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ABSTRACT

ERBB2 amplification and overexpression are strongly associated with invasive cancer with
high recurrence and poor prognosis. Enhanced ErbB2 signaling induces cysteine cathepsin
B and L expression leading to their higher proteolytic activity (zFRase activity), which is
crucial for the invasion of ErbB2-positive breast cancer cells in vitro. Here we introduce a
simple screening system based on zFRase activity as a primary readout and a following
robust invasion assay and lysosomal distribution analysis for the identification of com-
pounds that can inhibit ErbB2-induced invasion. With an unbiased kinase inhibitor screen,
we identified Bohemine/Roscovitine, G66979 and JAK3 inhibitor VI as compounds that can
efficiently decrease cysteine cathepsin activity. Using the well-established and clinically
relevant ErbB1 and ErbB2 inhibitor lapatinib as a positive control, we studied their ability
to inhibit ErbB2-induced invasion in 3-dimensional Matrigel cultures. We found one of
them, JAK3 inhibitor VI, capable of inhibiting invasion of highly invasive ErbB2-positive
ovarian cancer cells as efficiently as lapatinib, whereas G66979 and Roscovitine displayed
more modest inhibition. All compounds reversed the malignant, ErbB2-induced and
invasion-supporting peripheral distribution of lysosomes. This effect was most evident
for lapatinib and JAK3 inhibitor VI and milder for G66979 and Roscovitine. Our results
further showed that JAK3 inhibitor VI function was independent of JAK kinases but
involved downregulation of cathepsin L. We postulate that the screening method and
the verification experiments that are based on oncogene-induced changes in lysosomal hy-
drolase activity and lysosomal distribution could be used for identification of novel inhib-
itors of ErbB2-induced invasiveness. Additionally, we introduce a novel function for
lapatinib in controlling malignant lysosomal distribution, that may also be involved in
its capability to inhibit ErbB2-induced invasion in vivo.
© 2014 The Authors. Published by Elsevier B.V. on behalf of Federation of European
Biochemical Societies. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

Amplification of ERBB2 oncogene and the consecutive overex-
pression of ErbB2 are observed in 20—30% of advanced human
breast and ovarian adenocarcinomas (Baselga and Swain,
2009; Santarius et al., 2010; Slamon et al., 1989, 2001). Overex-
pression of the ErbB2 receptor tyrosine kinase leads to its
auto-phosphorylation and activation of multiple downstream
signaling networks that can drive cell proliferation, transfor-
mation, angiogenesis, invasion and metastasis (Brix et al,,
2014; Holbro et al., 2003; Hynes and Lane, 2005). A most
commonly expressed form of ErbB2 is the full-length 185 kid
form. An alternative form of ErbB2, referred to as p95 ErbB2
that lacks the NH,-terminal extracellular domain of ErbB2, is
often expressed in aggressive breast cancers with lymph
node metastasis and its expression is an independent prog-
nostic factor for cases with significantly worse outcome pre-
dicting resistance to therapeutic ErbB2 inhibition (Molina
et al., 2002; Scaltriti et al., 2007; Xia et al., 2011).

Three ErbB2-targeting drugs are mainly used to treat
ErbB2-positive cancers. The humanized monoclonal anti-
body trastuzumab, which binds directly to the extracellular
part of ErbB2 (Clynes et al., 2000), is currently used in combi-
nation with chemotherapeutic agents as the first line treat-
ment for ErbB2-positive breast cancer. The second drug
lapatinib is a small molecular compound tyrosine kinase in-
hibitor that targets the intracellular kinase domains of ErbB1
and ErbB2 and is used in combination with chemothera-
peutic agents, with or without trastuzumab, mainly to treat
trastuzumab resistant ErbB2-positive breast cancers
(Blumenthal et al., 2013; Kumler et al., 2014). Clinical trials
using trastuzumab or lapatinib to treat ErbB2-positive
ovarian cancers have yet not been as successful and have
failed approval by the European Medicine Agency (EMA)
and the US Food and Drug Administration (FDA), even
though the preceding preclinical studies had shown that
lapatinib could be used efficiently for ovarian cancers
expressing either N-terminally truncated p95 ErbB2 or full-
length ErbB2 (Scaltriti et al., 2010). However, the third clini-
cally approved ErbB2-targeting drug pertuzumab in combi-
nation with chemotherapeutic agents plays a beneficial
role in the treatment of the ErbB2-positive ovarian cancer
patients (Makhija et al., 2010), supporting the assumption
that ErbB2 can also drive the malignancy of ovarian cancer.

Many ErbB2-positive breast cancer patients suffer from
short-lived clinical responses due to primary or acquired sec-
ondary resistancy (Moasser, 2007). For example, p95 ErbB2 is
lacking the trastuzumab binding site and thus patients
expressing p95 ErbB2 do not respond efficiently to trastuzu-
mab treatment (Arribas et al., 2011). Moreover trastuzumab
can induce ventricular dysfunction and heart failure (De
Keulenaer et al., 2010). Long-time exposure to lapatinib is
less cardiotoxic than trastuzumab (Perez et al., 2008), but ac-
quired resistance can be reached within a year due to redun-
dancy of metabolic signaling pathway components
(Komurov et al., 2012). The potent cardiotoxicity and resis-
tancy that are connected to currently used ErbB2-targeting
agents identifies a critical need for the development of novel
treatment options.

Elevated levels of cysteine cathepsins are associated with
enhanced angiogenesis, invasion and metastasis of breast
and ovarian cancers (Gocheva et al., 2006; Kirkegaard and
Jaattela, 2009; Kobayashi et al., 1992; Kolwijck et al., 2010;
Mohamed and Sloane, 2006; Nishikawa et al., 2004;
Thomssen et al., 1995; Zhang et al.,, 2011). Upon secretion to
the extracellular space, cysteine cathepsins can mediate the
activation of urokinase plasminogen activator (uPA) and ma-
trix metalloproteases (MMPs) (Bosc et al.,, 2001; Ke et al,
2006; Kobayashi et al., 1992; Yong et al., 2010; Zhang et al,,
2011). Oncogene-driven invasive cell lines and tumors show
lysosomal redistribution from the perinuclear position to the
cellular periphery in comparison to their non-transformed
counterparts (Fehrenbacher et al., 2008; Rafn et al.,, 2012;
Victor and Sloane, 2007). The pericellular localization of lyso-
somes enables the secretion of lysosomal hydrolases into the
extracellular space to promote matrix degradation and inva-
sion (Sloane et al., 1994).

Activation of ErbB2 and lysosomal cysteine cathepsins B
and L are strongly linked to ErbB2-positive, invasive breast
cancer (Rafn et al., 2012). Significant positive correlation ex-
ists between the expression of cathepsins B and L and the
ErbB2 status in primary human breast tumors. Recently a
signaling network was identified that connects ErbB2 activa-
tion to upregulation of cysteine cathepsins B and L, pericel-
lular localization of lysosomes and invasiveness of breast
cancer cells in 3-dimensional (3D) Matrigel cultures (Rafn
et al., 2012). The identified signaling network consists of
serine threonine kinases PKCa, PAK4 (5 and 6), TGFBRI,
TGFBRII, Cdc42BPB and ERK2 (Rafn et al., 2012) as essential
hubs mediating ErbB2-induced invasiveness and thus
providing several potential targets for small molecule ki-
nase inhibitor intervention. Inspired by this, we decided to
use the assays and model systems developed in the study
(Rafn et al., 2012) to set up a robust screening system for
the identification of novel compounds that can inhibit
ErbB2-induced invasiveness. Studies of small molecular
weight compound kinase inhibitors have resulted in prom-
ising therapeutical compounds and a substantial number
of protein kinase inhibitors have reached the clinic and
approval by FDA as anti-cancer agents during recent years
(Chahrour et al., 2012; Grant, 2009). Thus, we set up a
small-scale test screen using the Calbiochem Inhibitor
Select kinase inhibitor libraries I and II and used the activity
of lysosomal cysteine cathepsins (zFRase activity) as the
readout. We speculated that by using zFRase activity as a
readout, we may also be able to identify compounds that
can inhibit invasion-promoting events downstream of the
receptor. To assess the screening results more extensively,
we established a 3D invasion model system for a highly
invasive ErbB2-positive ovarian cancer cell line SK-OV3
and its more aggressive subline SK-OV3.ip1. In the consecu-
tive validation work we used lapatinib as a positive control.
In 3D Matrigel invasion and immunofluorescence experi-
ments we found lapatinib, as well as all the identified novel
compounds Roscovitine, G66979 and JAK3 inhibitor VI to
have profound effects on invasion and on lysosomal traf-
ficking, a phenomenon that has been linked to cancer
invasion.
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2. Materials and methods
2.1.  Antibodies, reagents and chemicals

Following antibodies were used: Cathepsin B (AB-1) from
Merck Chemicals; Cathepsin B from Ekkehard Weber; ErbB2
form Thermo Scientific; phosphor-ErbB2 (Tyr1221/1222),
JAK1, JAK2, JAK3, STAT3, phosphor-STAT3 (Tyr727) and Bax
from Cell Signaling Technology; GAPDH from AbD Biogenesis;
Hsc70 (N69a) from Boris Marqulis; LAMP-2 from Hybridoma
Bank Iowa; PCNA from DAKO; a-tubulin from Abcam. Kinase
inhibitor libraries InhibitorSelect I and II (Calbiochem) were
used to screen compounds that can decrease zFRase activity.
Additionally, following inhibitor compounds were used: Lapa-
tinib Ditosylate (Santa Cruz) and Bohemine, Roscovitine,
G066979 and JAK3 inhibitor VI (Calbiochem). Following lentivi-
ral shRNAs from Sigma Aldrich were used:

ERBB2 (1): CCGGATCACAGGTTACCTATACATCTCGAGATG
TATAGGTAACCTGTGATCTTTTTG; ERBB2 (2): CCGGAAGTA
CACGATGCGGAGACTCTCGAGAGTCTCCGCATCGTGTACTTC
TTTTTG; ERBB2 (3): CCGGTGTCAGTATCCAGGCTTTGTACTC
GAGTACAAAGCCTGGATACTGACATTTTTG; CTSB (1): CCGGG
CTGGTCAACTATGTCAACAACTCGAGTTGTTGACATAGTTGA
CCAGCTTTTT; CTSB (2): CCGGCCAGAGAGTTATGTTTACC
GACTCGAGTCGGTAAACATAACTCTCTGGTTTTT; CTSL1 (1):
CCGGGCTGGTCAACTATGTCAACAACTCGAGTTGTTGACATA
GTTGACCAGCTTTTT; CTSL1 (2): CCGGCCAAAGACCGGAGA
AACCATTCTCGAGAATGGTTTCTCCGGTCTTTGGTTTTT.

The siRNA sequences and the sequences of the quantitative
PCR primers are published elsewhere (Rafn et al., 2012). PCR
primers were from TAG Copenhagen and siRNAs were pur-
chased within the Sigma—Aldrich Functional Genomics Partner-
ship Program. Except to this were the siRNAs for JAK1, JAK2 and
JAK3 which were purchased from Life Technologies. The
following previously unpublished (Rafn et al., 2012) qPCR
primers were used: JAK1 forward; TCTGTTTGCTCAGGGACAGT
and JAK1 reverse; AGCCATCCCTAGACACTCGT; JAK2 forward,
TGCCGGTATGACCCTCTACA and JAK2 reverse; TAGAT
TACGCCGACCAGCAG; JAK3 forward; ATTTTCTGGTATGCCCC
CGA and JAK3 reverse; TCACATCCCATCATCCGCAG.

2.2. Tissue culture

MCF7 p95AN-ErbB2 cells or corresponding empty vector cells
were established and cultured as described previously
(Egeblad et al., 2001; Rafn et al., 2012). Expression of p95AN-
ErbB2 was induced by washing of tetracycline with PBS. The
vector control cells were treated the same way. Induced cells
were cultured in RPMI 1640 Glutamax™ medium supple-
mented with 6% FBS and 0.25% penicillin and streptomycin.
All experiments were carried out in passage three or four after
induction. SK-OV3 (ATCC) cells were cultured in RPMI 1640
Glutamax™ medium supplemented with 10% FBS and 0.25%
penicillin and streptomycin. SK-OV3.ip1l cells were estab-
lished as described previously (Yu et al., 1993) and cultured
in DMEM (GIBCO™, Invitrogen) supplemented with 10% FBS
and 0.25% penicillin and streptomycin. HEK293 cells were
cultured in DMEM supplemented with 10% FBS, 0.25% peni-
cillin and streptomycin and 1% NEAA (GIBCO™, Invitrogen).

NALM-6 cells were cultured in RPMI 1640 Glutamax™ medium
supplemented with 10% FBS and 0.25% penicillin and
streptomycin.

2.3. Lentiviral-mediated gene knockdown

Lentiviral particles were produced in HEK293 cells using psPAX2,
apackagingvector containingthe minimal set of lentiviral genes
required to generate the virion structural proteins and pack-
aging functions, PMD2.G, a vesicular stromatitis virus G-protein
envelope vector that provides the heterologous envelope for
pseudotyping and pLKO.1, a shRNA transfer vector (Sigma-
—Aldrich). The specific shRNAs were from Sigma—Aldrich.
HEK293 cells were seeded in 9 cm petri dishes (NUNC, Thermo
Scientific) 24 h prior to transfection. Transfections were per-
formed with Fugene HD (Roche Diagnostics) according to manu-
facturer’s protocol using 2 pg of each vector. Cells were
incubated overnight in the P2 laboratory and the culture me-
dium was changed less then 24 h after transfection. Lentiviral
particles were precipitated 48 h after transfection using Lentivi-
ral Vector PEG-it™ Precipitation Kit (System Biosciences) accord-
ing to manufacturer’s protocol. For viral infection, the viral
particles were added to the cell medium 24 h after seeding. All
shRNA expressing cell lines were maintained and analyzed as
pools and no single cell cloning was performed.

2.4.  Transfections

siRNA transfections were done in 96-well plates with Oligo-
fectamine (Invitrogen) utilizing reverse transfection with
60 nM siRNA concentration according to manufacturer’s pro-
tocol. Transfections performed in 6-well plates were done us-
ing RNAIMAX (Life Technologies) with 25 nM siRNA
concentrations.

2.5. Inhibitor treatments

Cells were seeded to 6-well plates 24 h prior to treatment with
pharmacological inhibitors. For 48 h treatments, new
inhibitor-dilutions were prepared after 24 h and the media
was replaced. All inhibitor stocks were diluted in DMSO.

2.6. Cysteine cathepsin activity measurement

Cysteine cathepsin zFRase activity was measured as described
previously (Dietrich et al., 2004).

2.7. Cell death assay-propidium iodide staining

Cells were seeded in 6-well plates 24 h prior treatment with
pharmacological inhibitors. After treatment for 24 h, the cells
were stained for 10 min in the dark with Hoechst-33342
(1:10000) (Invitrogen) and propidium iodide solution (1:5000)
(Sigma—Aldrich) diluted in HEPES buffer (10 mM HEPES pH
7.4, 140 mM NaCl, 5 mM CaCl,) to determine total cell count
and cell death count, respectively. Cell death count and total
count were determined using the Celigo Cytometer (Brooks
Life Science Systems) and data were analyzed using Celigo
Software Version 2.1. Hoechst-33342: Excitation 350, Emission
461. Propidium iodide: Excitation 535, Emission 617.
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2.8. Cell death assay-lactate dehydrogenase (LDH)
cytotoxicity measurement

LDH assay was carried out and the LDH activity was measured
according to manufacturers instructions (Roche).

2.9. Immunoblotting

Cells were harvested and lysed using TR3 lysis buffer (3% SDS,
10% glycerol, 10 mM Na,HPO,4) and sonicated on a Bioruptor™
(Diagenode). Protein concentrations were measured using the
Thermo Scientific NanoDrop 2000 Spectrophotometer (Bio-
compare™, Thermo Scientific) and the lysate volume was
adjusted accordingly to ensure equal loading. For detection
of phosphor-ErbB2 and phosphor-Stat3, cells were harvested
and lysed on ice using RIPA lysis buffer (1xPBS, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS) supplemented with pro-
tease inhibitors (Complete Mini, Roche) and phosphatase in-
hibitors (Phosphatase Inhibitor Cocktail, Active Motif).
Lysates were centrifuged at 10,000 x g for 10 min at 4 °C to
obtain the total cell lysate and sonicated (Bioruptor™, Diage-
node). Protein concentrations were measured by BCA™ pro-
tein assay (Pierce, Thermo Scientific) according to
manufacturers protocol and lysate concentration was
adjusted thereafter to ensure equal loading. Pre-boiled
4xLSB were added to lysate samples to reach a final concen-
tration of 1x. All protein lysates were boiled for 5 min and
then separated by SDS-PAGE using precast 4—15% gradient
gels (BioRad). Gels were transferred to nitrocellulose mem-
brane (BioRad) using Trans-Blot Turbo™ Transfer System
and blocked in 5% milk. Novex™ Sharp Protein Standard (Invi-
trogen) was used to evaluate molecular weights of proteins
from the gels. Primary antibodies were diluted in 5% BSA
and incubated overnight at 4 °C on a rocking device. Horse-
radish peroxidase (HRP) conjugated secondary antibodies
were diluted in 5% milk and incubated for 1 h at room temper-
ature. The immunoblots were developed using Amersham™
ECL (GE Healthcare), and pictures were acquired by the lumi-
nescent image analyzer LAS-4000 mini (Fujifilm, GE
Healthcare).

2.10. Real-time PCR analysis

Total RNA was isolated using Nucleospin™ Total RNA Isolation
Kit (Macherey-Nagel) according to kit protocol. Complemen-
tary DNA was synthesized from 1 pg RNA using TagMan™
Reverse transcription Kit (Roche Diagnostics) following manu-
facturer’s protocol. Reverse transcription was performed on a
Gradient Thermocycler (Biometra). Real-time PCR (RT-PCR)
analysis was performed with FastStartPLUS SYBR Green 1
Mastermix (Roche Diagnostics) or SYBR Green QPCR Master
Mix (Agilent Technologies) on a LightCycler 2.0 (Roche Diag-
nostics) or a 7500 Fast Real-Time PCR System (Applied Bio-
systems), using 0.4 pM primer concentration (TAG
Copenhagen) according to manufacturer’s protocol. Expres-
sion levels of target genes were normalized to expression
levels of the housekeeping gene PPIB. The Pfaffl method
(Pfaffl, 2001) was used to calculate relative mRNA levels.

2.11. 3D Matrigel invasion assay

Cells were grown on a lid of a 90 mm tissue culture dish over-
night in a hanging drop containing 6.5 x 10* cells in 18 L
DMEM or RPMI (GIBCO™) supplemented with 10% FBS and
0.25% penicillin and streptomycin to establish multicellular
spheroids. The following day, cell spheroids were transferred
to a layer of 16 pL polymerized Matrigel (growth factor
reduced; Becton Dickenson) diluted 1:1 with medium with or
without 2x concentration of indicated inhibitor. Cell spher-
oids were covered with a sealing layer of 10 pL of Matrigel
and then with complete medium supplemented with inhibi-
tors or not as indicated in the text and in the figures. For
48 h inhibitor treatments fresh medium with inhibitors were
added after the first 24 h. Cells spheroids were grown in 3D
cultures and extend of invading growth were followed up to
3 days. Images were taken with Olympus 1x71 light micro-
scope using the Cella P software. Quantification of data was
done using MultiGauge Fuji Film. Cell sphere boundaries
were defined and the average extend of invading outgrowth
for all spheroids were measured.

2.12. Immunohistochemistry

Sections for each treatment were either subjected to hema-
toxylin and eosin (HE) staining or immunostained for prolif-
erating cell nuclear antigen (PCNA) or activated Bax. For HE
staining, sections deparafinized in TissueTeck
(Sakura), hydrated in graded ethanol, stained for hematoxy-
lin and eosin and finally dehydrated in graded ethanol. After
drying at room temperature, sections were mounted with
Pertex (HistoLab Products AB) and the stainings were visual-
ized with Leitz Laborlux light microscope. For antibody
staining, sections were deparafinized in TissueTeck (for
PCNA) or xylene (for Bax), covered with 99% ethanol,
covered with blocking peroxidase solution (12% H,O, in
99% ethanol) for 15 min and then rinsed in 96% and 70%
ethanol. Sections were then subjected to protein retrieval
by boiling them in 0.01 M Na citrate buffer (0.01 M Na citrate;
for PCNA) or TE buffer (10 mM Tris—HCI pH8, 0.1 mM EDTA;
for Bax) for 10 min. After cooling, sections were rinsed in
TBS (50 mM Tris—HCl ph 7.4, 150 mM NaCl) with 1% FBS. Pri-
mary antibody, diluted 1:600 (PCNA) or 1:1000 (Bax) in TBS
with either 1% (Bax) or 10% (PCNA) FBS, was added and
left for incubation for 1 h in a humidified chamber.
Following wash in TBS, sections were incubated with sec-
ondary anti-mouse EnVision (DAKO) for 30—45 min and
then washed with TBS. Color was developed by incubating
with enhanced DAB (DAKO). Section were dehydrated in
graded ethanol, dried and mounted with Pertex. Stainings
were visualized with Leitz Laborlux light microscope or
Olympus Model 1x71S8F-3 light microscope. With regard
to the activated Bax staining, the images were quantified
in respect to activated Bax using ACIS III Chromavision Sys-
tems and ACIS III software (DAKO). 5-10 independent 20x
regions were placed at the boarder of each cell sphere, 2—4
cell spheres per treatment. The percentage of brown stained
area (activated Bax) of the total
determined.

were

stained area was
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2.13. Immunofluorescence microscopy

Cells were seeded on glass coverslips in 24-well plates (NUNC,
Thermo Scientific). For inhibitor treatment, cells were treated
24 h after seeding and fixed 24 h after the treatment. For siRNA
treatment, cells were transfected and then reseeded on cover-
slips the next day and fixed 72 h later. For fixation, cells were
washed twice with PBS, incubated for 15 min with 3.7% form-
aldehyde at room temperature, incubated with methanol for
3 min at —20 °C, and finally washed twice with PBS. Cells
were covered with blocking buffer (PBS with 1% BSA, 0.3%
Triton-x 100) supplemented with 5% universal goat serum
(DAKO) for minimum 20 min at room temperature. Primary
antibodies, diluted in blocking buffer without serum, was
added and left for incubation for 1-2 h at room temperature,
followed by wash with wash buffer (PBS with 0.25% BSA,

0.1% Triton-x 100). Secondary antibodies, diluted in wash
buffer supplemented with 5% universal goat serum, were
added and left for incubation for 1 h at room temperature.
Slips were washed once with PBS plus 0.05% Tween, once in
PBS plus 0.05% Tween plus Hoechst (50 pg), and once with
PBS plus 0.05% Tween. Finally the slips were washed with
MilliQ water and then mounted with preheated ProLong Anti-
fade Gold Mounting Medium (Invitrogen), which was left to so-
lidify overnight at room temperature. Images were taking with
a LSM510 Meta microscope (Carl Zeiss, Inc). Quantification of
lysosomal distribution was done by classifying cells into
perinuclear-dominant lysosomal pattern (more than 50% of
the LAMP-2 stained vesicles localized in the perinuclear re-
gion), and peripheral-dominant pattern (more than 50% of
the LAMP-2 stained vesicles localized in the peripheral re-
gion), and uniform dispersed lysosomal pattern (more than
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Figure 1 — A pharmacological kinase inhibitor screen identified compounds that decrease cysteine cathepsin activity. (A) Inhibitor screen. MCF7
p95AN-ErbB2 cells were seeded in 96-well plates 24 h prior inhibitor-treatment. Cells were treated with 1 pM kinase inhibitor from Inhibitor
Select Libraries I (dark blue and red) and II (light blue and orange) (Calbiochem) for 24 h. DMSO was used as a vehicle control. zFRase activity

was normalized to protein concentration. Best screening hits from the inhibitor Select Libraries I and II are marked with red and orange,

respectively. Mean * Stdev are based on three independent screens. (B) zFRase activity and lactate dehydrogenase (LDH) activity measurements
for p95AN-ErbB2 MCF7cells. Cells were treated with 1 pM of the indicated kinase inhibitors collected from the Inhibitor Select Libraries I and II
(Calbiochem) for 24 h. DMSO was used as a vehicle control. zZFRase activity and LDH activity was normalized to protein concentration.

Mean = Stdev for zFRase activity are based on three independent experiments. Mean * Stdev for LDH activity represent standard deviation from
the mean of triplicates from one experiment. (C) zFRase activity measurement of MCF7 p95AN-ErbB2 cells treated with 1 pM or 10 pM
Roscovitine for 24 h zFRase activity was normalized to protein concentration. Data are representative of three independent assays. Mean + Stdev

represent standard deviation from the mean of triplicates from one experiment.
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50% of the LAMP-2 stained vesicles localized neither in the 2.14. Statistical analysis
perinuclear nor the peripheral region). Quantification is based

on atleast three independent experiments, each carried out as For Figure 5B and F the experiment was repeated at least three
duplicates, and 10—20 cells were counted on each image times and compared by unpaired two-tailed t-test to corre-
taken. The results are illustrated as percentage of predomi- sponding non-targeting control siRNA treated cells and vehicle
nant lysosomal distribution in the total number of cells control treated cells, respectively. The statistical significance is
assayed. illustrated with p-values; *, p 0.05; **, p 0.01 and ***, p 0.001.
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Figure 2 — ErbB2 drives invasiveness of ErbB2-positive ovarian cancer cell lines via a signaling network similar to that in ErbB2-positive breast
cancer cells. (A) 3D Matrigel invasion assay. SK-OV3 and SK-OV3.ip1 cells were grown in hanging drops overnight to establish multicellular
spheroids. Cell spheroids were grown inside thin-layered Matrigel clumps for up to 72 h and visualized with Olympus 1x 71 light microscope for
detection of invading growth. Images are taken with 10X magnification. Images shown are representative of each cell line. (B) zFRase activity
measurement for SK-OV3 and SK-OV3.ip1 cells. zFRase activity was normalized to protein concentration. Data are representative of three
independent experiments. Mean * Stdev represent standard deviation from the mean of triplicates from one experiment. (C) Immunoblot analysis
for the detection of ErbB2, cathepsin B and cathepsin L in SK-OV3.ip1 cells stably depleted of ErbB2, cathepsin B, cathepsin L and cathpsin
B + L using shRNAs. Hsc70 was used to control equal loading. (D) 3D Matrigel invasion assay. SK-OV3.ip1 control cells and SK-OV3.ip1 cells
stably depleted of ExbB2, cathepsin B, cathepsin L and cathepsin B + L were grown in hanging drops overnight to establish multicellular
spheroids. Cell spheroids were grown inside thin-layered Matrigel clumps for up to 72 h and visualized with Olympus 1x 71 light microscope for
detection of invading growth. Images are taken with 10X magnification. The scale bar represents 500 pm. Images shown are representative of the
indicated cell line. (E) zFRase activity of p95AN-ErbB2 MCF7, SK-OV3.ip1 and SK-OV3 cells treated with 60 nM of the indicated siRNAs for
72 h zFRase activity was normalized to total protein concentration and is presented as the percentage of the activity in cells transfected with a non-
targeted control siRNA (N.T.CTR.). Data are representative of three independent experiments. Mean * Stdev represent standard deviation from
the mean of triplicates from one experiment.
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3. Results

3.1.  Identification of novel compounds that inhibit
ErbB2-induced cysteine cathepsin activity

ErbB2-induced lysosomal cysteine cathepsin activity (zFRase
activity) is needed for the invasion of MCF7 cells expressing
an inducible, constitutively active 95 kDa NH,-terminally
truncated p95 form of ErbB2 (p95AN-ErbB2) as well as of
ErbB2-positive SK-BR-3 and MDA-MB-453 breast cancer cells
(Rafn et al., 2012). Here we set up a small-scale screen to find
out, if drug-induced decrease in the cysteine cathepsin
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activity (zFRase activity) could be used as a tool to identify
novel inhibitors of ErbB2-induced, cysteine cathepsin medi-
ated invasion. As inhibitor source we used the InhibitorSelect
kinase inhibitor libraries I and II (Calbiochem, Supplementary
Table I). Although these libraries are relatively small, we ex-
pected to find compounds that can decrease zFRase activity,
since we had previously identified several kinases as media-
tors of ErbB2-induced, cysteine cathepsin mediated invasion
(Rafn et al.,, 2012). Moreover, poor specificity of many kinase
inhibitors (Bain et al., 2007) can further increase chances to
find suitable compounds. We seeded the MCF7 p95AN-ErbB2
cells (Egeblad et al., 2001; Rafn et al., 2012) into 96-well plates
so that they reached 80% confluence 24 h later, when we

Go66976 JAKS inhibitor VI

JAKS inhibitor VI

G66976

Figure 3 — Lapatinib and JAKS3 inhibitor VI completely inhibit cell invasion. (A) 3D Matrigel invasion assay. SK-OV3.ip1 cells were grown in
hanging drops overnight to establish multicellular spheroids. Cell spheroids were grown inside thin-layered Matrigel clumps for 24 h after
treatment with 10 pM final concentration of the indicated inhibitors. After 24 and 48 h the spheroids were visualized with Olympus 1Xx71 light
microscope to detect invading growth. Images are taken with 6,4X magnification and the scale bar represents 800 pm. Images shown are
representative of each treatment. (B) Quantification of invasive growth. (C) Hematoxylin-eosin and proliferating cell nuclear antigen (PCNA)
antibody staining of sections made from the samples of (3A). Matrigel-embedded cell spheroids were fixed in paraffin and sections were prepared.
Sections for each treatment were either subjected to hematoxylin-eosin (top) staining or stained for PCNA (bottom). Images are taken with 40X

magnification and are representative of each treatment.
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treated them with 1 pM library inhibitors or DMSO vechile
control for additional 24 h. The procedure was carried out
trice. Seven compounds were repeatedly found to substan-
tially decrease the zFRase activity (Figure 1A). The 24 h time-
point and low concentration was chosen to avoid induction
of cell death. These conditions were suitable for all the com-
pounds identified, since all of them could decrease zFRase ac-
tivity without inducing cell death (Figure 1B). We selected
some of the compounds for further studies. We chose
G66976 and JAK3 inhibitor VI, because both were recently
identified as potent inhibitors of autophagy (Farkas et al.,
2011), a process involving lysosomes. We additionally chose
Bohemine, a cyclin dependent kinase inhibitor that, among
others, inhibits ERK8 and PAK4 (Bain et al., 2007) and who’s de-
rivative Roscovitine (also known as Selicilib) is currently in
clinical trial as a combinatory anti-cancer agent to treat
advanced solid tumors. Especially, Roscovitine possesses tu-
mor suppressive activity on therapy-resistant breast cancer
cells (Nair et al., 2011). Because Roscovitine was also efficient
in decreasing zFRase activity (Figure 1C), we replaced Bohe-
mine with Roscovitine for the rest of the studies.

3.2. Setting up an invasion assay for ErbB2 expressing
ovarian cancer spheroids

Since the screen was done with cells that express p95 ErbB2,
we decided to set up a model system with high endogenous
expression of full-length p185 ErbB2 to find out if the identified
compounds also inhibit their ErbB2-induced, cathepsin medi-
ated invasiveness. We used SK-OV3 ovarian cancer cell line
(HER2 3*) and its subline SK-OV3.ip1 that has been established
earlier by intraperitoneal passage of SK-OV3 cells and found to
be more aggressive than the parental cell line, most likely due
to its enhanced ErbB2 activity (Yu et al., 1993). We subjected
them to 3D Matrigel invasion assay and found SK-OV3.ipl
cells to be even more invasive than SK-OV3 (Figure 2A). zFRase
activity assay revealed that SK-OV3.ipl had higher cysteine
cathepsin activity (Figure 2B). We made stable cell lines of
SK-OV3 using three different shRNAs for ERBB2 and two
different for both CTSB and CTSL1 (Supplemental Figure 1A).
Of these we chose the ones with the most efficient target
depletion for 3D Matrigel invasion assays. We found the
depletion of ERBB2, CTSB, CTSL1 and CTSB + L1 efficiently
inhibiting invasion of these cells (Supplemental Figure 1B).
We next chose the most efficient shRNAs for each of the
mRNAs to downregulate them in SK-OV3.ipl cells
(Figure 2C). As the invasion of MCF7 p95AN-ErbB2 cells (Rafn
et al., 2012) and the parental SK-OV3 cells (Supplemental
Figure 1B), the invasion of the SK-OV3.ip1 cells was dependent
on ErbB2, cathepsin B and cathepsin L (Figure 2D). Both SK-
OV3 and SK-OV3.ipl were found to invade faster than the
MCF7 p95AN-ErbB2 cells, SK-OV3.ip1 being the most aggres-
sive ErbB2 expressing cancer cells we have identified thus
far. The kinases that were identified to mediate the ErbB2-
induced zFRase activity and invasiveness in MCF7 p95AN-

ErbB2 cells (Rafn et al., 2012) also regulated the zFRase activity
of the SK-OV3 and SK-OV3.ip1 cells as efficiently as the MCF7
P95AN-ErbB2 cells with the exception of ERK2 (Figure 2E). In
this assay the siRNA-based depletion of kinases was efficient
(Supplemental Figure 1C). Thus, we had established a novel
3D invasion model system where invasiveness in 3D Matrigel
is driven by ErbB2 and mediated by cathepsins B and L. Impor-
tantly; we had also established a central role for ErbB2
signaling-induced cysteine cathepsin activity in the invasion
of ErbB2-positive ovarian cancer cells.

3.3. All identified compounds can inhibit invasion in 3D
assays but with varying efficiency

We further analyzed Roscovitine, G66976 and JAK3 inhibitor VI
using the highly invasive SK-OV3.ip1 cell line and the ErbB2
inhibitor lapatinib as a positive control. Lapatinib is a fluores-
cence compound interfering with the zFRase assay and thus it
could not be used in the assay. We instead used lapatinib to
control the 3D invasion assay. We mixed the inhibitors at
10 pM concentration with the Matrigel. We transferred the
overnight “hanging drop” cultured SK-OV3.ip1 spheroids in-
side Matrigel clumps and immersed the clumps into cell cul-
ture media containing 10 pM final concentration of the
indicated inhibitors or DMSO vehicle control. We followed
the cells inside the 3D Matrigel clumps up to 48 h and quanti-
fied their invasion as described before (Rafn et al., 2012)
(Figure 3A). Already after 24 h lapatinib almost completely
inhibited invasion of SK-OV3.ipl cells (Figure 3A, B). Both
Roscovitine and Go66976 treatments had measurable inhibi-
tory effect when compared to the DMSO vehicle control
treated cells (Figure 3A, B). Interestingly, treatment with the
JAK3 inhibitor VI inhibited invasion as efficiently as lapatinib
(Figure 3A, B). We fixed the spheres and stained with an anti-
body against proliferating cell nuclear antigen (PCNA) and
found the inhibitor treated cells alive and proliferating inside
the Matrigel still at the 48 h time point (Figure 3C). 24 h treat-
ment of SK-OV3.ip1 cells with 1 uM and 10 pM inhibitors did
not induce cell death over the basal level as measured by pro-
pidium iodide staining (Supplemental Figure 2A). We also
stained the spheres from Figure 3A at 48 h time point with
antibody recognizing Bax activation (Ellegaard et al., 2013), a
sign of activated apoptosis, and found less than 1% of cells
(except for Roscovitine) harboring activated Bax
(Supplemental Figure 2B). These results demonstrate that
lapatinib as well as G66976, Roscovitine and JAK3 inhibitor
VI can inhibit invasiveness of the ErbB2-positive, highly inva-
sive SK-OV3.ip1 cells in 3D Matrigel cultures.

3.4. Lapatinib and identified compounds reverse ErbB2-
induced malignant lysosomal distribution

Prompted by previous work showing that inhibition of the
ErbB2-induced zFRase activity can reverse the ErbB2-induced
localization of lysosomes to the invasive protrusions at the

treated with 10 pM of the indicated inhibitors for 24 h after which they were fixed and stained for the detection of the lysosomal membrane protein

LAMP-2 (green), alpha tubulin (red) and nucleus (blue). Images shown are representative of each treatment from three independent experiments.

(B) Quantification of predominant lysosomal distribution from cells on images in (4A).
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Figure 5 — JAK3 inhibitor VI treatment inhibits invasion of ErbB2-positive cells with a mechanism that is independent of JAKs but involves

ErbB2 and CTSL1 downregulation. (A) Confocal immunofluorescence images for the detection of LAMP-2 localization. SK-OV3.ip1 cells were
treated with 25 nM of the indicated siRNAs for 96 h after which they were fixed and stained for the detection of the lysosomal membrane protein
LAMP-2 (green), alpha tubulin (red) and nucleus (blue). Images shown are representative of each treatment from three independent experiments.
(B) zFRase activity of SK-OV3.ip1 cells treated with 25 nM of the indicated siRNAs for 96 h zFRase activity was normalized to total protein

concentration and is presented as the percentage of the activity in cells transfected with a non-targeted control siRNA (N.T.CTR.). Mean * Stdev
represent standard deviation from the mean of three independent experiments. (C) Immunoblot analysis of inhibitor treated cells. SK-OV3.ip1
cells were treated with 10 pM of the indicated inhibitors for 24 h. STAT3 was used to control the phosphor-STAT3 blot and GAPDH was used to
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Figure 5 — (continued)
cell periphery (Rafn et al.,, 2012), we treated the SK-OV3.ip1l 3.5.  Analysis of the potential mechanism involved in

cells with 10 uM of inhibitors or vehicle control for 24 h, fixed
them and used the confocal microscopy and staining of the
lysosomal membrane protein 2 (LAMP-2; green) to detect the
lysosomes, a-tubulin to visualize the cytoskeleton (red) and
Hoechst for the nucleus (blue) (Figure 4A). Both lapatinib and
JAK3 inhibitor VI could efficiently inhibit the ErbB2-mediated
pericellular distribution of lysosomes (Figure 4A, B). A similar
effect, however milder, was observed with Roscovitine and
G06976 treatments (Figure 4A, B). Thus, all of these drugs
affected lysosomal distribution and made lysosomes migrate
from their oncogenic and invasion-promoting, pericellular po-
sition into a perinuclear position, where their secretion and
exocytosis into the extracellular space gets less likely.

JAK3 inhibitor VI-mediated invasion inhibition

Since JAK3 inhibitor VI was found to be the most efficient,
novel invasion inhibitor matching lapatinib with its potency,
we investigated its function more closely. Immunoblot anal-
ysis indicated that SK-OV3.ipl cells were not expressing
JAK3 (Supplemental Figure 3A). Since JAK3 inhibitor VI can
also efficiently inhibit JAK1 and JAK2 (Anastassiadis et al.,
2011), we depleted JAK1 and JAK2 from SK-OV3.ipl cells
(Supplemental Figure 3B) and studied its effect on lysosomal
distribution (Figure 5A) and zFRase activity using CTSB and
ERBB2 siRNAs as positive controls (Figure 5B). These studies
showed that either JAK1 or JAK2 depletion had no effect on

control equal loading. The blots shown are representatives of more than three independent experiments. (D) Confocal immunofluorescence images
for the detection of LAMP-2 lysosome localization. SK-OV3.ip1 cells were treated with 10 pM of the indicated inhibitors for 24 h after which they
were fixed and stained for the detection of the lysosomal membrane protein LAMP-2 (green), alpha tubulin (red) and nucleus (blue). Images shown
are representative of each treatment from three independent experiments. (E) Immunoblot analysis of inhibitor treated cells. SK-OV3.ip1 cells

were treated with 10 pM of indicated inhibitors for 24 h ErbB2 was used to control the phosphor-ErbB2 blot and GAPDH was used to control
equal loading. The blots shown are representative of three independent experiments. (F) Quantitative RT PCR analysis for the detection of CTSL1
and CTSB expression in SK-OV3.ip1 cells treated with 10 pM of the indicated inhibitors for 24 h. The mRNA expression was normalized to the
expression of PPIB. Mean * Stdev represent standard deviation from the mean of three or more independent experiments.
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lysosome distribution and that only JAK1 depletion had a
slight but insignificant inhibitory effect on the zFRase activity
(Figure 5B). To further confirm that JAK inhibition was not
involved, we used the JAK3 inhibitor Tofacitinib (CP690550),
which is a rather specific JAK1, 2 and 3 inhibitor
(Anastassiadis et al., 2011) and currently used the in the clinics
for a treatment of rheumatoid arthritis in the United States.
Treatment of cells with Tofacitinib, which efficiently inhibited
STAT3 phosphorylation (Figure 5C), did not have any effect on
lysosomal distribution (Figure 5D).

As evident from immunoblots, lapatinib treatment
strongly decreased the ErbB2 phosphorylation, as was ex-
pected (Figure 5E). Interestingly, JAK3 inhibitor VI treatment
decreased levels of both total ErbB2 and phosphorylated
ErbB2 (Figure 5E). Similar to JAK3 inhibitor VI treatment, treat-
ment of cells with G66976, which is a known PKCa inhibitor,
decreased the levels of both ErbB2 and phosphor-ErbB2
(Supplemental Figure 3C). On the contrary to this, treatment
of cells with Tofacitinib had no effect on ErbB2 level or phos-
phorylation (Figure SE). Since cathepsins B and L are impor-
tant for the ErbB2-induced invasion of SK-OV3.ip1 cells into
Matrigel (Figure 2D), we studied if JAK3 inhibitor VI treatment
can affect cathepsin B or L levels in these cells. Indeed, JAK3
inhibitor VI treatment decreased the CTSL1 level and did it
even more efficiently than lapatinib (Figure SF). However,
treatment with neither of them decreased CTSB expression
(Figure 5F). Since shRNA-based depletion of CTSL1 or CTSB effi-
ciently blocked the invasion of SK-OV3.ip1 cells into Matrigel,
it is likely that the JAK3 inhibitor VI-mediated decrease in the
CTSL1 mRNA level contributes to the drug-induced, decreased
invasion of the SK-OV3.ipl cells. Thus, treatment of SK-
OV3.ipl cells with JAK3 inhibitor VI decreases their CTSLI
mRNA level significantly with a mechanism that most likely
does not involve inhibition of any members of the JAK family
but may involve impaired ErbB2 expression.

4. Discussion

Here we present a simple screening system based on cysteine
cathepsin activity and efficient follow-up assays for the iden-
tification of small cell-permeable inhibitor compounds that
can inhibit invasion of aggressive and highly invasive ErbB2-
positive cancer cells. In addition to ErbB2, other oncogenes
such as Ras and Scr can increase cysteine cathepsin expres-
sion and activity. Increased cathepsin B and L activity is
strongly linked to aggressiveness of various cancers for their
virtue of positively contributing to invasion, angiogenesis
and metastasis (Kallunki et al., 2013). Their invasion and
metastasis promoting function is well documented in two
mouse models of invasive cancer progression. In the first
model, a pancreatic islet carcinogenesis model (Rip1l-Tag2/
RT2), the oncogenic SV40 T-antigen is expressed in insulin
producing B-cells in mouse. This model shows that both
cathepsin B and cathepsin L are important for tumor growth
and invasion and that cathepsin B is additionally needed for
tumor angiogenesis and that genetic inactivation of cathepsin
B or cathepsin L strongly impairs tumor growth and invasion
in vivo (Gocheva et al., 2006). Similarly, in the second model,
mice which are established from cathepsin B knockout mice

that are crossed to mammary tumor virus—polyoma middle
T antigen (PyMT) overexpressing mice, have significant delay
in their mammary tumor formation and metastasis to lungs
in comparison to cathepsin B wild type mice (Vasiljeva et al.,
2006).

Variety of cathepsin B and L inhibitors has been developed
with the idea of utilizing them as invasion inhibitors for
different cancers. However, of cathepsin inhibitors thus far
only odanacatib, an inhibitor of cathepsin K, a cathepsin
with especially high osteolytic activity, is under clinical trial
for treatment of osteoporosis-associated bone loss (Costa
et al., 2011) and is proven promising against bone metasta-
sizing breast cancer (Jensen et al., 2010). In drug-induced lyso-
somal membrane permeabilization lysosomal contents leaks
into the cytosol and induces programmed cell death (Groth-
Pedersen and Jaattela, 2013). Especially cathepsin B has been
shown to be important in this process (Kirkegaard and
Jaattela, 2009). Consequently in cancer, complete inhibition
of cysteine cathepsin activity may interfere with drug-
induced lysosomal cell death and result in poorer treatment
responses. Thus, to inhibit invasion, a better lysosome-
based strategy might be to inhibit cathepsin activity partially
(e.g. the oncogene-induced activity that is needed for the inva-
sion) or to inhibit lysosomal exocytosis and secretion of ca-
thepsins to the extracellular space.

As for the p95 and full-length ErbB2 expressing breast can-
cer cells (Rafn et al., 2012), cathepsins B and L are also crucial
for the in vitro invasiveness of the ErbB2-positive SK-OV3 and
SK-OV3.ip1 ovarian cancer cells which express high amounts
of full-length ErbB2. In addition of having higher ErbB2 expres-
sion and more enhanced ErbB2 downstream signaling than
the parental SK-OV3 cells (Yu et al., 1993), the SK-OV3.ip1 cells
also display increased expression of mesenchymal markers
showing cancer stem cell like traits, which may contribute
to their increased invasiveness (Strauss et al., 2011). Remark-
ably, lapatinib was able to completely inhibit the invasion of
the SK-OV3.ip1 cells in 3D Matrigel invasion assays. Together
with the corresponding ErbB2 shRNA experiments that gave
similar results, this strongly suggests that ErbB2 is likely to
be the main driver and responsible of the invasive potential
of these ovarian cancer cells in 3D Matrigel cultures. On the
other hand, expression of ErbB2 correlates positively with
the stem cell marker ALDH in human primary breast cancer
and overexpression of ErbB2 in various breast cancer cells fa-
cilitates mammosphere formation and invasion in vitro
(Ginestier et al., 2007; Korkaya et al., 2008), suggesting for a po-
tential link between ErbB2 expression and stemness of cancer
cells.

Lapatinib is a potent and rather specific EGFR and ErbB2 in-
hibitor (Anastassiadis et al., 2011) that shuts down the EGFR
and ErbB2 kinase activity thus inhibiting tumor growth, inva-
sion and intravasation of ErbB2-positive cancer cells (Kedrin
et al., 2009). In this study we describe a potentially important,
novel function for lapatinib as a compound that can reverse
the ErbB2-induced malignant, invasion-promoting pheriph-
eral distribution of lysosomes. Translocation of lysosomes
from their typical, mainly perinuclear position to the cellular
periphery is a process that is involved in lysosomal exocytosis,
whereby lysosomes migrate to the cell membrane, fuse with it
and empty their contents to the extracellular space
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(Settembre et al., 2013). Lysosomal exocytosis is an important
cellular clearance mechanism strongly contributing to the
well-being of cells and organisms. In normal, non-cancerous
cells lysosomal exocytosis is transcriptionally tightly regu-
lated by transcription factor EB (TFEB) (Settembre et al.,
2013). Most cancer cells, including those overexpressing
ErbB2, harbor constitutive activation of mTOR or ERK-MAPK
signaling pathway, which leads to phosphorylation of TFEB
at several serines and its nuclear exclusion making it uncab-
able of activating genetic programs that regulate lysosomal
translocation and exocytosis (Pena-Llopis et al, 2011;
Settembre et al., 2011). Cancer cells can utilize lysosomal
exocytosis for invasion. It is currently not known how cancer
cells activate lysosomal exocytosis. Not much is either known
about its revese process whereby lysosomes return to their
normal, non-secretory positions. Interestingly, lapatinib
potently induced this process that is antagonistic to lysosomal
exocytosis and coincides with the decrease of the invasive po-
tential of the cells. This novel function of lapatinib may also
contribute to its invasion and metastasis inhibiting function
in vivo.

JAK3 inhibitor VI, the most efficient invasion inhibitor
identified in this study, functions by directly binding to JAK3
and thereby preventing STATS phosphorylation (Adams
et al., 2003). It can also efficiently inhibit JAK family members
JAK1 and JAK?2 (Anastassiadis et al., 2011). JAKs are involved in
the cytokine-triggered signaling events mainly through tyro-
sine phosphorylation of the signal transducers and activators
of transcription (STAT) proteins (Yamaoka et al., 2004). Several
studies confirm a connection in ErbB2-induced invasion and
STATS signaling in breast cancer (Nevalainen et al., 2004,
Olayioye et al., 1999; Sultan et al., 2005; Ward et al., 2013). Of
JAK family members especially JAK? is interesting in respect
to breast cancer, since it can promote activation of ErbB2,
Src and Ras—MAP kinases (Liang et al, 2010; Ren and
Schaefer, 2002; Yamauchi et al., 2000). Despite the evidenced
cross talk between JAKs—STATs and ErbB2, our work suggests
that the effect of JAK3 inhibitor VI on the ErbB2-induced
cysteine cathepsin dependent invasion is most likely indepen-
dent of JAK signaling. Supporting this, a human whole kinome
siRNA screen using the MCF7 p95AN-ErbB2 cells failed to show
any role of JAK family members in the regulation of cysteine
cathepsin activity (Rafn et al., 2012). A recent comprehensive
study on the specificity of kinase inhibitors (Anastassiadis
et al,, 2011) shows that JAK3 inhibitor VI is not specific to
JAKs but can additionally directly inhibit many kinases
including few of the kinases earlier identified as regulators
of ErbB2-induced invasion and increased expression and ac-
tivity of cysteine cathepsins B and L (Rafn et al., 2012). These
involve several members of the ERK-MAPK pathway including
ERK2 as well as PKCa. (Anastassiadis et al., 2011), all which may
be contributing to the decreased CTSL1 expression. Moreover,
the decrease in the ErbB2 level that was induced by JAK3 in-
hibitor VI treatment could for example result from inhibition
of ErbB2 recycling due to the capability of JAK3 inhibitor VI
to inhibit PKCa. PKCa inhibition has been shown to block
ErbB2 recycling in ErbB2-positive beast cancer cells
(Magnifico et al., 2007; Rafn et al., 2012).

G066976 functions by competing for the ATP-binding sites of
many kinases (Bain et al., 2007; Martiny-Baron and Fabbro,

2007). Among others, G66976 can inhibit calcium-dependent
PKCa and PKCB activation (Martiny-Baron and Fabbro, 2007;
Martiny-Baron et al., 1993), of which the G66976-mediated in-
hibition of PKCa may contribute to its ability to inhibit ErbB2-
induced invasion (Magnifico et al.,, 2007; Rafn et al., 2012).
Roscovitine is a pan-selective inhibitor of Cdk1/2/5/7/9 and in-
hibits proliferative response by induction of cell cycle arrest in
G; phase and apoptosis (Krystof et al., 2005; McClue et al.,
2002). The effect of Roscovitine and G66976 on ErbB2-
mediated pericellular distribution of the lysosomes was minor
compared to lapatinib and JAK3 inhibitor VI. In an earlier
study G66976 inhibition of PKCa was found to reduce invasion
and ErbB2-mediated uPAR expression (Tan et al., 2006). In line
with this, G66976 can inhibit tunnel formation in 3D collagen
matrices, by a process that is regulated by a complex signaling
network including PKCa (Fisher et al., 2009). Roscovitine can
inhibit differentiation and invasion of metastatic melanoma
cells (Mohapatra et al., 2007) and confers tumor suppressive
effects in therapy-resistant breast cancer cells (Maggiorella
et al., 2009; Nair et al., 2011). The (R)-enantiomer stereoisomer
of Roscovitine (CYC-202/Seliciclib, Cyclacel Pharmaceuticals
(Guzi, 2004)) is currently undergoing phase 2 clinical trials as
a single-agent against non-small cell lung carcinoma and
nasopharyngeal cancer and phase 1 clinical trials for the treat-
ment of patients with advanced solid tumors in combination
with Sapacitabine, a bioavailable pyrimidine analogue that
targets DNA replication (Cyclacel Pharmaceuticals; http://
cyclacel.com and clinical trials; http://clinicaltrials.gov). Ac-
cording to NCI (http://clinicaltrials.gov) neither, G66976 or
JAK3 inhibitor VI are currently involved in clinical trials as
anti-cancer agents.

We conclude that the screening procedure and the conse-
quent verification analysis described here can be used to iden-
tify efficient novel inhibitors of ErbB2-induced cancer cell
invasiveness. Since the screen is based on the detection of
the drug-mediated inhibition of the oncogene-induced zFRase
activity, it makes it also a promising method for identifying
drugs that can specifically inhibit invasion mechanisms
downstream of the ErbB2 receptor. Moreover, it can also be
used for screening of invasion inhibitors for other types of
cancers whose invasion depends on cysteine cathepsins and
increased lysosomal activity. However, it is to be noted that
the fluorescent nature of some compounds might require
use of an alternative, colorimetric substrate. The screening
procedure itself is simple and easy to automatize and thus it
could be used to screen large amount of compounds quickly
and cost efficiently. Especially interesting would be to screen
libraries of compounds that have passed phase I clinical trials
or compounds that are already in use in clinics to possibly
facilitate discovery of novel inhibitors of invasion.
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