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Abstract: Cancer gene therapy using nonviral vectors is useful for long periods of treatment
because such vectors are both safe and inexpensive, and thus can be used repeatedly. It has been
reported that gene therapy with an E3C1 fragment of Dell in a mouse explanted tumor model
improved prognosis. The present study aimed to analyze the long-term effects of repeated non-
viral gene transfer of E3C1. Mice with explanted tumors of SCCKN cells, a human squamous
carcinoma, were treated with a plasmid encoding E3C1. Plasmids were injected locally every
week using a transfection reagent. Control mice treated with mock DNA started to be euthanized
on day 18, because the tumors had grown to over 15% of the body weight, and all of them
had died by day 43. On the other hand, the tumors in two of ten mice treated with E3C1 had
disappeared. The other eight mice started to be euthanized on day 46 and eight of ten mice had
been euthanized by day 197. After 18 days of therapy, the tumor volume of control mice was
2,8044829 mm? and that of the E3C1 mice was 197+159 mm?. Histochemical studies showed
enhanced apoptosis in the E3C1-treated tumors, as compared with controls. Changes in cell
morphology and decreased polymerized actin induced by E3C1 indicated disturbed cell adhe-
sion to the matrix. In in vitro studies of SCCKN cells, prolonged administration of an E3C1
recombinant protein to cultured cells reduced adhesion-independent growth of cancer cells, as
compared with control cells. These data suggest that E3C1 treatment induces anoikis.
Keywords: cancer gene therapy, nonviral vector, apoptosis, anoikis, Dell

Introduction

At present, early cancers are treated with surgery, chemotherapy, and radiation
therapy. However, these therapies have limited applications in advanced cancers such
as metastatic cancers, and are associated with tolerance to therapy and dose limits.
To improve the prognosis for advanced cancers that are unsuitable for conventional
therapies, many efforts have been made for new technologies, including biotherapy
where endogenous healing capacity is utilized. Alternatively, biotherapy is expected
to support conventional therapy, regulating tolerances to chemotherapy and radiation
therapy.

Gene therapy is a drug delivery technique for biotherapy. Currently, viral vectors
are employed for most cancer gene therapies. Efficiency is often considered to be an
advantage of viral vectors, whereas immunogenicity, pathogenicity, and carcinoge-
nicity are considered disadvantages.'> There remains great hope that effective gene
therapies based on nonviral vector delivery methods will be developed and used for
gene therapy, as these methods have the potential to perform better than viral vectors
in terms of both safety and cost efficiency.’* However, the gene transfer efficiency of
nonviral vectors needs to be increased, and methods to cover the shortfall caused by
the low efficiency of nonviral vectors are necessary.
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One of the simplest approaches to increasing the level
of transgene expression is to perform repeated rounds of
gene therapy.””’ This approach is a realistic means to make
use of the advantages of nonviral vectors, that is, safety and
low cost. Nonviral vectors cannot realistically be used to
introduce DNA into all cancer cells; thus, treatments with
autonomously acting “suicide genes” such as p53 or thymi-
dine kinase might not be suitable routes for development
using nonviral vectors.®® Instead, methods that lead to the
accumulation of expressed proteins in the extracellular matrix
appear to be effective.!®!! Kitano et al'®!! have attempted
gene therapy in mice with explanted tumors using a fragment
of the Dell protein, an extracellular matrix protein, and a non-
viral vector. Dell protein consists of five domains, including
three epidermal growth factor repeats (referred to as E1, E2,
and E3) and two discoidin domains (referred to as C1 and
C2)."2 E3 has the ability to induce apoptosis and to increase
gene transfer efficiency via induction of endocytosis.'*!* C1
is essential for the deposition of Dell in the extracellular
matrix and could be used as a tool to deposit proteins into
the extracellular matrix.!> Therefore, it was expected that the
E3Cl1 sequence of Dell could deposit in the extracellular
matrix in high concentration, induce apoptosis, and enhance
the efficiency of subsequent transfections. In experiments
by Kitano et al,'™"" DNA encoding a recombinant protein
composed of E3 and C1 (referred to as E3C1) in a nonviral
vector was locally injected into mice with an explanted tumor
every week. This protocol resulted in efficient deposition
of E3C1 into the tumor and in an increase in gene transfer
efficiency. Fifty percent of the E3C1-treated mice survived
for 7 weeks, whereas all of the control mice died.

The aim of the present study was to examine the effects
of long-term treatment with E3C1. For this study, mice with
an explanted tumor were consecutively treated with E3C1
until death. In vivo and in vitro experiments were then
performed to investigate the mechanisms of the long-term
curative effect of the E3C1 treatments. This study suggests
that the treatment deteriorates cell adhesion and increases
sensitivity to anoikis.

Materials and methods

Cell lines and culture

The human oral squamous cell carcinoma cell line SCCKN, a
gift from Dr Hayashido (University of Hiroshima, Hiroshima,
Japan), was grown in RD medium (45% Dulbecco’s Modified
Eagle’s Medium; Invitrogen, Carlsbad, CA, USA), 45%
RPMI 1640 medium (Invitrogen), and 10% fetal bovine
serum.'® Cells were cultured in 5% CO, at 37°C. For all

experiments that evaluated the effects of long-term E3C1
treatment, cells precultured with 1 pmol/mL of recombinant
E3Cl1 for 10 days were employed.

DNA constructs

Mouse Dell complementary DNA was a gift from Dr
Quertermous (Stanford University, Stanford, CA, USA). To
generate the plasmids used in the study, a fragment encod-
ing the E3 and C1 sequence (E3C1, amino acids 122-316
of mouse Dell) was amplified using PCR with the forward
primer 5-TGTGAAGCTGAGCCTTGCAGAATGGCCGG
A and the reverse primer 5’-ACAGCCTGAGAGCTCACAG
CCAAGAAGTT. The signal peptide sequence of Dell and
E3C1 complementary DNA were inserted into pcDNA3.1D
(Invitrogen). Recombinant proteins expressed by the construct
had V5-epitope tags at their C-terminal ends (Figure S1).

Animal studies

All animal experiments described in this study were carried
out in accordance with both the Nihon University and the
US National Institutes of Health animal care regulations.
This study was approved by the ethics committee of Nihon
university (AP13M045). Nu/Nu athymic nude mice were
kept in a pathogen-free environment. For tumor explants,
SCCKN cells were first seeded in 10 cm culture dishes
overnight to reach 70%—80% confluence and were harvested
using a cell stripper (Asone, Tokyo, Japan) after washing
with phosphate-buffered saline (PBS). Cells were washed
twice with PBS, centrifuged at 500x g for 5 minutes, and
were then resuspended in RD medium at a concentration of
1x107/100 uL. A total of 100 puL of suspended cells were
injected subcutaneously into the right flank of a nude mouse
(mock treatment, n=5; E3C1 treatment, n=10). Animals were
monitored twice weekly for tumor growth. When tumors
were observed, their size was measured in two perpendicular
dimensions using calipers. Tumor volume (mm?) was cal-
culated using the formula (width x length?/2). When tumor
volume exceeded 60 mm?, treatment with plasmid encoding
E3C1 (pE3Cl) or pcDNA3, a mock vector, was initiated.
For treatment, 10 ug of DNA was injected into the tumor in
100 uL increments using in vivo-jetPEI (Polyplus Transfec-
tion, San Marcos, CA, USA). Mice were euthanized when
the tumors had grown to over 15% of the body weight. The
observation period ended on day 197, when all mice treated
with a mock plasmid had died. For histological experiments,
after 4 weeks of treatment mice were sacrificed under deep
anesthesia with isoflurane and the tumors were then harvested
and 5 um frozen sections were prepared.
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Reagents

Recombinant fusion proteins with alkaline phosphatase (AP)
were prepared as described previously.'>!7 Briefly, an E3C1
fragment was generated using reverse transcription polymerase
chain reaction and was cloned into an AP-tag4 vector (Gen-
Hunter, Nashville, TN, USA) for production of AP-tagged
E3Cl as a secreted protein in Chinese Hamster Ovary cells
cultured in 64 medium (60% Opti-MEM and 40% LHC-8
medium from Invitrogen). An AP tag without E3C1 was used
as a control. AP activity in conditioned medium was measured
by adding 10 uL of 0.05% Zwittergent (Calbiochem, La Jolla,
CA, USA) in PBS to each well of a 96-well plate, followed by
20 uL of conditioned medium. The plate was heated at 65°C
for 30 minutes to inactivate endogenous AP. The enzyme
reaction was initiated by adding 200 UL of substrate (1 mg/mL
p-nitrophenyl phosphate (Sigma-Aldrich, St Louis, MO, USA)
in 1 mM MgCl, and 1 M diethanolamine, pH 9.8) to each well,
and the absorbance at 405 nm was measured after 30 minutes.
Using the results with alkaline phosphatase purchased from
Wako (Tokyo, Japan) as standard, the molarity of AP-tagged
recombinant proteins was then calculated.

Proliferation assay

As treatment with E3C1 affected cell adhesion, we observed
cell numbers after cell adhesion culture. Control SCCKN cells
and long-term E3CI1 treatment cells with 1 pmol/mL of recom-
binant E3C1 were plated on 24-well plates at 10% confluency,
and were cultured in RD medium with or without AP-tagged
E3C1 recombinant protein overnight, respectively. Cells were
then harvested with trypsin/ethylenediaminetetraacetic acid
and counted with a hemocytometer (day 0). After 24 hours,
cells were counted again (day 1). The number of cells on day 0
was assigned a relative value of 1.

Immunohistochemistry

Rabbit polyclonal antibodies against cleaved caspase-3
(Trevigen, Gaithersburg, MD, USA), Akt, phosphorylated
Akt (Akt-Thr308, Akt-Ser473), and paxillin (Abcam) were
purchased. Alexa Fluor 488- or Alexa Fluor 568-labeled goat
antirabbit antibodies were purchased from Invitrogen. For
immunohistochemistry, 5 wm sections were fixed with 4%
paraformaldehyde (PFA), incubated with primary antibodies,
and then incubated with the appropriate secondary antibodies.
Hoechst 33342 and Alexa Fluor 568-labeled phalloidin were
used to visualize nuclei and polymerized actin, respectively.
An Axioscope 2 (Carl Zeiss Microimaging Inc., Welwyn
Garden City, UK) equipped with an AxioCam (Carl Zeiss)
was used to observe tissues and take photographs.

Analysis of apoptosis in pileup culture
Cells were cultured on glass bottom dishes coated with
fibronectin for 10 days. At this point, the cells exceeded
confluency, which allowed control cells to pileup. Cells
were fixed with 4% PFA and stained as described earlier.
A confocal microscope, TCS-SP5 (Leica, Wetzlar, Germany)
was used to take photographs and to reconstitute vertical
cross-sectional views.

Wound healing assay

Cells were plated at a dilution consistent with confluence
in a 5 mm diameter plastic ring on a plastic tissue culture
dish coated with fibronectin. After 6 hours, the ring was
removed and cell migration was initiated with 1 pmol/mL
of AP or AP-tagged E3CI. Cells were observed by time-
lapse microscopy using a Cellwatcher (Corefront, Tokyo,
Japan) in 64 medium at 37°C. The average velocity of
migration was estimated by measuring the increase in the
area of cell coverage after 2 hours using Poplmaging Time
Lapse Tracer software (Digital Being Kids, Kanagawa,
Japan). After 24 hours of migration, cells were fixed with
4% PFA and stained with trypan blue. All experiments were
repeated three times. Data were reported as mean * standard
deviation.

Three-dimensional migration assay

A cell suspension was made in a collagen solution (Koken,
Tokyo, Japan) on ice and was incubated for 1 hour in an
incubator so that the solution turned into a gel. Fresh medium
containing 1 pmol/mL of AP or AP-tagged E3C1 was then
added and cell migration was observed using time-lapse
microscopy and a Cellwatcher (Corefront). Migration dis-
tances from the gravity center were measured every minute
and were summated for 2 hours.

Western blot

Cells were cultured in 3.5 cm diameter dishes and cultured
overnight. Subsequently, | pmol/mL AP or AP-tagged
E3C1 was added every day and cells were harvested
on the indicated day with sample buffer. Samples were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to a polyvinylidene difluo-
ride membrane (ATTO, Tokyo, Japan). Membranes were
incubated with primary antibodies, followed by horseradish
peroxidase-conjugated secondary antibodies, and immu-
noreactive proteins were detected using the ECL Advance
Western Blotting Detection Kit (Amersham, Piscataway,
NJ, USA).
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Statistical analysis

Results are expressed as mean * standard deviation.
Wilcoxon rank sum test was performed as appropriate, and
statistical significance was defined as P<<0.05.

Results

In order to analyze the effects of long-term treatment with
E3Cl1, mice were injected with a DNA complex of mock
DNA or of pE3C1 once a week. All of the 15 mice (mock
treatment, n=5; E3C1 treatment, n=10) were euthanized
because the tumors had grown to over 15% of the body
weight. Control mice treated with mock DNA started to be
euthanized on day 18 and all of them had died by day 43
(Figure 1A). On the other hand, the E3C1-treated mice
started to be euthanized on day 36 and 8 of 10 mice had
been euthanized by day 197. As the tumors in the other two
mice had disappeared by day 197, observation of the mice
was then concluded. After 18 days of therapy, the tumor
volume of control mice was 2,804£829 mm? and that of the

E3C1 mice was 197+159 mm? (Figure 1B). Treatment with
E3Cl significantly suppressed the increase in tumor volume.
In control mice, the tumor volume suddenly increased
around day 30 and then continuously increased until death
(Figure 1C). The time courses of the tumor growth of treated
mice were distinct from those of control mice (Figure 1D).
Most tumors treated with E3C1 grew much more slowly
than control tumors.

Kitano et al'' reported that the first injection of pE3C1
induced apoptosis in explanted tumors. To examine
whether consecutive injections of pE3C1 maintained these
apoptotic effects on tumor cells, apoptosis of control- and
E3Cl-treated tumors was examined after 4 weeks of treat-
ments (Figure 2A). Immunohistochemical analysis using
an anticleaved caspase-3 antibody indicated apoptosis in
the necrotic focus and the border regions of the necrotic
focus and parenchyma in E3C1-treated tumors. In contrast,
only a few apoptotic cells were observed in control tumors.
To evaluate the long-term effects of E3C1 on tumor cells,
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Figure | Treatment with pE3CI improved the prognosis of model mice.

Notes: (A) Kaplan—-Meier survival curves of mice with tumors treated with mock vector (solid line) or with pE3CI (dashed line). Survival rate for pE3CI-treated mice
was significantly higher than that for mock vector-treated mice (P<<0.05). (B) Comparison of tumor volume after |8 days of treatment. Results were expressed as mean *
standard deviation. **P<<0.01. Chronological changes in tumor volume in individual mice following mock treatment (C) and E3CI treatment (D).

Abbreviation: pE3CI, plasmid encoding E3CI.
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Notes: (A) Representative images of distribution of apoptotic cells in tumors of mice on day 28 of control or E3CI treatment. Apoptosis was examined with anticleaved
caspase-3 (c-casp3) antibody and nuclear staining with Hoechst 33342. (B) Growth of SCCKN cells in vitro in the presence or absence of E3CI. Number of cells on day 0
was assigned a value of |. (C) Apoptotic cells in SCCKN cells detected with a c-casp3 antibody. Hoechst 33342 was used for counterstaining of the nuclei in vitro. Scale bars
in A and C correspond to 50 um. (D) Graph shows the ratio of apoptotic cells to the total cell number in each cell population. Results are expressed as mean * standard

deviation. **P<<0.01.
Abbreviations: N, necrotic lesion; P, parenchyma; S, stroma.

in vitro experiments using cells of the human oral squamous
cell carcinoma cell line SCCKN, which were cultured with a
recombinant AP-tagged E3C1 protein, were conducted. The
proliferation of these cells was suppressed in the continu-
ous presence of the recombinant E3C1 protein (Figure 2B).
Thus, the number of cells treated with control protein (the
AP-tag alone) increased 1.82+0.07 times over 24 hours,
whereas the number of cells treated with the recombinant
E3C1 protein increased 1.31£0.02 times over 24 hours.
Immunohistochemical analysis of these cells using the anti-
cleaved caspase-3 antibody indicated increased apoptosis
in the culture treated with the recombinant E3C1 protein,
as compared with control cells (Figure 2C and D). Thus,
2.7%20.9% of the cells treated with the control protein were
positive for cleaved caspase-3, whereas 10.8%t0.6% of cells
treated with the recombinant E3C1 protein were positive for
cleaved caspase-3. Detection of apoptotic cells based on the
presence of phosphatidylserine using polarity-sensitive indi-
cator for viability and apoptosis provided further proof that

cells underwent higher apoptosis following treatment with
the E3C1 protein than with the control protein (Figure S2).
These data suggested that long-term E3C1 treatment affects
the growth of cancer cells.

In order to evaluate the effects of E3C1 on the sensitiv-
ity of cells to deadhesion from the matrix, the effects of
E3C1 on the piling up of cells in two-dimensional (2D)
culture was examined. Immunohistochemical analysis of
these cells with the anticleaved caspase-3 antibody showed
increased apoptosis in cells that were cultured long-term with
the recombinant E3C1 protein, as compared with controls
(Figure 3A). These cells were further analyzed by confocal
microscopy. Analysis showed that the cells in the control cul-
ture grew and piled up to two or three cell layers (Figure 3B).
Apoptotic cells were distributed randomly in these control
cultures. On the other hand, cells treated with recombinant
E3C1 protein generally could not pile up. In addition, most
of the apoptotic cells in E3C1-treated cultures appeared to
be detached from the bottom of the dish (Figure 3B). These
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Figure 3 Consecutive culture with recombinant E3CI induced apoptosis in cells without adhesion to the matrix.
Notes: (A) Apoptotic cells within SCCKN cell populations treated with or without E3C| were detected with anticleaved caspase-3 (c-casp3) antibody and Alexa Fluor 568-
conjugated phalloidin (which stains actin). (B) Reconstituted vertical cross-sectional views of the cells in part A. Dotted lines indicate the bottoms of cover glass. Scale bars

in A and B correspond to 50 and |0 um, respectively.

data suggest that E3C1 enhanced the sensitivity of the cells
to deadhesion from the cell matrix.

Tumors from mice treated for 4 weeks were examined
by hematoxylin and eosin staining (Figure 4). Tumors from
both mock-treated and E3C1-treated mice were composed
of parenchyma, necrotic lesions in the parenchyma, and
stroma. Control tumors displayed many protrusions into the
surrounding tissue, suggesting tumor invasiveness. In con-
trast, E3C1-treated tumors displayed a smooth surface. When
compared with mock mice, the stroma in the E3C1-treated
mice showed much more finely segmented parenchyma.

Because suppression of the growth of tumor protrusions
by E3C1 treatment was observed by hematoxylin and eosin

staining, the effects of E3C1 on cell migration were investi-
gated in vitro (Figure 5A and B). In a wound healing assay,
the cell scattering observed in control cells was suppressed
by E3C1 treatment. Cells in control culture migrated at a rate
of 100129 um/h, whereas cells in the culture treated with the
recombinant E3C1 protein migrated at a rate of 65+13 um/h.
We next examined the effects of E3C1 treatment on cell
migration in three-dimensional (3D) culture (Supplementary
videos S1 and S2). The distance covered by random migra-
tion in a collagen gel by control and E3C1-treated cells was
4.5+2.9 pm/h and 1.9£1.2 um/h (P=0.0084), respectively
(Figure 5C). Cells treated with control protein assumed a
spindle shape in 3D culture (Figure 5D). On the other hand,
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Figure 4 Hematoxylin and eosin staining of representative explanted tumors on day 28.
Notes: Images on the left were taken by x5 objective lens; images on the right were taken by X20 objective lens. Arrows indicate necrotic lesions. Arrowheads indicate

invasive protrusions of tumor in mock-treated mouse. Scale bars correspond to 50 um.

cells treated with E3C1 protein assumed a circular shape
with poorly developed protrusions. These morphological
changes suggested that E3C1 suppressed cell adhesion to
the matrix.

In order to evaluate cell shape and adhesion in 3D
culture, cells were observed under confocal microscopy.
In this analysis, control cells had a spindle shape and a
long ellipsoidal nucleus. On the other hand, E3C1-treated
cells had poorly developed protrusions and faint staining of
polymerized actin (Figure 6A). Because there was strong
suppression of actin polymerization by E3C1 in 3D cultured
cells, the phalloidin staining pattern of tumors was also
investigated (Figure 6B). Polymerized actin in the control
tumor showed diffuse staining and that in the E3C1-treated
tumor was detected only at the peripheral region of the
cells, resulting in a mesh-like appearance. Changes in actin
polymerization with E3C1 treatment suggested a change in
cell adhesion in vivo. To confirm the effects of E3C1 on cell
adhesion, immunohistochemistry for adhesion molecules
was performed. Cultured SCCKN cells on fibronectin-coated
cover glass were treated with 1 pmol/mL of an E3C1 recom-
binant protein for 10 minutes and were stained for paxillin
and actin (Figure 6C). In control cells, paxillin and actin were
stained in circular shapes corresponding to the cell edge and at
filopodia. On the other hand, circular patterns were disturbed

in E3C1-treated cells. Treatment with E3C1 quickly changed
the adhesion state of SCCKN cells in 2D culture.

E3C1 treatment induced apoptosis with disturbance of
adhesion. These results suggest that the apoptosis induced
by E3C1 was anoikis. As SCCKN cells are originally
resistant to deadhesion (Figure 3), it was speculated that
signals to change the susceptibility to anoikis were induced
by E3C1. The serine threonine kinase Aktl is essential for
the regulation of important cellular functions such as cell
survival and cell growth.'3!” As activation of Akt signaling
pathway is the most common mechanism to achieve anoikis
resistance in cancer cells, phosphorylation of Akt was ana-
lyzed (Figure 7A). Western blot of tumor tissue, using an
antibody against Akt phosphorylated at Thr308, showed
that the level of phosphorylation decreased gradually over
8 days after administration of the recombinant E3C1 protein.
On the other hand, Akt phosphorylation at Ser473 did not
change at all.

We next examined the expression pattern of Akt phospho-
rylated at Thr308 or at Ser473 in tumors using immunohis-
tochemistry. In control tumors, Akt phosphorylated at Thr308
was localized in the cytoplasm of cells at the periphery
of the parenchyma (Figure 7B). In E3Cl-treated tumors,
staining of Akt phosphorylated at Thr308 was diminished
when compared with controls. On the other hand, in cells of
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Figure 5 Consecutive treatment with recombinant E3C| suppressed cell migration in vitro.

Notes: (A) Phase-contrast images of wound healing assay of SCCKN cells consecutively treated with recombinant E3CI or control. (B) Graph shows migration velocity of
control and E3CI cells. (C) Graph shows migration distance of cells in collagen gel. (D) Phase-contrast photographs of control and E3C|-treated SCCKN cells in 3D culture.
Scale bars correspond to 50 um. Results are expressed as mean + standard deviation. **P<<0.01; n=20.

Abbreviations: 3D, three-dimensional; h, hours.

control tumors, Akt phosphorylated at Ser473 was diffusely
distributed throughout the entire cell (Figure 7C), whereas in
E3Cl-treated tumors, it was restricted to the peripheral area
of the cells in the parenchyma and stroma.

Discussion

A number of molecules have been developed as agents for
cancer treatment. Unfortunately, many of these have become
ineffective due to tolerance or have failed to produce satisfac-
tory results. Thus, treatment with E3C1 was expected to be
effective after long therapy, as it a biological molecule. This
study showed that gene therapy with E3C1 using a nonviral
vector was effective over a long period. The growth ratio of
E3Cl1-treated tumors was lower when compared with control
tumors at the end of observation. This treatment controlled
tumor size for 3 months. In addition to tumor growth, tumor
invasiveness was considered to be suppressed. The effects of
E3C1 treatment should significantly extend survival times.

Apoptosis of tumor cells induced by E3C1 treatment
contributed to the inhibitory action of E3C1 on tumor growth.
In this study, most of the apoptosis was detected in the necrotic
focus. The reason for this localization of apoptosis may be
due to the fact that although E3C1 could not induce apoptosis
alone, it has been reported that a recombinant E3 protein can
only induce apoptosis in 30% of treated cells in vitro.?* Some
conditions given in vivo could increase the capacity of E3C1
to induce apoptosis. E3C1 induction of apoptosis might be
helped by the hypoxic conditions in the necrotic focus.

Anoikis is a programmed cell death induced by cell
deadhesion from extracellular matrix.?! Apoptosis induced
by E3C1 treatment is accompanied by deterioration of cell
adhesion. Our experiment showed that E3C1 attenuated
formation of focal complexes in vitro. Distribution of poly-
merized actin was disturbed by E3C1 treatment in vitro and
in vivo. In 3D culture, protrusions of cells treated with E3C1
were poorly developed. These data suggest the attenuation
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Figure 6 Polymerized actin distribution with recombinant E3CI.

Notes: (A) Cells grown in collagen gel with control protein or recombinant E3C| were stained for actin with phalloidin (red) and for nuclei with SYTOX (green). Scale bar
corresponds to 10 um. (B) Polymerized actin stained with Alexa Fluor 568-labeled phalloidin (red) in tumor cells repeatedly treated with mock vector (control) or pE3CI
(E3CI). Nuclei were stained with Hoechst 33342. Scale bar corresponds to 50 pm. (C) Immunohistochemistry for paxillin (green). Actin was stained with Alexa Fluor 568-
labeled phalloidin (red). Scale bars correspond to 10 um.

Abbreviations: pE3CI, plasmid encoding E3CI; P, parenchyma; S, stroma.
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Figure 7 Phosphorylation of proteins involved in Akt signaling.

Notes: Protein expression was examined with antibody against Akt phosphorylated at Thr308 (p-Akt-Thr308) or at Ser473 (p-Akt-Ser473). (A) Western blots of proteins
in E3C|-treated and control cells involved in Akt signaling. Inmunohistochemical analyses of control or E3C|-treated mouse tumor for p-Akt-Thr308 (B) and p-Akt-Ser473
(C). Lines indicate borders between stroma and parencyhma. Scale bars correspond to 50 um.

Abbreviations: P, parenchyma; S, stroma.
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of cell adhesion to the substrate. The effects of E3C1 on
cell adhesion could be related to the function of Dell. Dell
has an Arg-Gly-Asp sequence in the second EGF domain
(E2) that is involved in cell adhesion via integrins.*> On the
other hand, it has been reported that Dell suppresses binding
between leucocytes and endothelial cells in inflammation.?
It is possible that E3 is an anti-adhesion domain and that Dell
functions in an adhesive or anti-adhesive manner according
to circumstances. In addition, Arg-Gly-Asp participates in
cell survival signals and E3 has been reported to induce
apoptosis. Isolation of the E3C1 fragment from Dell may
enhance E3C1 activity to attenuate cell adhesion and induce
cell death.

In addition to disorder of cell adhesion, treatment with
E3C1 increases the susceptibility of tumor cells to anoikis.
SCCKN cells are tolerant to anoikis and can generally pileup
in 2D culture. However, treatment with E3C1 caused the
loss of pileup activity. This suggests that E3C1 increases the
susceptibility of the cells to anoikis. Susceptibility to anoikis
is regulated by many factors. In this study, Akt signaling
was investigated as an anoikis-regulating factor. Aktl is a
general protein kinase that activates signals downstream of
phosphatidylinositol 3 kinase to mediate the effects of vari-
ous growth factors. The activity of Aktl is involved in the
metastasis, invasion, and prognosis of several carcinomas.'®
The activation of Aktl induces anoikis resistance.”** And
molecules that inhibit these signals and increase sensitivity
to anoikis can be utilized for cancer therapy.?**’ In the pres-
ent study, the phosphorylation and cellular distribution of
Aktl was changed by E3C1. Although the phosphorylation
of Akt at Ser473 was stable, the phosphorylation of Akt at
Thr308 was suppressed by continuous administration of
E3CI1 to cells in vitro, while the cellular distribution of Akt
phosphorylated at Ser473 changed with E3C1 treatment
in vivo. Phosphorylation of Akt on both Thr308 and Ser473 is
required for full activity of Aktl and these phosphorylations
are independently regulated. Akt is phosphorylated at the
plasma membrane, where it is targeted by phosphoinositide-
dependent kinase 1 and mammalian target of rapamycin
complex 2 for phosphorylation on Thr308 and Ser473,
respectively.?® It has been reported that phosphorylation of
Akt on Thr308 is involved in cell proliferation and survival.?’
Akt phosphorylation on Ser473 does not necessarily mean
high malignancy in cancer cells.*® It has been reported that
Aktl phosphorylated at Ser473, but not at Thr308, does not
move into the nucleus.’' In the present study, Akt that was
phosphorylated at Ser473 was not detected in the central
region of cells in tumors treated with E3CI1. It is thus possible

that E3C1 treatment regulates nuclear distribution of Akt.
Phosphorylation and distribution of Akt could be related to
the induction of anoikis by E3C1.

Histological and in vitro analyses suggested that E3C1
treatment suppressed cell invasiveness. Hematoxylin and
eosin staining of explanted tumors indicated that the surface
shape of tumors was changed by E3C1 treatment. Thus,
the tumor surface was smooth in E3C1-treated mice in
contrast to the ragged surface with budding that was present
in control tumors. Because budding is a sign of malignant
pathology, the disappearance of budding is considered to
be a benign change, suggesting low invasiveness. In in
vitro experiments, long-term exposure to E3C1 caused a
decrease in the migration of cells. Low motility could be
explained by disruption of adhesion. Suppression of actin
polymerization may be an additional cause of low motility.*
Cell migration is strongly related to invasion and metasta-
sis; thus, suppression of cell migration may contribute to
prolonged survival time.

Our data indicate that E3C1 treatment with nonviral vec-
tors was effective for long periods in explanted tumors. The
treatment attenuated cell adhesion and enhanced the sensitiv-
ity of the cells to deadhesion from matrix. It also suppressed
phosphorylation of Akt, which has been regarded as a locus
of drug resistance.’* Considering that cancer cells were sup-
ported by robust signaling networks for cell proliferation, cell
migration, and multidrug resistance, induction of apoptosis
via multiple pathways should be effective.** From this per-
spective, E3C1 which induces anoikis is candidate for a novel
option in cancer therapy. Although treatment with E3C1
appears to be insufficiently effective to eradicate tumors,
this biotherapeutic agent may overcome the low efficiency
of nonviral vectors and tolerance to conventional therapy
in combination with other chemotherapeutics. To develop
E3C1 treatment into practical applications for improving the
prognosis of cancer patients, its effects on other cell lines
need to be examined. It has been reported that recombinant
proteins with E3 domains induce apoptosis in COS-7 cells,
a melanoma cell line, and a cell line derived from yolk sac,
but not in murine erythroleukemia cells.?® As attenuation
of cell adhesion is induced by E3C1, treatment with E3C1
would be ineffective against hematological malignancies,
but useful against solid tumors.
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Supplementary materials

Control E3C1

V5

B-Actin

Figure S1 Western blot of recombinant protein of E3CI.

Notes: CHO cells were cultured in a six-well dish, and were transfected with plasmids expressing pE3C| or pcDNA3 (negative control). After 4 hours, medium was replaced
with | mL of 64 medium. After a further 96 hours, cells were fixed with | mL of 10% trichloroacetic acid and harvested with a cell scraper. Protein samples were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and were transferred to a PYDF membrane (ATTO, Tokyo, Japan). The membrane was incubated with anti-V5
tag antibody (Invitrogen, Carlsbad, CA, USA), followed by a horseradish peroxidase-conjugated secondary antibody. B-Actin was used as a loading control.
Abbreviations: CHO, Chinese Hamster Ovary; pE3Cl, plasmid encoding E3CI; PVDF, polyvinylidene difluoride.
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Figure S2 Repeated treatment with E3C| induced apoptosis in vitro.

Notes: (A) Apoptotic cells in control or E3CI-treated SCCKN cultured cells detected with polarity-sensitive indicator for viability and apoptosis-IANBD (Novus Biologicals,
Littleton, CO, USA). Scale bars correspond to 50 um. (B) The graph shows the number of apoptotic cells per field. Results are expressed as mean * standard deviation.
**P<0.01.
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Video S| Observation of migrating cells in 3D gel with mock treatment. A 120-minute movie was compressed to 10 seconds.

Video S2 Observation of migrating cells in 3D gel with E3C| treatment. A 120-minute movie was compressed to 10 seconds.
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