
MTR-1P (methylthioribulose phosphate), ODC (ornithine decarboxylase),
PAO (polyamine oxidase), PTI (polyamine transport inhibitor), SAM (S-ade-
nosyl-L-methionine), SLC3A2 (diamine exporter), SMS (spermine synthase),
SRM (spermidine synthase), SSAT (spermidine/spermine acetyltransferase).
Note: a direct back-conversion from Spm to Spd is possible via spermine
oxidase (not shown).

While it is widely known that
cancer cells have increased
intracellular polyamine levels,
it is less clear whether these
levels are achieved through
increased biosynthesis or a
combination of biosynthetic
and import processes. Polya-
mine transport biomarkers
would help identify where
along the continuum (between
Case A and Case B) specific
cancer types lie. As cross-talk
exists between the synthetic
route and the PTS (e.g., via
AZ induction), cells can shift
their sources of polyamines to
avoid a particular pharmaco-
logic intervention, e.g., DFMO.
Biomarkers which track this
shift over time could inform
drug dosing and the effective-
ness of combination therapies
to address this escape res-
ponse. A first step in identify-
ing these biomarkers is to
understand the relationships
between key oncogenic sig-
naling pathways and poly-
amine metabolism.

Oncogenes and polyamine
transport

The interplay of oncogenes
and polyamine metabolism

dence linking polyamine biosynthesis and
transport, the actual biomolecules involved in
this connection are largely unknown.

Biomarkers of polyamine transport and onco-
genes

A handful of candidate proteins involved in
polyamine import have been reviewed [31], but
no comprehensive molecular explanation of
how they work in concert to maintain polyamine
homeostasis is yet available. These important
gaps in our knowledge preclude a full under-
standing of polyamine homeostasis and have
delayed the identification of valid biomarkers
for polyamine transport in human cancers.
These biomarkers are needed to stratify cancer
patients with tumors which will best respond to
DFMO or which may require DFMO+PTI
therapy.
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has been recently reviewed [1]. The Ras signal-
ing pathway was of interest for our study
because K-Ras-activating oncogenic mutations
causing uncontrolled cell growth are found in
the vast majority (> 90%) of pancreatic ductal
adenocarcinomas (PDACs) and there is a criti-
cal need to develop new interventions for this
deadly form of cancer [33]. The canonical Ras
signaling pathway involves the Raf, MEK1/2,
Erk1l/2 and c-Myc proteins, which play critical
roles in cell growth and metabolism. However,
the relationships between these oncogenic pro-
teins and putative polyamine transport pro-
teins, like caveolin-1 (Cav-1), in pancreatic can-
cers are poorly understood. Due to our limited
understanding of polyamine transport, there
are few reports detailing the connection
between polyamine transport proteins and
oncogenes.

Am J Cancer Res 2016;6(6):1231-1252
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In colorectal cancers, Cav-1 has been shown to
be a negative regulator of polyamine import
[34]. In addition, activated K-Ras was shown
to decrease the expression of the putative
putrescine export protein SLC3A2 in HCT116
colon cancer cells [35]. Therefore, at least in
HCT116 cells, activated K-Ras increases poly-
amine import and slows polyamine export,
leading to elevated intracellular polyamine lev-
els. Together these results suggest that Cav-1
expression may provide insight into a tumor’s
dependence on polyamine import processes,
where low Cav-1 expression is associated with
high polyamine transport activity.

Bergeron and Porter first explored the effect of
specific oncogene expression on polyamine
metabolic enzymes and transport. Specifically,
Rat-1 cells were stably transfected with Ras or
N-myc oncogenes [36]. ODC activity was shown
to be approximately 12-times higher in Ras-
transfected cells, than in the parent or N-myc-
transfected cell lines [36]. In contrast, poly-
amine transport was significantly increased in
N-myc-transfected cells [36]. These authors
concluded that the “associations between
N-myc and Ras expression and critical aspects
of polyamine metabolism suggest a possible
role for the latter in facilitating the growth pro-
moting properties of these oncogenes” [36].

The connection between the Myc family of
proteins and polyamine transport activity is
important because the Myc transcription fac-
tors affect polyamine biosynthesis by up-regu-
lation of ODC transcription [1]. Specifically,
Myc dimerizes with a partner protein, Max, and
the Myc-Max complex binds to E-box motifs
(CACGTG) in the ODC promoter activating ODC
transcription [1]. ODC expression enhances
putrescine biosynthesis and subsequent bio-
synthesis of the higher polyamines, Spd and
Spm, via additional biosynthetic steps involving
dc-SAM (Figure 1). ODC activity is sufficient for
tumor promotion and ODC is considered a pro-
to-oncogene [37]. As expected, cells which
overexpress Myc have elevated levels of poly-
amines [1]. In this regard, Myc is key to incre-
ased intracellular polyamine levels because its
up-regulation is known to increase polyamine
biosynthesis and presumably import [36].
Lastly, a feedback mechanism has been pro-
posed where the polyamines themselves regu-
late c-Myc translation through Chk2-dependent
HuR phosphorylation [38]. Therefore, we sur-
mised that Myc-driven tumors are likely ‘addict-
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ed’ to polyamines and may be especially sensi-
tive to combination therapies which target poly-
amine biosynthesis and transport.

Since K-Ras mutations are prevalent in > 90%
of PDACs and the Myc family genes are activat-
ed in nearly 70% of human cancers [1], we were
interested in whether pancreatic cell lines with
K-Ras mutations and high c-Myc expression
also had high polyamine transport activity. We
also investigated whether other genes associ-
ated with polyamine import in the literature
(e.g., Cav-1), tracked with the polyamine import
properties of pancreatic cancers (e.g., V . of
3H-Spd import).

To gain a better understanding of the relation-
ships between specific protein expression and
polyamine transport properties of pancreatic
cancer cells, several human pancreatic cancer
cell lines were characterized in terms of their
sensitivity to DFMO, K and V__ values for
3H-Spd import, and the ability of Spd to rescue
the cells from a DFMO IC,_, dose challenge. This
data was then correlated with the relative
expression patterns of proteins thought to play
a role in polyamine transport. In addition, three
known polyamine transport inhibitors (PTIs)
[13, 14, 39] and DFMO were evaluated in the
treatment of human pancreatic cancer cell
lines in vitro to better understand how their
relative protein expression patterns and basal
V__ properties affected the efficacy of DFMO-
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only and DFMO+PTI therapies.
Cell line selection and biomarker rationale

Six human pancreatic cancer cell lines (AsPC-
1, BxPC-3, Capan-1, L3.6pl, PanC-1, and Su-
86.86) and one murine pancreatic cancer line
(Pan02) were studied along with immortalized
normal human pancreatic duct cells (HPNE) as
a control. These cell lines were selected based
upon their expected differential expression of
key proteins (e.g., ATP13A3, Cav-1, c-Myc,
MTAP, and p16). All human pancreatic cell lines
tested here have known K-Ras mutations [40],
except for BxPC-3 cells [41]. HPNE cells were
used as a baseline control and represent inter-
mediary cells formed during acinar to ductal
metaplasia. PanO2 mouse pancreatic cancer
cells were also evaluated to support future in
vivo comparisons in immune-competent and
immune-compromised mice [42]. Chinese
hamster ovary cells with active (CHO-K1) and
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deficient polyamine transport (CHO-MG) were
used as additional controls.

The expression of each target protein was re-
determined in this study for confirmation. MTAP
is a key protein involved in recycling of methyl-
thioadenosine (MTA, a byproduct of polyamine
biosynthesis) to methionine (Figure 1) [43]. The
pancreatic cell lines BxPC-3, CAPAN-1, PanC-1,
and Su86.86 were confirmed to be MTAP-
deficient, while AsPC-1 and L3.6pl were found
to be MTAP positive. The V__ and K values for
®H-Spd import and DFMO IC_  values were
determined for each cell line (Table 1) along
with the relative expression of putative poly-
amine transport proteins ATP13A3, Cav-1,
c-Myc, and MTAP, as well as the tumor suppres-
sor p16 protein in each cell line during logarith-
mic growth. These data then allowed for a bet-
ter description of how relative protein expres-
sion patterns correlated to polyamine import
processes.

The rationale for the selected protein markers
was as follows:

MTAP and p16

The S-methyl-5-thioadenosine phosphorylase
(MTAP) gene is deleted in over 47% of pancre-
atic cancers [44] and this deletion effectively
removes a downstream metabolite (2-keto-
4-methyl-thiobutyrate, MTOB), which is an inhi-
bitor of ODC activity (Figure 1) [44]. MTAP and
MTOB are important because ODC activity is
known to promote tumor formation [37, 45]. We
hypothesized that because MTAP and the p16
tumor suppressor gene are in such close prox-
imity at 9p21, deletion in this region can create
dual loss of both p16 and MTAP, which may pro-
mote tumor progression by removing a tumor
suppressor gene and the ODC inhibitor, MTOB
[44).

Cav-1

Polyamines have been shown to enter human
cells via a caveolin-dependent mechanism
(Figure 1), where low caveolin-1 (Cav-1) ex-
pression correlated with increased polyamine
transport activity [34]. Interestingly, caveolin-1
expression becomes virtually undetectable in
many metastatic cancer cells, which should
increase their polyamine transport activity [46].
There are, however, conflicting reports in the
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literature regarding caveolin-1 levels in pancre-
atic cancers [46, 47] and a definitive study
was needed to address this knowledge gap by
defining the relationship between caveolin-1
expression and polyamine transport in pancre-
atic cancers because non-caveolin dependent
pathways are also possible [31].

We note that recent studies further support the
negative regulation of the PTS by Cav-1 in other
tissues. Indeed, recent Cav-1 knockout (Cav-1
KO) experiments in vascular smooth muscle
cells (VSMCs) demonstrated that the Cav-1 KO
VSMCs had increased polyamine uptake rela-
tive to wild-type (wt) cells and that the Cav-1 KO
cells were hyper-proliferative in the presence,
but not the absence of exogenous polyamines
[48]. In summary, Cav-1 was shown to negative-
ly regulate polyamine uptake in VSMCs and the
proliferative advantage of Cav-1 KO cells was
critically dependent upon polyamine uptake
(48, 49].

c-Myc

c-Myc was chosen due to the previously
described correlations between Myc expres-
sion and polyamine metabolism [1, 36]. The
potential of c-Myc to modulate both polyamine
biosynthesis and transport in pancreatic can-
cers was an intriguing hypothesis to pursue.
A strong correlation between c-Myc protein
expression and V__ of °®H-Spd uptake was
observed in the current study further validating
our selection of this protein.

ATP13A3

The selection of ATP13A3 as a potential bio-
marker of polyamine transport was based upon
our previous work on polyamine transport
ligands. We developed a series of fluorescent
polyamine probes and optimized their structure
for import via the polyamine transport system
(PTS) in mammalian cells [9, 50]. These novel
probes ranged from having one-, two- or three-
appended polyamine chains on an aryl platform
and are shown in Figure 2. Interestingly the
one- and two-arm designs were shown to be
PTS ligands that could enter and Kill cells via
the PTS [51]. The three-arm motifs were shown
to be efficient polyamine transport inhibitors
(PTls) [14]. In 2010, one of the synthetic probes
(dain Figure 2) was used in C. elegans to iden-
tify a novel P.-type ATPase (CATP-5), which was
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PTI compounds

While compounds 1-4 in
Figure 2 were cytotoxic
ligands for the PTS, com-
pounds 5a, 5b and 6 were
relatively non-toxic polyami-
ne transport inhibitors (PTls)
[19, 57] and were compared
in this study for their activity
in combination with DFMO in
human and murine pancreat-
ic cancer cell lines. We note
that all of these compounds
have polyamines within their
structure and were expected
to be competitive inhibitors of
polyamine transport.

Kinetic studies

The K for Spd and V__

N
RHN\/\/\N/\/\/N

experiments using radiola-
beled Spd (H-Spd) were per-
formed in the selected pan-

i
4a: R=H, 6 HCI (44Bn44) creatic cell lines as well as in
4b: R=Me, 6 HCI (MeN44En44NMe) two Chinese hamster ovary

cell lines (CHO-K1 and CHO-

RHN/\/\/H\/\/\N N MG cells). CHO-MG is a

H H mutant of CHO-K1, which has
H no measurable polyamine
NSNS HR uptake activity [33]. The CHO

Figure 2. Structures
of polyamine deriva-
tives 1-6.

6: 5 HCI (Lys-Spm)

shown to play a role in polyamine transport
[52]. The human homologue of this worm gene
is ATP13A3 and the findings with CATP-5 led us
to investigate ATP13A3 as a potential marker
for human polyamine transport.

Our study validated three putative biomarkers
for polyamine transport (Cav-1, c-Myc and
ATP13A3). In contrast, MTAP and pl16 protein
expression patterns did not correlate with V-
of 3H-Spd import. We note that additional genes
that could also be involved (e.g., ATP13A2 [53],
glypican-1 [54-56], NOS-2, and SLC3A2) [31],
were not part of this study.
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5a: R=H, 9 HCI (trimer44)
5b: R=Me, 9 HCI (trimer44NMe)

cell lines were included as
controls to illustrate the
effect in cell lines known to
have high and low polyamine
transport activity, respective-
ly [14, 51, 58]. The results
are shown in Table 1.

The experiments in Table 1

identified L3.6pl as the cell
line with the highest V__ and highest K . The
L3.6pl cell line was isolated after six selection
rounds for metastatic capacity using orthotopic
transplantation [59]. Specifically, the L3.6pl
cells had over three fold higher polyamine
uptake (V. = 24 nmol/mg protein/min) than
the control HPNE cells (V,__ = 1.8 nmol/mg pro-
tein/min) and utilized a transport system with
more than three-fold lower binding affinity, as
evidenced by the higher K value determined in
this cell line (K =0.67 yM in L3.6pl vs 0.19 uM
for HPNE). We speculate that this low affinity
pathway provides these cells with a scavenging
pathway to harvest polyamine metabolites
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Table 2. Cell line sensitivity to DFMO (72 h IC,)
and spermidine rescue challenge?

% viability after 72 h incu-
Cell line 7% h ?rrfl&l)o bation with Spd (1 uM) and
50 the 72 h DFMO IC_ dose

HPNE 17 £ 0.6 60-62 (Very low)

L3.6pl 42+011 89-93 (High)
Panc-1 3.8+0.1 80-81 (Med)
Su86.86 10.4+0.44 80-85 (Med)
BxPC-3  14.4+0.25 70-72 (Low)

AsPC-1 11.8+0.44
Capan-1 13.2+0.5
Pan02 0.5+0.03
CHO-K1 4.2 +0.37 100-105 (High)

CHOMG 0.05+0.005  50-55 (Not rescuable)

50-60 (Not rescuable)
26-43 (Not rescuable)
85-93 (High)

aSpermidine Rescue Rank’ as measured via the % viability
observed when each cell line was incubated 72 h at 37°C
in the presence of an IC, dose of DFMO (listed above)
and Spd (1 uM) was assigned as: High (= 90%), Medium
(= 80-89%), Low (= 70-79%), Very low (> 60-69%) and not
rescuable (< 60%). The rank is shown in parentheses (e.g.,
High, Med, Low).

from their surroundings resulting in a greater
net import flux as seen in the V__
determinations.

X

The two CHO cell lines gave the expected strik-
ing differences in *H-Spd uptake. CHO-K1 cells
hada K =0.24 uMandV__ of 3 nmol/mg pro-
tein/min, while the CHO-MG line showed no
measurable uptake (V__ = 0 nmol/mg protein/
min) confirming its deficient uptake pathway.

We next determined the sensitivity of these
cells to DFMO and the ability of exogenous Spd
(1 uM) to rescue cells when treated at their IC,
dose of DFMO (Table 2). We assigned a ‘sper-
midine rescue rank’ based upon the ability of
Spd (at 1 uM) to rescue these cells past certain
viability thresholds. The data in Table 2 were
then compared to the V__ of untreated cells in
Table 1. We hypothesized that DFMO-treated
cell lines with high basal polyamine transport
activity would import Spd more readily and
retain high cell viability due to the ability of cells
to interconvert Spd to either Put or Spm as
needed (See Figure 1) [1].

As shown in Table 2, the cell lines demonstrat-
ed varying sensitivity to DFMO and some could-
not be rescued from DFMO action by exogenous
Spd addition (AsPC-1, Capan-1, and CHO-MG).
Interestingly, the L3.6pl cell line, which had the
highest V was one of the most sensitive

max’
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human cell lines to DFMO (72 h IC_, = 4.2 mM).
Panc-1 (human), PanO2 (murine) and CHO
(hamster) cells also showed significant rescue
with exogenous Spd and had lower DFMO IC,
values (< 4.2 mM). As expected, the CHO-MG
line was very sensitive to DFMO and was not
rescuable with exogenous Spd due to the lack
of a functional PTS. In general, cell lines with
low DFMO 72 h IC, values could be significant-
ly rescued to higher viability with Spd in the
DFMO/Spd rescue experiment. The correlation
between DFMO 72 h IC, value and % viability
in the DFMO+Spd rescue experiment was good
(r*> = 0.53) suggesting that the sensitivity of
the cell line to DFMO alone was predictive of
its rescue by Spd. Indeed, cells with DFMO IC,
values < 4.2 mM were rescued to > 80% viabil-
ity by exogenous Spd (1 uM).

Our interpretation is that the cell lines that rely
on polyamine import more than polyamine bio-
synthesis would give a higher V__ value for *H
Spd import, higher Spd rescue rank, and lower
DFMO IC,, value (e.g., L3.6pl cells). In contrast,
cells with a heavy reliance upon polyamine bio-
synthesis and lower commitment to polyamine
transport should give a lowerV__ values, lower-
Spd rescue rank, and a higher DFMO IC, value
(e.g., AsPC-1).

We were interested in how the dual blockade of
polyamine biosynthesis and polyamine trans-
port via the DFMO+PTI combination therapy
affected the viability of cell lines with different
DFMO sensitivitiesand V__ values. Earlier work
had identified three PTls (5a, 5b and 6) and
these were screened in the L3.6pl cell line for
this property [14]. A Spd rescue assay (Figure
3) was employed to rank the potency of each
PTlas an EC,, value. The PTI toxicity profile (IC;
and IC, , values) were also determined in the
different cell lines.

EC,, studies

As shown in Figure 3, cells were treated with
the 72 h IC,, DFMO dose, a rescuing dose of
Spd (1 pM), and increasing concentrations of
the PTI compound to determine the EC_ value.
In an ideal case, where DFMO gave 50% viabil-
ity and Spd gave 100% rescue, the EC, value
would be halfway between these two out-
comes, i.e., the concentration of the PTI need-
ed to give 75% viability. Figure 3 provides an
illustration with PTI 5a. The EC_  dose of the PTI
is the concentration of the PTI needed to attain
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Figure 3. Example 48 h EC,, determination experiment in L3.6pl cells. The
Control was set to 100% relative viability and was determined via the MTS
reagent after 48 h growth period at 37°C. The DFMO-only cells were ex-
posed to the 48 h DFMO IC_, dose (and gave the expected 50% viability);
the DFMO+Spd cells were exposed to the 48 h IC,, DFMO dose and Spd
(1 uM) (and shows increased viability due to Spd rescue); the remaining
samples received a fixed DFMO IC, dose, a fixed Spd rescuing dose (1 pM),
and increasing concentrations of the PTl agent 5a. As the PTI concentra-
tion is increased from 1 to 10 uM 5a, less Spd enters the cells and lower
relative viability is observed. The PTI 5a was found to be non-toxic to L3.6pl
cells at 2.5 uyM during 48 h exposure. As seen in the graph above, the non-
toxic PTI was able to block the rescuing effect of the added Spd. Note: PTI
5b gave a similar result.The ECSO is shown graphically as the midpoint (in
% viability) between the green and red lines, i.e. the DFMO+Spd and DFMO

the concentrations tested.
This was confirmed by sepa-
rate control experiments via
determination of the PTI IC
value (i.e., the PTI concentra-
tion which gives 10% inhibition
of cell viability). At the com-
pound's IC  value, the cells
are > 90% viable. Rewardingly,
each PTl had EC,, values well
below the respective PTI's IC
value in each cell line.

The three PTI compounds (5a,
5b and 6 [19]) all have poly-
amine motifs within their struc-
ture and were expected to be
competitive inhibitors of poly-
amine transport. Indeed, Lys-
Spm 6 has been established
as a competitive inhibitor of
Spd transport [19]. To demon-
strate this with the tri-substi-

only controls.

Table 3A. PTI 72 h IC, and IC, values (in uM) across
cell lines®

Cell Line Trimer44 (5a) Trimer44NMe (5b) Lys-Spm (6)
IC,, (IC,,) IC,, (IC,,) IC,, (IC,,)

HPNE 17.2 + 0.7 (4) 20.0+0.1 (6) > 200 (> 200)
L3.6pl 571+3.3(2.5) 75.0+1.0(5) > 100 (> 100)
Panc-1 > 200 (20) > 200 (20) > 200 (>200)
Su86.86 39.2+1.2(4) 51.2 + 1.3 (6) > 200 (60)
BxPC-3 > 100 (50) >100 (>100) > 100 (> 100)
AsPC-1 > 100 (> 50) >100 (>100) > 100 (> 100)
Capan 1 ND ND ND
Pan02 46 + 4.9 (8) 65.3+5.6(8) >200(>200)
CHOK1 > 100 (10) > 100 (10) > 100 (> 100)

CHOMG 66.9+6.2(10) 121.7 +3.9(10) > 100 (> 100)

°The IC,, and IC, values represent the concentration of PTI needed to
inhibit 50% and 10% of the relative cell viability, respectively after 72
h of incubation at 37 °C. The IC, value for these cells is the maximum
amount of PTI compound that can be tolerated with minimal toxic
effects to the cell (£ 10% reduction in cell viability compared to un-
treated controls) after the 72 h incubation period. This represents the
maximal PTI dose which would not bias assays by inducing significant
toxic effects. Units are all in uM; ND = not determined.

tuted motifs, we performed
SH-Spd kinetic experiments
with 5b [14] and found that 5b display
ed competitive inhibition characteristics

as expected (see Supporting infor-
mation).

The three PTIs were then screened for
their toxicity profiles (IC,; and IC, ) as
well as for blockade of Spd import (EC,,)
in several cell lines (see Table 3A and
3B). Their respective K values are listed
in the legend of Table 1. Understanding
the cytotoxicity of these inhibitors via
IC,, and IC,, measurements was critical
because the EC,, assay relies upon a
reduced viability endpoint which should
not be derived from the intrinsic toxicity
of the PTI compound itself, but from the
ability of the PTI to out compete Spd for
the putative extracellular receptor.

An ideal PTl should have a high 72 h IC,
value, a high 72 h IC10 value and a low 72
h E050 value. Comparison between Table

A (IC,,) and 3B (EC, ) entries provides

the % viability halfway between the DFMO only
and DFMO+Spd controls. The lower the EC_,
value, the more potent the PTI is at blocking
Spd import. Note: at the EC_  dose the PTI pre-
sumably blocks 50% of the entering Spd. Since
reduced viability is the readout from this assay,
it was critical that the PTl agent was not toxic at
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insight into the therapeutic window available
for each PTI in each respective cell line. The
Lys-Spm conjugate 6 gave low overall toxicity
and good performance across multiple cell
lines. The N-methyl derivative 5b was consis-
tently less toxic than 5a as shown by its higher
IC,, values in Table 3A. In contrast, 5a was
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Table 3B. PTI 72 h EC50 values (uM)

Cell Line TrimeEréM (5a) Trimer4E4CNMe (5b) Lys-igm (6)
50 50 50
HPNE ND ND ND
L3.6pl 1.5+0.1 3.2+0.1 2.7+0.2
Panc-1 2.9+0.15 3.11+0.18 2.06 £0.14
Su86.86 0.82 +0.03 1.96 + 0.08 1.08 + 0.01
BxPC-3 0.34 + 0.02 1.03 £ 0.09 0.25 + 0.02
AsPC-1 ND ND ND
Capan 1 ND ND ND
Pan02 0.61+£0.01 0.90 + 0.07 6.00 + 0.57
CHOK1 0.34 £ 0.02 0.90 + 0.07 1.37 £ 0.05
CHOMG ND ND ND

°All EC,, values were determined after 72 h incubation and repre-
sent the concentration of PTI (in uM) needed to provide a viability
value halfway between the DFMO-only and the DFMO+Spd (1 pM)
viability values. For example, when the DFMO-only control (added
atits IC, value) gave 50% viability and the DFMO+Spd control
gave 100% viability, the EC, value is the concentration of PTI
needed to attain 75% viability in the presence of the IC_, dose of
DFMO and the rescuing dose of Spd (1 uM) (Note: see Figure 3 for
an illustration). Importantly, all EC, values were well below the IC,
values noted in Table 3A.

Figure 4. MTAP, p16, and caveolin-1 (Cav-1) protein
expression versus B-actin expression in each cell
line. MTAP expression was only detected in HPNE,
L3.6pl, and AsPC-1 cell lines. HPNE and L3.6pl were
p16 positive. MiaPaca-2 cells were included as a
negative control.

more potent than 5b as shown by its uniformly
lower EC, values (Table 3B). All three PTls (5a,
5b, and 6) were individually effective in block-
ing Spd import in each of the rescuable cell
lines at < 6.5 uM. For most of the cell lines test-
ed, the three PTIs had similar potencies. An
exception was found in the PanO2 murine cell
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line, where 5a was nearly ten-fold more
potent than Lys-Spm 6.

We noted that the human pancreatic can-
cer cell lines with the highest EC,, values
(L3.6pl and Panc-1) also had the highest
V.. values in Table 1. This suggested that
cells with high basal polyamine uptake
rates require more PTI to block their Spd
import in the presence of DFMO. We specu-
lated that this could be due to DFMO-
induced increased expression of cell sur-
face receptors associated with the PTS or
activation of adifferent PTS.

The AsPC-1 and Capan-1 lines, were not
studied in the EC_ assay as they were not
rescuable with exogenous Spd. Pancreatic
cancers with low to no cellular polyamine
import are not expected to show effects
from PTI treatment.However, these two cell
lines were very interesting in terms of their
sensitivity to the native polyamines. Neither
AsPC-1 nor Capan-1 cells could be rescued
from their respective 72 h IC,, dose of
DFMO, even with 10 uM Spd. Capan-1 was not
rescued from the 72 h IC,  dose of DFMO with
either Put or Spd (at 5 uM), but was partially
rescued up to 87% viability by Spm (5 pM). In
contrast, AsPC-1 cells were not rescued with
any of three native polyamines even at 10 uM.

Protein expression

DFMO was recently found to be a potential che-
mopreventative for K-ras-driven pancreatic
cancers. Rao et al. found that changes in ODC
signaling occur at early stages of pancreatic
precursor lesions and increases as the tumor
progresses in K-ras activated p48 °e/*-LSL-K-
ras®2>* mice [60]. DFMO treatment reduced
the progression of pancreatic intraepithelial
neoplasms (PanINs) and their progression to
pancreatic ductal adenocarcinoma (PDAC) [60].
Interestingly, although DFMO inhibited PDAC in
the K-ras mice, some tumor outgrowth was still
observed [60]. The authors suggested that
exogenous polyamines from dietary sources
may explain the observed tumor escape [60].
This speculation is consistent with our observa-
tions, that exogenous Spd rescues pancreatic
cancer cells from a DFMO challenge via the
PTS. However, as seen in our DFMO study of
various pancreatic cell lines, not all cell lines
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Table 4. Relative Protein expression of Cav-1, ATP13A3
and c-Myc in untreated human pancreatic cancer cell lines
along with the respective V__ values for 3H Spd import and
relative Spd rescue index?

Cellline Cav-1 ATP13A3 cMyc  'meOTUM- ~ Spdrescue
treated cells index
HPNE 98.8 13.45 1 1.8 Very low
L3.6pl 100 100 100 24 High
Panc-1 126.4 5.7 75.3 13 Med
SuU86.86 118.3 9.5 30.2 7 Med
BxPC-3  358.5 26.9 18.1 9 Low
AspC-1 16.6 1.8 4.6 2.3 Not rescuable
Capan-1 3.3 0.0 9.0 0.8 Not rescuable

notype with increased expression of
membranous E-cadherin and B-ca-
tenin [61]. Other studies have report-
ed a decrease in c-Myc expression
upon DFMO treatment [62-67].
Therefore, we looked at both the
basal level of the target proteins and
their relative changes upon DFMO
treatment to better understand their
roles in Spd rescue from DFMO.
Western blots were used to deter-
mine relative protein expression in
untreated and treated pancreatic
cells lines.

@The blots were quantified by Image J software (NIH) and normalized by .
dividing by the B-actin expression level for each cell line. Entries represent No correlations between Vmax and

protein expression and expressed in relative %, with the L3.6pl cell expres-
sion levels set to 100%. To illustrate how the relative protein expression
patterns relate to the polyamine transport properties of the cell lines,

the Vv value for 3H-Spd import (nmoles Spd/mg protein/min) and the
Spd rescue index observed with DFMO-treated cells are listed again for

comparisons.
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Figure 5. ATP13A3 and c-Myc protein expression
versus [B-actin expression in each cell line. ATP13A3
and c-Myc protein expression was barely detectable
in the AsPC-1 and Capan-1 cell lines, which were not
rescuable with Spd in previous DFMO experiments.
MiaPaca-2 cells were included as a positive control
for c-Myc and ATP13A3.

respond to exogenous Spd (e.g., AsPC-1) when
exposed to an IC_; concentration of DFMO. The
question remains: which proteins are responsi-
ble for this differential response?

There is significant evidence in the literature
that DFMO can alter specific protein levels. For
example, DFMO was shown to decrease Cav-1
MRNA expression in a dose-dependent manner
and to increase the mRNA expression of the
p21, p27 and p53 tumor suppressor genes
[60]. Overexpression of Cav-1 in the pancreatic
cancer cell line, Panc 10.05 that does not nor-
mally express Cav-1, induced an epithelial phe-
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MTAP or pl6 expression were
observed (Figure 4) [5]. Cav-1
showed variable expression across
these cell lines (Table 4). Based upon
work by Gerner, Cav-1 is a negative
regulator of polyamine transport and
low caveolin-1 (Cav-1) expression
should be associated with high polyamine
import [6, 7]. In our study, Cav-1 alone was
found to give inconsistent results as a predictor
of V__, consistent with the varied literature
findings with this protein in pancreatic cancer
(46, 47].

As shown in Figure 5 and Table 4, basal c-Myc-
levels show a strong correlation (r? = 0.90) with
V_.. in untreated cells. This direct relationship
was consistent with Bergeron’s related experi-
ments which showed increased polyamine
uptake in Rat-1 cells upon N-myc transfection
[36]. Thus, relative c-Myc expression correlates
very well with basal polyamine transport activi-
ty. Basal c-Myc expression in untreated cells
also had a good correlation (r* = 0.86) with K |
value. We were interested to see how c-Myc lev-
els were modulated in the presence of DFMO.
The level of c-Myc was shown to decrease upon
DFMO treatment in L3.6pl cells (see Supporting
information), contrary to what one might expect
if c-Myc was involved in the Spd rescue pro-
cess. We hypothesized that upon DFMO treat-
ment the reduced c-Myc levels may trigger
compensatory uptake pathways, possibly
involving ATP13A3.

As shown in Table 4, basal ATP13A3 protein
expression showed good correlation with V-
(r*=0.75)and K_ (r* = 0.82). Cell lines with sig-
nificant basal expression of ATP13A3 gave
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confirmed the knockdown of
ATP13A3 protein by Western
blot (Figure 7A). The media
was then removed, the cells
were washed and fresh
media added. A 48 h IC
DFMO dose (8 mM) was then
added along with Spd (1 uM).
As expected, DFMO and the
DFMO+Spd controls showed
50% and 90% viability, res-
pectively. ATP13A3 siRNA
caused a significant lower

DFMO+SPD

180
160
140
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100
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60
40
20
0

% Relative Expression

Control DFMO

Figure 6. ATP13A3 protein levels in L3.6pl (top) and Bx-PC3 cells (bottom) in
the presence of DFMO or DFMO+Spd as analyzed by Western blot. Expression
was normalized using B-actin levels. Both cell lines showed a significant in-
crease in relative ATP13A3 expression in the presence of the 48 h IC,, DFMO

dose (8 mM) or DFMO + (1 uM Spd).

medium to high Spd rescue indices. Moreover,
as shown in Figure 6, ATP13A3 was significant-
ly upregulated (3 fold increase) in L3.6pl cells in
the presence of DFMO alone or in combination
with Spd (72 h incubation). This was also
observed with BxPC-3 cells which showed
a > 1.7 fold increase of ATP13A3 protein
expression upon treatment with DFMO with or
without Spd (Figure 6). Since ATP13A3 protein
expression was increased in the presence of
DFMO, we further investigated its role in DFMO-
stimulated polyamine import using siRNA
experiments.

SiRNA experiments
siRNA experiments confirmed the role of

ATP13A3 in Spd rescue of DFMO-treated L3.6pl
cells. As shown in Figure 7, L3.6pl cells were
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viability (62%) in the pres-
ence of DFMO+Spd. In con-
trast, the scrambled siRNA
control showed the expected
high viability (89%) in the
presence of the same DF-
MO+Spd challenge.

Therefore, at first glance

c-Myc and ATP13A3 showed

strong correlations to poly-
DFMO+SPD amine transport activity,
while Cav-1 did not. The
mixed findings with Cav-1
could be explained, however,
if one takes into account the
relative ATP13A3 expression
in cells. Indeed, low Cav-1
and high ATP13A3 expres-
sion may facilitate the cell’s ability to escape
DFMO therapy via caveolin-dependent endocy-
tosis. This inverse relationship can be used to
explain the rest of the results in Table 4. For
example, Capan-1 cells, which had the lowest
Cav-1 expression and were expected to have
high polyamine transport activity, actually had
the lowest V __ value and no detectable
ATP13A3 to facilitate polyamine import via the
putative DFMO-stimulated polyamine import
process. A similar pattern was observed with
AspC-1 cells.

We speculated that Cav-1 protein levels may
also explain why BxPC-3 cells, which had the
second highest ATP13A3 level measured, gave
an unexpected low Spd rescue index. Indeed,
as seen in Table 4, BxPC-3 had 3.6 fold higher
Cav-1 levels than any other cell line tested in
our study and these high Cav-1 levels did not

Am J Cancer Res 2016;6(6):1231-1252
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Figure 7. A: ATP13A3 protein levels in L3.6pl cells as analyzed by Western blot. Expression was normalized using
B-actin protein levels. Decreased ATP13A3 expression was observed in the presence of the ATP13A3 siRNA versus
the scrambled siRNA (p < 0.05). B: The effect of scrambled siRNA versus ATP13A3 siRNA on relative L3.6pl cell
viability % when challenged with a 48 h IC,; DFMO dose (8 mM) and Spd (1 uM). Reduced ATP13A3 expression
results in reduced rescue by Spd (p < 0.01). Other control experiments are shown in Figure S1 in the Supporting

information.

significantly change in the presence of DFMO or
DFMO+Spd (See Supporting information). This
suggests that the high Cav-1 levels of BxPC-3
may limit its ability to scavenge polyamines via
a caveolin-dependent process [68]. In contrast,
L3.6pl cells had ~3.6-fold lower Cav-1 expres-
sion than BxPC-3, very high ATP13A3 expres-
sion and a high Spd rescue index.

Based upon these results, we propose that the
relative ATP13A3 protein expression level pro-
vides an indicator of the cell’s ability to escape
DFMO, especially when viewed in the context of
the cell’'s Cav-1 expression level. One interpre-
tation of this apparent Cav-1 dependence is
that cells with high ATP13A3 expression may
escape DFMO using a caveolin-dependent poly-
amine uptake mechanism.

Biomarkers

The potential connection between basal
expression of ATP13A3 and Cav-1 proteins was
followed up using a bioinformatics approach to
delineate the potential correlation between
these two protein markers. We specifically
focused on how the ATP13A3 and Cav-1 ratios
vary in specific cancer types. Due to the lack of
comprehensive protein expression profiles in
the public databases for both markers, we
looked at the available datasets for their rela-
tive mRNA levels.
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First, we were interested to know whether the-
inverse expression pattern of ATP13A3 and
Cav-1 existed in other human pancreatic cell
lines. Analysis of mRNA expression profiles in
the public domain, indeed, showed significant
opposite expression patterns for ATP13A3 and
Cav-1 in two independent pancreatic cell line
collections; the general GSK-950 cell line set
(27 pancreatic cell lines; Figure 8A), and the
Sadandam-47 pancreas set (20 pancreatic cell
lines; Figure 8B). This mMRNA analysis provided
supportive evidence that an inverse relation-
ship does exist in specific human pancreatic
cancer subtypes.

Next, we looked for similar inverse expression
patterns in public human cancer patient sam-
ples. Our first analysis of public human sample
data (Table S1) showed that both genes have
good expression levels (500-1,000 after MAS-
5.0 normalization). ATP13A3 is almost always
significantly expressed in human cancer sam-
ples, at stable, medium levels (99.6% of sam-
ples). CAV1 is less widely expressed (76.8%
of samples), and shows a higher variance in
expression level. We found invariant, significant
ATP13A3 over-expression in pancreas cancer
versus normal tissue samples. However, we
could not establish a robust inverse expression
pattern with Cav-1, due to the paucity of public
human pancreas cancer sets (Table S3).
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Figure 8. Inverse ATP13A3 versus CAV1 mRNA expression in two pancreatic
cell line sets. Visual representation of ATP13A3 and CAV1 mRNA expression
correlations calculated over (A) 27 pancreas cell lines in the GSK-950 data-
set and (B) 20 pancreatic cancer cell lines in the Sadanandam-47 dataset
as analyzed using R2. The tumors are ranked horizontally from left to right
according to their ATP13A3 mRNA expression as determined by Affymetrix
array analyses (2log values). ATP13A3 and CAV1 expression values for each
cell line are visualized with red circles and black rectangles, respectively.
Dark and light colors denote samples with significant (“present call”), and
absent expression, respectively. The correlations between ATP13A3 and
CAV1 mRNA expression were inverse and statistically significant (calculated
with a 2log Pearson test, see Materials and Methods).

We then widened our analysis to other cancer
types for which more datasets were available.
These include the most frequent and lethal
human tumor types [69, 70]. The results show
that ATP13A3 is often significantly over-
expressed in tumor tissue in several different
tumor sub-types. In these cancers, accompany-
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7 Finally, when we compared
ATP13A3/Cav-1 expression in
individual samples of datas-
ets representing the carcino-
mas described above (and in
Table S2), we found frequent,
significant inverse correla-
tions for ATP13A3 versus CA-
V1 expression for the whole
dataset (Table S4). Figure 9E
and 9F show examples of th-
ese inverse correlations in lar-
ge breast and colon datasets.

Together, these data suggest that inverse regu-
lation of ATP13A3 and Cav-1 expression is pres-
ent in aggressive, solid human cancers, and
that high ATP13A3 versus low Cav-1 expression
could be involved in tumor progression. These
results provide for the first time testable predic-
tions into which cancers will best respond to
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Figure 9. Significant ATP13A3 over- and Cav-1 under-expression and inverse correlations in other human cancer
tissues. (A-D) Visual representation of ATP13A3 (A) and Cav-1 (B) mRNA expression in invasive ductal carcinoma
samples in the TCGA-593 breast cancer dataset, and of ATP13A3 (C) and Cav-1 (D) mRNA expression in rectal
adenocarcinoma samples in the TCGA-237 colon cancer dataset, as analyzed using Oncomine. Values are rep-
resented as 2log-median centered. ATP13A3 and CAV1 show mRNA over-and under-expression in tumor versus
normal samples, respectively. The P values are calculated with a Student’s t-test. More details can be found in
Table S3 in the Supporting information. (E, F) Visual representation of ATP13A3 and Cav-1 mRNA expression cor-
relations calculated over (E) all 123 samples of the Chin-123 breast cancer dataset or (F) all 148 samples of the
Sugihara colon cancer dataset as analyzed using R2. The tumors are ranked horizontally from left to right according
to their ATP13A3 mRNA expression as determined by Affymetrix array analyses (2log values). ATP13A3 and Cav-1
expression values for each tumor are visualized with red circles and black rectangles, respectively. The correlations
between ATP13A3 and Cav-1 expression were inverse and highly significant (calculated with a 2log Pearson test,

see Materials and Methods). More details can be found in Table S3.

DFMO. For example, cancers with low ATP13A3
and high Cav-1 (as seen with rectal adenocarci-
nomas) will likely respond to DFMO only, while
other cancers with high ATP13A3 and low Cav-1
expression (as seen with invasive ductal carci-
nomas of the breast) may respond better to
DFMO+PTI combination therapy.

Conclusions

Three PTls (5a, 5b, and 6) were evaluated for
their efficacy in treating pancreatic cancer cell
lines in combination with DFMO. The results
were rationalized in terms of the cells’ relative
commitment to polyamine biosynthesis and/or
polyamine transport for growth. Cell lines with
low Vmax values, low Spd rescue rankings as well
as low c-Myc and nearly undetectable ATP13A3
levels were considered to be heavily committed
to polyamine biosynthesis and required high
concentrations of DFMO to inhibit their growth
(e.g., AsPC-1 and Capan-1). In contrast, cell
lines with high V__ , high Spd rescue rankings,
high relative c-Myc and ATP13A3 protein
expression (e.g., L3.6pl) demonstrated signifi-
cant commitment to polyamine transport and
required lower DFMO concentrations to inhibit
their growth. Interestingly, the human pancre-
atic cancer cell lines which were most sensitive
to DFMO (i.e., gave the lowest DFMO IC,, values
(Panc-1 and L3.6pl) also gave the highest EC_,
values for the PTI agents indicating that more
PTl was needed to competitively block the
active polyamine transport systems of these
cell lines. In addition, these cells had a Spd K |
that was significantly higher than the HPNE
control (K = 0.19 uM) and ‘non-rescuable’
AsPC-1 and Capan-1 cell lines (K_ = 0.18 and
0.12 uM, respectively; Table 2) suggesting
that a lower affinity PTS facilitates uptake of
extracellular polyamines and may play a role
in the ability of these cells to escape DFMO
challenge.
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Tumors which behave like AsPC-1 and Capan-1
cells should be sensitive to a DFMO-only thera-
py due to their significant commitment to poly-
amine biosynthesis but may require high doses
of DFMO to affect their growth. In contrast,
metastatic tumor cells like the L3.6pl cell line
which demonstrate enhanced polyamine scav-
enging abilities should be more sensitive to the
DFMO+PTI combination therapy (which blocks
both polyamine biosynthesis and import). Most
promising is that the combination therapy of
DFMO+PTI should work with both tumor types,
with the PTI showing low efficacy in tumors with
poor transport activity, but high efficacy in
tumors demonstrating high polyamine trans-
port activity. In this regard, the PTl is an impor-
tant adjuvant to DFMO.

Together the experiments in this study provide
novel insights into the regulation of polyamine
homeostasis in pancreatic cancers. The fact
that the inverse relationship between high
ATP13A3 and low Cav-1 mRNA expression
exists in many specific human cancers is excit-
ing and provides multiple opportunities for
future experiments to test this hypothesis and
to test these potential biomarker combinations
and the DFMO+PTI combination therapy.

In summary, this paper demonstrates for the
first time the role of ATP13A3 in polyamine
transport in human pancreatic cancers and
provides potential biomarkers to select tumors
most susceptible to DFMO. This discovery pro-
vides a new approach to potentially stratify can-
cer patients in current and future clinical trials
with DFMO [71, 72] and provides a potential
‘catch-all’ strategy in the form of a DFMO+PTI
combination therapy for tumors which may
escape.
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Supporting information

Supporting information is available from the corresponding author (OP) and includes siRNA experiment
controls, and overall expression of ATP13A3 and Cav-1 in human cancers, the ATP13A3 over- and Cav-1
under-expression mRNA pattern in common cancers, extensive data tables obtained from our analysis
of human cancer databases showing the inverse correlations between ATP13A3 and Cav-1 and the
complete ATP13A3-Cavl mRNA expression correlation data used for Figure 9.

Table S1. ATP13A3 and CAV1 mRNA expression in human cancer datasets

Gene Expression Column 1 shows the average MAS5.0-normalized data for mRNA expression, with
Present their SEM, calculated over 130 independent cancer datasets representing most
Mean call different cancer types in R2 (17,363 samples in total). Column 2 shows the per-

centage of samples with a present call indicative of significant mMRNA expression.
.1 (+ 20. .69

ATP13A3 478.1(£20.3) 99.6% For comparison: GAPDH and ACTB household mRNA expression in these datasets
CAV1 888.4 (+ 83.7) 76.8%  ranges between 5,000 and 10,000.

Table S1 shows the widespread, medium-level expression of both ATP13A3 and CAV1. Both genes are usually expressed in cancer cells. Affyme-
trix MRNA arrays have a built-in weighing algorithm for perfectly homologous vs. non-perfect mismatched probes for each gene to distinguish
between significant (“present call”) and absent/background (“absent call”) expression. The above information allows the definition of significant
expression for each sample. The inverse correlations we found are, therefore, not based on just a few signals, and are likely robust. For these
mRNA arrays and this normalization procedure, expression values are almost linear and allow the following rule-of-thumb: 50-100: low expres-
sion. Visible with a very good antibody on Western blot; 250-2500: good expression. Levels for most genes, Visible with any reasonable antibody;
> 2500: high expression. Usually reserved for household genes. While the mean expression of ATP13A3 mRNA expression is lower than CAV1
MRNA expression, the ATP13A3 expression is almost invariant, while that of CAV1 is more variable and is absent in almost 25% of samples. As
shown below in Table S2, it is the inverse correlation that is most striking, not the actual expression levels.

Table S2. ATP13A3 over- and CAV1 under-expression mRNA pattern in common cancers?®
Type Subtype SETS High ATP13A3 Low CAV1

Adrenal Gland Adenoma, cortex 1 1 1

Breast Carcinoma, lobular invasive 1 1 1

[N
[
[

Breast Carcinoma, male

Colon Carcinoma, NOS 1 1 1
Liver Dysplasia, liver cell 1 1 1
Lung Mesothelioma, pleural malignant 1 1 1
Lymphoma Mantle cell 1 1 1

1
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Ovary Carcinoma, NOS 1 1 1
Ovary Carcinoma, serous surface papillary 1 1 1
Ovary Cystadenocarcinoma, serous 1 1 1
Prostate Adenocarcinoma 1 1 2

|

[EN
[EN

Prostate Neoplasia, intraepithelial
Skin Melanoma, cutaneous

[EN
[EN

|

Vulva Neoplasia, intraepithelial 1 1 1

aTumor types and subtypes are indicated in the first two columns. Column 3 shows the total amount of sets and column 4-5
show the number of datasets that have significant ATP13A3 tumor mRNA over-expression and CAV1 under-expression, respec-
tively, per tumor subtype. Text is on a green background if > 50% of the datasets for that tumor subtype showed the inverse
ATP13A/CAV1 expression pattern. Data from Oncomine, complete data in Supplemental Table.

Table S3. Complete ATP13A3 and CAV1 mRNA expression used for Table S2 and Figure 9A-D

Type Subtype ATP13A3 CAV1 Set (size) N N
P Fold P Fold Tumor Normal
Adrenal Gland Adenoma,cortex  470E02 1111 300E03 -1214  Giordano2(65) 22 10
Adrenal Gland Carcinoma, cortex 1.90E-02 2.894 Giordano (19) 9 3
Adrenal Gland Carcinoma, cortex 5.00E-03 1.199 2.40E-02 1.129 Giordano 2 (65) 29 10
Bladder Cancer, superficial 1.80E-02 -2.815 Blaveri 2 (93) 27 3
Bladder Cancer, superficial 748E-05 -2.391 Dyrskjot 3 (60) 28 9
Bladder Cancer, superficial 7.37E-12 -3.128 Lee (256) 126 68
Bladder Cancer, superficial 9.00E-03 -1.731 1.74E-18 -10.666 Sanchez-Carbayo 2 (157) 28 48
Bladder Carcinoma, urothelial infiltrating 3.10E-02 1.462 Dyrskjot 3 (60) 13 9
Bladder Carcinoma, urothelial infiltrating 2.96E-05 -2.022 Lee (256) 62 68
Bladder  Carcinoma, urothelil inftrating  G00E03 1248 130E21 -3880 SanchezCarbayo2(l57) 8L 48
Brain Astrocytoma 1.00E-02 2.090 4.70E-02 5.614 Rickman (51) 45 6
Brain Astrocytoma 9.00E-03 1.524 Shai (42) 5 7
Brain Astrocytoma, anaplastic 3.30E-02 1.672 4.10E-02 1.466 Sun (180) 19 23
Brain Astrocytoma, pilocytic 2.50E-02 3.861 Gutmann (15) 8 3
Brain Glioblastoma 4.25E-04 2.934 Bredel 2 (54) 27 4
Brain Glioblastoma 8.00E-03 -1.728 3.66E-09 8.409 Lee (101) 22 3
Brain Glioblastoma 3.05E-04 2.878 Liang (38) 30 2
Brain Glioblastoma 2.84E-04 1.863 2.12E-08 3.810 Murat (84) 80 4
Brain Glioblastoma 1.40E-05 2.117 4.67E-06 3.153 Shai (42) 27 7
Brain Glioblastoma 1.64E-05 2.898 5.47E-19 3.714 Sun (180) 81 23
Brain Glioblastoma 2.32E-05 2.055 1.79E-21 5.771 TCGA (557) 542 10
Brain Glioblastoma, malignant glioma 3.40E-02 47.793 Pomeroy (85) 10 4
Brain Oligoastrocytoma, anaplastic 1.20E-02 -1.562 Bredel 2 (54) 6 4
Brain Oligoastrocytoma, anaplastic 2.80E-02 2.368 French (33) 4 6
Brain Oligodendroglioma 2.50E-02 -1.437 Bredel 2 (54) 5 4
Brain Oligodendroglioma 3.97E-04 1.871 Shai (42) 3 7
Brain Oligodendroglioma, anaplastic 2.00E-03 1.788 6.00E-03 1.676 French (33) 23 6
Breast Adenocarcinoma, intraductal cribriform 1.00E-03 -5.777 TCGA (593) 3 61
Breast Carcinoma nodata nodata 8.39E-13 -4.565 Curtis (2,136) 14 144

Breast Carcinoma, ductal 2.01E-06 -5.473 Sorlie (85) 65 4
Breast Carcinoma, ductal 9.14E-27 -5.462 Sorlie 2 (167) 94 4
Breast Carcinoma, ductal and lobular invasive nodata nodata 1.68E-48 -5.400 Curtis (2,136) 90 144
Breast Carcinoma, ductal and lobular invasive 9.05E-05 -8.837 TCGA (593) 3 61

Breast Carcinoma, ductal in situ nodata nodata 5.57E-06 -3.550 Curtis (2,136) 10 144

N
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Breast Carcinoma, ductal in situ stroma 4.00E-02 1.387 Ma 4 (66) 11 14
Breast Carcinoma, ductal invasive nodata nodata 8.68E-91 -7.821 Curtis (2,136) 1556 144
Breast Carcinoma, ductal invasive 3.60E-02 -1.574 Karnoub (22) 7 15

Breast Carcinoma, ductal invasive 1.20E-02 -2.054 Radvanyi (63) 31 9

Breast Carcinoma, ductal invasive 3.30E-02 -3.885 Zhao (64) 37 3
Breast Carcinoma, invasive nodata nodata 1.17E-12 -4.065 Curtis (2,136) 21 144
Breast Carcinoma, invasive 6.00E-03 -4.771 Gluck (158) 154 4

Breast Carcinoma, lobular 1.80E-02 -3.568 Perou (65) 4 3
Breast Carcinoma, lobular 7.00E-03 -12.424 Sorlie (85) 4 4
Breast Carcinoma, lobular 3.00E-03 -6.906 Sorlie 2 (167) 7 4
Breast Carcinoma, lobular invasive nodata nodata 2.23E-60 -4.900 Curtis (2,136) 148 144

Breast Carcinoma, medullary nodata nodata 6.01E-28 -4.592 Curtis (2,136) 32 144
Breast Carcinoma, mixed invasive 3.30E-02 -1.721 Radvanyi (63) 3 9
Breast Carcinoma, mucinous nodata nodata 3.94E-37 -4.257 Curtis (2,136) 46 144
Breast Carcinoma, mucinous 7.32E-06 -5.711 TCGA (593) 4 61
Breast Carcinoma, tubular nodata nodata 6.91E-45 -3.784 Curtis (2,136) 67 144
Breast Fibroadenoma 5.10E-04 -14.128 Sorlie (85) 3 4
Breast Fibroadenoma 4.72E-04 -12.864 Sorlie 2 (167) 3 4
Breast Neoplasm, benign nodata nodata 2.89E-04 -2.730 Curtis (2,136) 3 144
Breast Tumor, phyllodes nodata nodata 6.00E-03 -4.268 Curtis (2,136) 5 144
Cervix Cancer 3.17E-10 3.643 Pyeon (84) 20 8

Cervix Neoplasia, intraepithelial squamous high 4.50E-02 -1.420 Zhai (41) 7 10
grade

Colon Adenocarcinoma nodata nodata 1.17E-09 -14.481 Notterman (36) 18 18

Adenocarcinoma, mucinous 1.00E-02 1.270

Kaiser (105)

Colon Adenocarcinoma, rectal 2.10E-02 1.292 Kaiser (105) 8 5

Colon Adenocarcinoma, rectal mucinous 7.21E-05 2.121 Kaiser (105) 4 5

Adenocarcinoma, rectosigmoid 1.89E-04 1.613 Kaiser (105) 10 5
Colon Adenoma 6.07E-06 1.520 Sabates-Bellver (64) 25 5
Colon Adenoma 2.00E-02 1.180 Skrzypczak (105) 5 10
Colon Adenoma 6.00E-03 -1.407 Skrzypczak 2 (40) 5 10
Colon Adenoma, rectal 7.33E-04 1.925 Sabates-Bellver (64) 7 7

Colon Carcinoma, colorectal 1.00E-03 1.242 Skrzypczak (105) 36 24
Colon Carcinoma, epithelia 3.91E-07 1.692 Skrzypczak (105) 5 10
Colon Carcinoma, epithelia 5.00E-03 -1.834 Skrzypczak 2 (40) 5 10

w
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Kidney Oncocytoma 2.02E-08 -3.597 4.75E-05 1.838 Jones (92) 12 3
Kidney Oncocytoma 2.00E-03 -2.800 2.76E-04 3.406 Yusenko (67) 4 3
Kidney Wilms 5.54E-04 -2.195 Cutcliffe (35) 18 3
Leukemia Hairy cell (HCL) 2.99E-04 5.626 Basso (336) 16 5
Leukemia Leukemia/Lymphoma, T-cell acute adult 3.05E-06 9.872 Choi (47) 22 6
Leukemia Leukemia/Lymphoma, T-cell chronic adult 6.21E-04 -1.652 Choi (47) 19 6
Leukemia Lymphoblastic, B-Cell acute (B-ALL) 3.54E-12 -1.441 Haferlach (2,096) 147 74
Leukemia Lymphoblastic, B-Cell acute (B-ALL) 2.86E-04 -1.360 Maia (28) 18 5
Leukemia Lymphoblastic, B-Cell acute (B-ALL) pediatric 4.30E-02 1.659 Coustan-Smith (288) 238 4
Leukemia Lymphoblastic, B-cell acute (B-ALL) pediatric 2.10E-11 -1.380 2.96E-05 1.130 Haferlach (2,096) 359 74
Leukemia Lymphoblastic, pro-B acute (pro-B-ALL) 3.15E-10 -1.458 2.45E-08 -1.173 Haferlach (2,096) 70 74
Leukemia Lymphoblastic, T-cell acute (T-ALL) 3.50E-02 -1.071 Haferlach (2,096) 174 74
Leukemia Lymphoblastic, T-cell acute (T-ALL) pediatric 9.00E-03 2.411 Coustan-Smith (288) 46 4
Leukemia Lymphocytic, chronic (CLL) 1.56E-05 -1.913 Basso (336) 34 5
Leukemia Lymphocytic, chronic (CLL) 7.66E-15 -1.474 1.74E-06 1.122 Haferlach (2,096) 448 74
Leukemia Myeloid, acute (AML) 4.10E-02 1.335 1.20E-02 1.930 Andersson (127) 23 6
Leukemia Myeloid, acute (AML) 1.80E-02 -1.097 1.17E-14 1.352 Haferlach (2,096) 542 74
Leukemia Syndrome, myelodysplastic (MDS) 3.00E-04 1.169 1.00E-03 1.094 Haferlach (2,096) 206 74
Liver Carcinoma, hepatocellular (HCC) 3.00E-02 1.228 Chen (197) 104 76
Liver Carcinoma, hepatocellular (HCC) 7.56E-06 -1.469 4.18E-06 1.829 Mas (115) 38 19
Liver Carcinoma, hepatocellular (HCC) 2.80E-02 -1.167 1.00E-03 1.956 Roessler (43) 22 21
Liver Carcinoma, hepatocellular (HCC) 1.60E-02 -1.081 9.06E-15 1.537 Roessler 2 (445) 225 220
Liver Carcinoma, hepatocellular (HCC) 4.00E-03 -1.946 Wurmbach (75) 35 10
Liver Cirrhosis 2.98E-07 -1.546 3.66E-12 3.050 Mas (115) 58 19
Liver Cirrhosis 5.00E-03 -1.954 4.00E-03 1.941 Wurmbach (75) 13 10
Lver  Dysplasiafivercel  L60E02 1142 220E02 1349  Wumbach(’s) 17 10
Lung Adenocarcinoma 3.48E-17 -8.702 Beer (96) 86 10
Lung Adenocarcinoma 7.63E-10 -18.950 Bhattacharjee (203) 132 17
Lung Adenocarcinoma 9.31E-15 -7.455 Garber (73) 40 5

Lung Adenocarcinoma 2.59E-46 -11.725 Selamat (116) 58 58
Lung Adenocarcinoma 7.94E-08 -6.292 Stearman (39) 20 19
Lung Adenocarcinoma 1.70E-12 -7.611 Su (66) 27 30

Carcinoid 3.00E-03 -2.663 2.10E-13 -66.005 Bhattacharjee (203) 20 17

Lung Carcinoma, large cell 1.10E-02 2.486 Yamagata (31) 5 3
Lung Carcinoma, small cell 3.19E-05 -41.875 Bhattacharjee (203) 6 17
Lung Carcinoma, small cell 1.30E-02 -10.984 Garber (73) 4 5

w

Lung Carcinoma, squamous cell (SCC) 6.00E-03 2.230 Yamagata (31)

Lymphoma Angioimmunoblastic, T-cell 1.86E-08 2.600 2.69E-05 6.141 Piccaluga (60) 6 5
Lymphoma Burkitt's 7.08E-08 10.240 Basso (336) 17 5
Lymphoma Burkitt's 4.07E-04 -1.392 2.70E-02 1.273 Brune (67) 5 5
Lymphoma Centroblastic 4.80E-02 1.365 2.18E-14 14.838 Basso (336) 28 5
Lymphoma Effusion, primary 2.00E-03 8.972 Basso (336) 5
Lymphoma Follicular 3.90E-02 -1.727 7.69E-04 2.384 Basso (336) 5
Lymphoma Follicular 8.00E-03 1.369 Brune (67) 5 5
Lymphoma Follicular 7.00E-03 -1.297 5.37E-23 11.075 Compagno (136) 38 5
Lymphoma Hodgkin’s 2.45E-04 1.999 Brune (67) 12 5
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Lymphoma Hodgkin’s, classical 2.10E-02 1.142 1.30E-02 1.326 Eckerle (64) 4 5
Lymphoma Hodgkin’s, nodular lymphocyte predominant 3.20E-02 1.136 1.00E-03 4.433 Brune (67) 5 5
Lymphoma Large cell, anaplastic 3.91E-09 2.746 5.28E-05 6.090 Piccaluga (60) 6 5
Lymphoma Large cell, anaplastic ALK-positive 2.00E-03 1.121 5.30E-05 1.965 Eckerle (64) 5 5
Lymphoma Large cell, primary cutaneous anaplastic 2.50E-02 -1.707 Eckerle (64) 7 5
Lymphoma Large, B-cell T-cell/histiocyte-rich 3.31E-04 2.105 Brune (67) 4 5
Lymphoma Lymphoma, diffuse large B-cell (DLBCL) 2.42E-04 1.960 4.61E-09 9.840 Basso (336) 32 5
Lymphoma Lymphoma, diffuse large B-cell (DLBCL) 4.10E-02 1.230 6.83E-05 1.650 Brune (67) 11 5
Lymphoma Lymphoma, diffuse large B-cell (DLBCL) 2.60E-02 1.198 5.16E-27 16.343 Compagno (136) 44 5
Lymphoma Lymphoma, diffuse large B-cell (DLBCL)-like 7.63E-04 1.530 1.19E-15 13.262 Compagno (136) 17 5
activated
Lymphoma Lymphoma, diffuse large B-cell (DLBCL)-like 2.60E-02 -1.630 1.20E-11 10.997 Compagno (136) 9 5
germinal

|

Lymphoma Marginal zone, B-cell 5.00E-03 1.869 Storz (27) 5

Lymphoma T-cell, unspecified peripheral 9.45E-09 2.107 5.07E-05 4.782 Piccaluga (60) 28

Myeloma Gammopathy, monoclonal of undetermined 3.10E-02 -1.418 Agnelli 3 (158) 11
significance

Myeloma Gammopathy, monoclonal of undetermined 1.60E-04 1.419 Zhan 3 (78) 44 22
significance

Myeloma Leukemia, plasma cell 4.00E-03 1.570 Agnelli 3 (158) 9 5

Myeloma Leukemia, plasma cell 3.10E-02 1.526 Zhan (131) 5 37

Myeloma Multiple 8.04E-09 1.873 6.00E-03 1.689 Zhan (131) 74 37

Myeloma Multiple 1.40E-02 1.185 Agnelli 3 (158) 133 5

Myeloma Smoldering 2.58E-05 2.145 4.60E-02 1.786 Zhan 3 (78) 12 22

Ovary Adenocarcinoma, clear cell 9.34E-04 -4.935 Lu (50) 12 4

Ovary Adenocarcinoma, serous 3.94E-04 -6.790 Adib (16) 12 4

Ovary Adenocarcinoma, serous 1.52E-29 -23.044 Yoshihara (53) 43 10

Pancreas Adenocarcinoma 4.00E-03 2.160 Logsdon (27) 27 5
Pancreas Adenocarcinoma, ductal 1.40E-09 2.079 5.00E-03 1.668 Badea (78) 39 39
Pancreas Adenocarcinoma, ductal 3.80E-02 -1.295 Buchholz (38) 11 5
Pancreas Adenocarcinoma, ductal 1.50E-02 1.540 Ishikawa (49) 24 25
Pancreas Carcinoma 1.70E-02 1.468 Pei (52) 36 16
Proste  Adenocaroimoma  330E02 164 7O7E05 2456 Vanaa(d0) 27 8
Prostate Adenocarcinoma 7.05E-04 -1.581 Wallace (89) 69 20
Prostate Carcinoma 1.36E-06 -2.909 Arredouani (21) 13 8
Prostate  Carnoma  477E04 1246 479E11 2548  Gumsso(122) 59 28
Prostate Carcinoma 5.00E-03 1.222 Holzbeierlein (54) 39 4
Prostate Carcinoma 1.92E-27 -3.278 Lapointe (112) 62 41
Prostate Carcinoma 1.20E-02 1.430 LaTulippe (35) 32 3

Prostate Carcinoma 2.10E-02 2.004 Magee (15) 8 4

Prostate Carcinoma 1.00E-03 -2.199 Varambally (19) 7 6
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Prostate Carcinoma 6.69E-06 -2.105 Yu (112) 65 23
Prostate Hyperplasia, benign stroma 3.00E-03 -1.706 Tomlins (101) 6 5
Skin Carcinoma, basal cell 3.20E-02 3.928 Riker (87) 15 4
Skin Carcinoma, squamous cell (SCC) 3.30E-02 2.705 Nindl (15) 5 6
Skin Carcinoma, squamous cell (SCC) 1.90E-02 4.985 Riker (87) 11 4
Skin Melanoma, cutaneous 1.20E-02 -1.900 Riker (87) 14 4
Skin  Melanoma,cuianeous  GOOE03 3200 230E02 4455  Talaniov(70) 45 7
Skin Nevus, benign melanocytic 5.00E-03 3.353 1.80E-02 1.661 Talantov (70) 18 7
Soft tissue Fibrosarcoma 8.71E-04 2.957 Detwiller (54) 7 1
Soft tissue Histiocytoma, malignant fibrous 4.82E-06 2.953 6.00E-03 2.756 Detwiller (54) 9 1
Soft tissue Leiomyosarcoma 9.56E-05 -2.018 Barretina (158) 26 9
Soft tissue Leiomyosarcoma 4.84E-04 3.313 3.00E-03 2.749 Detwiller (54) 6 1
Soft tissue Leiomyosarcoma 1.50E-02 -2.231 Quade Uterus (24) 4 4
Soft tissue Liposarcoma, dedifferentiated 1.76E-11 -3.208 Barretina (158) 46 9
Soft tissue Liposarcoma, dedifferentiated 1.70E-02 1.845 Detwiller (54) 4 1
Soft tissue Liposarcoma, myxoid/round cell 4.65E-05 -2.016 1.11E-07 -2.657 Barretina (158) 20 9
Soft tissue Liposarcoma, pleomorphic 3.45E-05 -2.184 Barretina (158) 23 9
Soft tissue Liposarcoma, pleomorphic 2.11E-04 2.217 2.40E-02 3.029 Detwiller (54) 3 1
Soft tissue Liposarcoma, round cell 3.90E-02 1.447 Detwiller (54) 4 1
Soft tissue Myxofibrosarcoma 2.61E-07 -2.683 Barretina (158) 31 9
Soft tissue Sarcoma, synovial 1.00E-03 2.768 Detwiller (54) 4 1
Stomach Adenocarcinoma, diffuse 3.70E-02 1.132 1.48E-04 1.794 Chen (132) 13 28
Stomach Adenocarcinoma, diffuse 4.60E-02 1.114 DErrico (69) 6 31
Stomach Adenocarcinoma, intestinal type 3.00E-02 1.106 1.35E-06 1.416 Chen (132) 63 27
Stomach Adenocarcinoma, intestinal type 3.57E-06 1.725 1.60E-02 1.432 DErrico (69) 26 31
Stomach Adenocarcinoma, mixed 1.30E-02 1.351 Chen (132) 8 27
Stomach Adenocarcinoma, mixed 7.02E-08 2.187 DErrico (69) 4 31
Stomach  Gancer  731E04 1257 551E04 1461 Cui(l60) 80 80
Stomach Cancer 2.30E-02 1.500 Wang (27) 12 12
Uterus Leiomyoma, uterine corpus 1.70E-02 -1.146 Crabtree (77) 50 27
Uterus Leiomyosarcoma, uterine corpus 1.00E-03 -8.555 Quade (24) 9 4

Shown are all Oncomine tumor (sub)types with significant results. Subtypes that have significant ATP13A3 tumor mRNA over-expression and CAV1 under-expression,
respectively are on a green background. Tumor type and subtype are listed in the first two columns. Columns 3-4 and 5-6 show P value and Fold increased/decreased
mRNA expression in tumor over (matched) normal tissue, respectively. P and Fold values are as determined by a 2log-median centered t-test using Oncomine default set-
tings. Column 7 shows name, type, and size. Columns 8-9 show amount of tumor samples, and normal tissue samples used in the t-test, respectively. Results in red type
are used as the examples in Figure 9A-D.
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Table S4. Complete ATP13A3-CAV1 mRNA expression correlation data used for Figure 9E, 9F

Cancer Type ATP-CAV Dataset
R P Name Size Array Study PubMed

Breast -0.202 2.00E-02 Chin 124 Affymetrix HG U133A E-TABM-158 17157792
Breast -0.179 4.40E-03 Miller 251 Affymetrix HG U133A GSE3494 16141321
Breast -0.193 8.00E-06 TCGA Breast 528 Agilent G4502 TCGA 23000897
Breast -0.218 3.40E-03 Wessels 178 lllumina HumanWG-6 v3.0 GSE34138 23203637
Colon -0.241 1.50E-O6 Domany 390 Affymetrix HG U133A GSE41258 19359472
Colon -0.694 3.40E-04 Hong 22 Affymetrix HG U133P2 GSE4107 17317818
Colon -0.251 7.80E-03 Matsuyama 111 Affymetrix HG U133P2 GSE18105 20162577
Colon -0.451  9.40E-07 Medema 108 Affymetrix HG U133P2 GSE33114 22056143
Colon -0.287 9.20E-04 Olschwang 130 Affymetrix HG U133P2 GSE37892 n.y.
Colon -0.182 1.80E-03 Sieber 290 Affymetrix HG U133P2 GSE14333 19996206
Colon -0.130 1.00E-02 SieberSmith 355 Affymetrix HG U133P2 * 22115830
Colon -0.205 1.00E-02 Skrzypczak 145 Affymetrix HG U133P2 GSE20916 20957034
Colon -0.341 2.20E-05 Sugihara 148 Affymetrix HG U133P2 GSE21510 21270110
Colon -0.328 9.90E-06 TCGA Colon 174 Agilent G4502 TCGA 22810696
Colon -0.296 2.00E-02 Uddin 59 Affymetrix HG U133P2 GSE23878 21281787
Liver -0.225 4.10E-03 Cillo 161 Agilent-014850 HG 4x44K GSE54236 25666192
Lung -0.437 1.50E-05 Farez-Vidal 91 Affymetrix HG U133P2 GSE18842 20878980
Lung -0.275 5.20E-04 Hou 156 Affymetrix HG U133P2 GSE19188 20421987
Lung -0.495 1.60E-07 Muley 100 Affymetrix HG U133P2 GSE33532 n.y.
Lung -0.176 3.60E-04 Plamadeala 410 Affymetrix HG U133P2 GSE63074 n.y.
Ovary -0.100 2.00E-02 TCGAOvary 541 Agilent G4502 TCGA 21720365
Ovary -0.225 5.00E-02 Wong 77 Affymetrix HG U133P2 GSE40595 23824740
Prostate -0.240 2.00E-02 Ambs 89 Affymetrix HG U133A GSEG956 18245496

aColumn 1 shows tumor type, columns 2-3 the R and P values of the 2log Pearson correlation tests for ATP13A3 versus CAV1
expression in R2. A negative R value indicates a negative correlation coefficient and a P value < 0.05 is considered statisti-
cally significant. Columns 4-8 contain dataset properties: R2 dataset name, amount of samples, array type, study number,
and PubMed ID, respectively. GSE, TCGA, or E-TABM indicate NCBI GEO, TCGA, or EBI datasets, respectively n.y. means not yet

published. *indicates GSE14333/17537/17538. Results in red type are used as the examples in Figure 9E, 9F.
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Figure S1. siRNA experiments in L3.6pl pancreatic cancer cells with scrambled vs ATP13A3 siRNA showing rela-
tive viability changes in the presence of the 48 h IC,; DFMO dose, spermidine (Spd, 1 uM) or the combination of
DFMO+Spd. Comparison of the rightmost columns (in the top and bottom panels) are consistent with ATP13A3
protein playing a role in the spermidine rescue of DFMO-treated cells.
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Figure S2. Competition experiments with PTI compound 5b and *H-Spd. A classic competitive inhibitor kinetic profile
(K, of 5b = 55 nM) was obtained, where the x-intercept changes and the y-intercept remains constant.
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Figure S3. Decreased c-Myc protein expression observed in the presence of DFMO (72 h IC, dose, 14.4 mM) or
72 h IC,, DFMO dose+Spd (1 puM) in BxPC-3 cells. Briefly, cells were grown in RPMI 1640 (Gibco), supplemented
with 10% fetal bovine serum (Atlanta Biologicals) and penicillin/streptomycin (Gibco). After trypsinization, the cells
were allowed 24 hours for reattachment before adding the appropriate drug or vehicle in PBS. DFMO was dosed at
the respective IC, values for each cell line, 14.4 mM (BxPC-3), and spermidine was dosed at 1 pM. The cells were
incubated for 72 hours with 250 yM aminoguanidine present in the media. After 72 hours, the cells were collected
and protein extracted in RIPA buffer for quantification via BCA assay and subsequent loading onto an SDS-PAGE gel.
The primary antibody against c-Myc was rabbit monoclonal from Abcam, and against B-actin was mouse monoclo-
nal from Sigma-Aldrich. The secondary antibodies used included goat anti-rabbit and goat anti-mouse (for 3-actin)
antibodies from Santa Cruz Biotechnology.
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Figure S4. Relative expression of Cav-1 in the presence of the 72 h DFMO IC_ dose alone or in combination with Spd
(1 uM) in BxPC-3 pancreatic cancer cells. The relatively high initial caveolin-1 levels in BxPC-3 cells did not decrease

under these conditions and may explain why BxPC-3 cells were not highly rescuable by exogenous Spd, even though
BxPC-3 cells had relatively high ATP13A3 expression.
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