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Abstract

The transition from a non-invasive to an invasive phenotype is an essential step in tumor
metastasis. The Snail family of transcription factors (TFs) is known to play a significant role in
this transition. These TFs are zinc fingers that bind to the CAGGTG Ebox consensus sequence.
Co'"'-Ebox is a cobalt(I11) complex attached to an Ebox oligonucleotide that confers specificity
towards Snail TFs. Co'!'-Ebox has been shown to inhibit Snail-mediated embryonic neural crest
development in Xenopus laevis, but its efficacy in inhibiting Snail-induced cancer cell
invasiveness has not been explored. Here, we describe the efficacy of Co'!l-Ebox in inhibiting the
invasive aspects of heregulin B1(HRG)-treated breast cancer cells. Co!''-Ebox was found to inhibit
the capacity of Snail to repress target genes after HRG induction. Snail inhibition by Co'!'-Ebox
reduced the invasive propensity of cells in 2D and 3D, thereby demonstrating promise in
inhibiting metastasis.
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Introduction

Tumor metastasis is the process whereby cells disseminate from a primary tumor and are
established as secondary tumors at a distal site. This process is the leading cause of cancer-
related deaths.[t] Because most tumors are of epithelial origin, metastasis requires that these
cells lose their cell-cell adhesions and adopt a mobile, invasive phenotype. Although
inhibition of this process could lead to successful treatment of many cancers, it is a complex,
multistep process that has been difficult to target with therapy. Current strategies include
inhibition of tumor cell survival in the bloodstream,[?] prevention of cell attachment at the
secondary tumor site,[3] and inhibition of extracellular proteins such as matrix
metalloproteinases to prevent degradation of the extracellular matrix.[] Notably, none of
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these approaches effectively treat metastasis in vivo. Antimetastatic capacity could be
improved if drugs were able to suppress multiple metastatic traits simultaneously.

The Snail TF has been associated with metastatic tumors, and it is believed that this is a
result of Snail’s involvement in cellular adhesion and motility.[>! Snail is most commonly
associated with a distinct phenotypic change called the epithelial-to-mesenchymal transition
(EMT) and is integral to embryogenic morphogenesis and fibrosis.[8] It is widely recognized
that there are significant similarities between EMT and the progression to an invasive
phenotype that develops in cancer.[”] Furthermore, Snail is believed to be a key component
of both phenotypes. Snail family TFs bind to a consensus CAGGTG sequence known as the
Ebox sequence by a CysyHis,-type zinc-finger where they act as transcriptional repressors,
inhibiting the expression of target genes such as E-cadherin and other epithelial markers.[8]
This transcriptional repression leads to the development of a mobile phenotypel®] (Figure 1
A and B). It has been well documented that epithelial tumors reduce E-cadherin as they
progress toward malignancy.[19] Beyond repression of E-cadherin, Snail expression results
in a decrease in cell-cell adhesions, an increase in cellular motility, an upregulation of cell
survival genes, and expression of extracellular matrix remodeling proteins.[>d]

A critical barrier to inhibiting TFs is that pharmacological manipulation remains elusive.[11]
Unlike enzyme active sites, TFs generally lack specific binding sites for small molecules to
inhibit the function of the protein.[11] With the exception of drugs targeting TFs of the
nuclear hormone receptor super family, TFs are generally considered undruggable.l!1] For
example, most TF-targeted drugs rely on reversible interactions to disrupt TF-DNA binding,
necessitating the use of high concentrations of the drug to achieve effective
modulation.[!1-12] An alternate approach to targeting TFs is to use DNA as a decoy to bring
TFs into proximity with an effector moiety capable of disabling the TF.[13]

Co!l-Schiff base complexes (Co''!-sb) consisting of the tetradentate
bis(acetylacetone)ethylenediimine (acacen) as the equatorial ligand and amines as axial
ligands have been shown to irreversibly inhibit the activity of histidine(His)-containing
proteins such as thermolysin, a-thrombin, and matrix metalloproteinases.[14] The labile axial
ligands of the Co'!l-sb moiety undergo dissociative ligand exchange with the imidazole ring
of essential His residues in the binding site of the protein, causing irreversible disruption of
protein structure and loss of function.[1%]

Specificity can be incorporated into Co'!!-sb inhibitors by conjugation to a targeting moiety,
such as a peptide or oligo-nucleotide.[142.C16] A Co'!l-sh complex tethered to a decoy Ebox
sequence oligonucleotide (Co'!'-Ebox; Figure 1 C) has been previously reported and has
shown remarkable specificity and efficacy in the inhibition of Snail family TFs involved in
embryonic neural crest development of Xenopus laevis.[142.16a] \When Co!!'-Ebox is
administered to cells undergoing EMT, Snail family TFs are expected to reversibly bind to
the decoy oligonucleotide. This binding event will bring the TF in close proximity to the
inhibitor and allow for specific inhibition (Figure 1 D). Considering the high specificity and
efficacy of the Co!!'-Ebox conjugate, this strategy has the potential to overcome the
shortcomings of previously studied TF inhibitors.
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Based on the highly specific and efficient inhibition of EMT by Co!!l-Ebox observed in
embryonic neural crest development, this approach has strong potential as a TF inhibitor that
could be used in the treatment of metastasis.[*4a16a] To further investigate this possibility,
the capability of Co'!'-Ebox to inhibit artificially induced EMT was studied in breast cancer
cells. EMT induction was achieved in SKBR3 and MCF7 epithelial breast cancer cells by
treatment with heregulin-f1 (HRG, or neuregulin), a known inducer of EMT in these cell
lines.[17] Snail has explicitly been shown to be essential for this transition for SKBR3 cells,
and in both cell lines Snail has been shown to localize to the nucleus after exposure to
HRG.[17-18] |t was hypothesized that inhibition of Snail activity with Co'!'-Ebox would
result in attenuation of multiple mesenchymal traits in these cells. The effects of Co!!!-Ebox
were analyzed from multiple aspects to characterize its in vitro efficacy as an antimetastatic
agent with particular emphasis on studying the functional aspects of inhibition of Snail.

The ability of Co'"'-Ebox to selectively block Snail-induced motility in tumor-derived cells
was examined. In previous studies, Snail-mediated transcriptional repression was shown by
transfecting epithelial cells with murine Shail to achieve selective expression of Snail. This
determined a clear link between the effects of Co'!'-Ebox and the presence of its
target.[142.16] | the present study, the ability of Co!!'-Ebox to prevent phenotypic changes
from endogenous Snail induced by HRG in cancer cells was explored.

HRG is a member of the EGF-like growth and differentiation factors that bind with high
affinity to receptors ErbB3 and ErbB4.[1%1 HRG is overexpressed in breast cancers and is
strongly associated with cancer progression and metastasis, an aggressive clinical course,
and poor prognosis of the disease.[2% In vitro, HRG is known to transform MCF7[21] and
SKBR3I18] epithelial breast cancer cell lines to a more invasive and aggressive phenotype
(Figures S1 and S2 in the Supporting Information) and has been associated with induction of
EMT.[17] As HRG is capable of inducing EMT in these cell lines within 48 h, it was used to
test the efficacy of Co!!l-Ebox to inhibit the effects of Snail.

The ability of Co''-Ebox to alleviate transcriptional repression of the E-cadherin promoter
was examined. 20 ng mL~1 HRG causes a time-dependent decrease of E-cadherin
expression in cells transfected with the wild-type luciferase reporter gene construct (Ecad-
luc; Figure 2). To ensure that this was an effect mediated by Snail binding to the E-cadherin
promoter, the experiment was repeated with a mutated luciferase reporter gene construct
(EcadMut-luc) that does not bind Snail.[22] Cells transfected with EcadMut-luc did not show
a decrease in E-cadherin expression in response to HRG (Figure S3). To test the inhibitory
effect of Co!!l-Ebox, the cells were cotransfected with 40 nM Co'!'-Ebox and the Ecad-luc
construct. As a result of having a nuclear export sequence, Snail resides in the cytosol in
unstimulated cells.[23] Therefore, transfection agents which deposit cargo into the cytosol
can effectively deliver Co'"'-Ebox to Snail.[24] The concentrations of Co!!-Ebox and
transfection agent used have previously been shown to be non-toxic to the cells (Table
S1).[16a] The HRG-induced decrease in E-cadherin expression was inhibited, showing that
Co'''-Ebox alleviates the repression of E-cadherin expression (Figure 2A and B).
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To assess the specificity and efficacy of Co'!l-Ebox, its effects were compared to treatments
with the untargeted Co'!!-sh, Ebox double-stranded oligonucleotide (ds-Ebox), and a
mutated Co!"'-DNA conjugate (Co'"-EboxMut; Figure 1). The Ebox sequence in Co'!l-
EboxMut has a two-base-pair substitution to diminish Snail protein binding. These three
control derivatives were used to evaluate the specificity and efficacy of the binding
interaction between Snail family TFs and Co!!l-Ebox.[142.16a] |n al| cases, the HRG-induced
decrease in E-cadherin expression was not inhibited compared to Co'!'-Ebox (Figure 2 C
and D).

These results show that it is the cooperative effect between the sequence specificity of the
targeting Ebox oligonucleotide and the inhibitory efficacy of the Co'!l-sb that allows the
potent inhibition of Snail family TFs by Co!!'-Ebox, corroborating previously observed
results.[142.16a] Specific inhibition of the Snail transcription factor is particularly desirable
because reducing Snail activity has the potential to simultaneously prevent several aspects of
HRG-induced invasiveness. This prediction stems from the centrality of Snail in the
induction of EMT.[€]

The extent of inhibition of E-cadherin repression by Co''-Ebox was not complete, as a
decrease in E-cadherin expression was observed over time. However, the alleviation of E-
cadherin repression was specific and significant. This is particularly important, as Snail has
a high turnover, with a ty/, of less than 1 h.[25] Despite this high protein turnover, Co!'l-Ebox
was capable of inhibiting the Snail family TF-mediated repression of E-cadherin expression
over 48 h, emphasizing the potency of this conjugate.

To correlate the results observed in the luciferase assay experiments, expression of
cytokeratin-18 (a Snail target gene)[8] was monitored in the presence and absence of Co'!l-
Ebox by western blot analysis. Similar to E-cadherin, the cytokeratin-18 promoter includes
Ebox sequences, and its expression is repressed by Snail.[26] GAPDH was used as a loading
control and to normalize the cytokeratin-18 band intensities. HRG at 20 ng mL™1 caused a
time-dependent decrease of cytokeratin-18 expression in both SKBR3 and MCF7 cells
(Figure 3). When the same cells were treated with Co'!'-Ebox, the HRG-induced decrease in
cytokeratin-18 was not observed. Graphs showing the relative expression levels of
cytokeratin-18 demonstrate that Co'!l-Ebox effectively inhibits the Snail-induced decrease in
this epithelial marker (Figure 3 B and C).

The expression levels of Snail were also probed by western blot. As the target of Co!!'-Ebox
is the Snail proteins themselves and not any of the upstream transducers, its expression was
not expected to change in the presence or absence of Co''l-Ebox. Snail expression increased
in cells treated with HRG (Figure 4 A). However, the increase in Snail expression was
unaltered by Co'!'-Ebox treatment. This showed that Co!!'-Ebox - prevented the repression
of E-cadherin and cytokeratin-18 through Snail inhibition and not through a reduction of
Snail expression.

In a similar manner to the Ecad-luc experiment, the specificity and efficacy of Co!!'-Ebox
was tested by comparing its effects to control treatment with Co'!l-sb, ds-Ebox
oligonucleotide, and Co!"'-EboxMut (Figure 3 D). In all cases, the HRG-induced decrease in
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cytokeratin-18 expression was not alleviated, which is in accordance with the Ecad-luc
experiment. The requirement of having an Ebox sequence conjugated to the Co!!! complex
in order to prevent cytokeratin-18 repression further emphasizes the highly specific and
effective nature of Snail inhibition by Co!''-Ebox.

The Snail-induced decrease in expression of epithelial markers allows for HRG signaling to
cause a corresponding increase in mesenchymal markers, several of which are associated
with metastasis. The expression of fibronectin is an indicator of the invasive phenotype
associated with Snail.[27] For this reason, the ability of Co!'l-Ebox to inhibit the HRG-
induced increase in expression of fibronectin was investigated. This was accomplished by
immunofluorescence staining of SKBR3 and MCF7 cells. Cells that were treated with HRG
showed red fluorescence, corresponding to the Cy5-conjugated secondary antibody and
indicative of the expression of fibronectin. In contrast, the cells that were treated with Co'!'-
Ebox or those that were not treated with HRG did not display red fluorescence. This
observation shows that Co'!'-Ebox is capable of inhibiting the downstream increase in
fibronectin (Figure 4 A).

The level of fibronectin expression over time was compared by assessing the amount of red
fluorescence corresponding to the Cy5-conjugated secondary antibody in a representative
area of the image (Figure 4B and C). 20 ng mL~1 HRG was shown to cause a time-
dependent increase in fibronectin expression, but when the same cells were treated with
Co'"'-Ebox, the HRG-induced increase in fibronectin was not observed. This result validates
that Co'!l-Ebox effectively inhibits the HRG-induced increase in fibronectin, potentially
preventing the capacity to invade surrounding tissue.

MMP-9 has been associated with increased metastatic potential due to its ability to degrade
the extracellular matrix and promote angiogenesis.[28] It has been shown that HRG increases
MMP-9 protein, mRNA, and activity levels in MCF7 and SKBR3 cells.[291 Furthermore, in
MDCK cells, Snail expression has been shown to directly increase expression of
MMP-9.30] Therefore, the capacity of Co!''-Ebox to inhibit HRG-induced expression of
MMP-9 was explored. The activity of the enzyme was detected by gel zymography. Cells
were grown in serum-free media and treated with vehicle or Co'''-Ebox, followed by HRG.
Fractions of the media were collected 0, 24, and 48 h after treatment and analyzed for
MMP-9 activity. The cells treated with HRG exhibited a time-dependent increase in MMP-9
activity (Figure 4 D). However, this time-dependent increase in MMP-9 activity was
inhibited when the same cells were treated with Co''-Ebox. This result further confirms that
Co'''-Ebox inhibition of Snail is capable of attenuating the invasiveness caused by HRG
exposure.

Snail expression increases the invasive and migratory properties of cells; hence, inhibition
with Co'!'-Ebox is expected to prevent these processes. To confirm this, a functional scratch
wound assay was performed. Three scenarios were compared: cells grown with 1) no HRG,
2) HRG only, and 3) both HRG and Co'!'-Ebox. Cells that were grown with no HRG
showed little migration (Figure 5 A and B). However, cells treated with HRG showed much
higher migration, and cells treated with Co'''-Ebox were shown to migrate slower than
HRG-treated cells but faster than cells grown without HRG. Further, the cells treated with
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HRG were observed to migrate with a mesenchymal phenotype, in which the cells have a
spindle-like appearance and migrate as individual cells rather than as clumps of cells (Figure
S4). In contrast, cells treated with both HRG and Co'!'-Ebox were observed to migrate less
with a mesenchymal phenotype and more with an epithelial phenotype, further supporting
that Co!l-Ebox is capable of inhibiting the HRG-induced invasiveness. These results show
that Co'!!-Ebox is capable of preventing the HRG-induced increase in migration by SKBR3
and MCF7 cells.

To corroborate the results of the scratch wound assay, trans-well migration and invasion
assays were performed (Figure 5C and D). For these experiments, the migration and
invasion of mesenchymal-like MDA-MB-231 cells[31] were compared to those of the more
epithelial SKBR3 and MCF7 cells.[17] The transwell migration and invasion assays were
both carried out by using Corning Transwell inserts which have 8 um pores in a
polycarbonate membrane.

For the migration assays, the cells were plated in wells and treated with HRG alone or with
HRG and Co'"'-Ebox. Serum was used as the chemo-attractant. For the invasion assay,
basement membrane extract (BME) was plated into the inserts as an invasion substrate
between the cells and the chemo-attractant. It was found that MDA-MB-231 cells had the
highest migratory/invasive ability, followed by SKBR3 cells, and finally, MCF7 cells. For
all cell lines (regardless of the availability of chemo-attractant), those treated with Co'!l-
Ebox displayed less migration and invasion compared to the untreated cells. In particular,
SKBR3 and MCF?7 cells treated with Co!!'-Ebox migrated and invaded significantly less
than the control in the presence of chemo-attractant. This demonstrates that Co'!'-Ebox is
capable of inhibiting the migration and invasion of cells undergoing HRG-induced EMT.

To study the effect of Co'!'-Ebox in a more physiologically relevant environment, spheroids
grown on a bed of agarose were used as a model of metastatic tumors.[32] Attempts were
made to grow spheroids from MDA-MB-231, SKBR3, and MCF7 cells, but only MCF7
cells successfully formed spheroids. Consequently, spheroid outgrowth experiments were
carried out in MCF7 cells.

MCF7 cells were seeded at a density of 2.5 x 104 cells per well in a 96-well plate in serum-
free medium, allowed to settle overnight, then transfected with vehicle or 40 nM Co'!'-Ebox.
After 24 h of incubation at 37 °C, the spheroids were treated with water or 20 ng mL™1
HRG. The cells were then allowed to aggregate for five days. Each spheroid was
approximately 400 um in diameter after the five day growth period. Figure 6 shows the
transmittance images of spheroid morphology eight days after the cells were plated on the
bed of agarose. Cells grown without HRG formed clearly defined spheroids. However, cells
that were treated with HRG grew malformed spheroids with ill-defined perimeters. This is
likely due to HRG causing the cells to acquire a more migratory and invasive phenotype,
which causes the cells to break away from the spheroid. Spheroids that were treated with
both HRG and Co!!'l-Ebox presented the same morphology as the spheroids untreated with
HRG, showing that Co'''-Ebox is able to inhibit the effects of HRG, even in 3D culture.
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To further assess the migratory and invasive behavior of spheroids, those grown in the same
conditions as outlined in Figure 7 were embedded in BME, which mimics the extracellular
matrix of cells. The purpose of this experiment was to observe the migration and invasion of
cells originating from spheroids in a 3D setting, as this should be more representative of the
actual behavior of cells metastasizing from tumors in vivo. To achieve efficient embedding
in BME, the spheroids were harvested from the agarose bed and gently washed in PBS to
remove any cell debris. They were then mixed with a BME solution in serum-free media
supplemented with HRG, and the mixture was placed in a small well lined with pre-gelled
BME such that the spheroids were suspended three-dimensionally in BME upon gelling at
37°C. Images of the spheroids were obtained every three days, and the spheroids were fixed
and immunostained for fibronectin after a total of two weeks.

Spheroids that were treated with vehicle showed migration and invasion of cells
disseminating from the spheroids over a 12-day period (Figure 7A). During this time, the
spheroid was occupy a larger volume. The spheroid became less compact, with clusters of
cells migrating away from the main body of the spheroid. This phenomenon was observed to
occur in all directions, as captured by Z-stack images (Movies S1 and S2 in the Supporting
Information). In contrast, the spheroid treated with Co!''-Ebox did not invade the BME to
the same extent (Figure 7 B). Some alteration in the spheroid morphology was observed, as
shown by reorganization of its shape over time, but the volume occupied by the spheroids
appeared to remain unchanged. The spheroids treated with Co'!'-Ebox remained dense, and
no significant outgrowth or invasion into the BME was observed.

The visual observations of spheroid outgrowth were compared by measuring the spheroid
density against the background using ImageJ software and determining the average diameter
of the spheroids at each time point. The diameter of HRG-treated spheroids increased by
approximately 200 um after the 12-day period, indicating that the invasion of cells into the
BME was extensive. In comparison, the diameter of the spheroids co-treated with Co'!!-
Ebox remained virtually unchanged. This corroborates the visual observations that Co!!!-
Ebox inhibits the invasion and migration of cells from spheroids. The difference in extent of
outgrowth between the spheroids treated with HRG only and those that were co-treated with
Co''-Ebox highlight the efficacy of Co!!-Ebox at inhibiting the migratory and invasive
propensity of cells in a 3D setting.

The expression of fibronectin (a mesenchymal marker) was probed in spheroids embedded
in BME by immunostaining (Figure 7 A5-7 and B5-7). For the spheroids treated with
vehicle only, the red fluorescence indicating fibronectin expression was found to be
localized in the perimeter of the spheroids where the cells appeared to be disseminating
away from the body of the spheroid. This suggests that fibronectin is being expressed by the
cells that are located at the outermost part of the spheroid, where they are in direct contact
with the BME. These cells are expected to be aggressively migrating and invading the
matrix in response to HRG, which is in agreement with the high expression levels of
fibronectin. In contrast, the spheroids that were treated with Co'!'-Ebox did not show any red
fluorescence, indicating that there was no fibronectin expression. This result further supports
the observations that the outgrowth of HRG-treated spheroids requires Snail activity and that
Co'''-Ebox is capable of inhibiting this process in 3D. To our knowledge, this is the first
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successful example of using spheroids to study inhibition of EMT using a 3D tumor model
in vitro.

Conclusion

The results of the experiments described in this report show that Co'!'-Ebox is capable of
inhibiting multiple aspects of Snail activity during HRG-induced EMT in SKBR3 and
MCF?7 breast cancer cells. Specifically, Co'!'-Ebox was observed to inhibit the Snail-
induced decrease in epithelial markers such as E-cadherin and cytokeratin-18. Co'!'-Ebox
was also observed to inhibit the corresponding Snail-induced increase in mesenchymal
markers such as fibronectin and MMP-9. Through Snail inhibition, Co''-Ebox was capable
of delaying the invasive phenotype induced by HRG, both in 2D and 3D cell culture. In
particular, the observed inhibition of spheroid invasion into BME in 3D demonstrates that
Co''-Ebox has significant promise in preventing tumor metastasis. The success of the agent
in vitro warrants further experiments in vivo and in the clinic as an effective treatment for
metastasis with a novel mode of action.

Experimental Section

Materials

Co'l-Ebox conjugate was prepared by previously described methods.[142.160] HRG was
purchased from Sigma—Aldrich and was used without further purification.

Assays and statistical analysis

Details of the cell culture conditions, cytotoxicity assay, reporter gene assay, Western blot
analysis, immunofluorescence study, zymography, scratch wound assay, and transwell
assays are described in the Supporting Information. Statistical analysis was performed on the
means by using Student’s t-test where *P <0.05 and **P <0.005.

Confocal microscopy of spheroids

Spheroids were prepared by plating of a single cell suspension of MCF7 cells (100 pL; 2.5 x
10° cells mL~1) onto 96-well plates coated in each well with agarose (35 uL; 0.75 % wiv in
PBS).[32] Following incubation overnight, the spheroids were treated with of Co'''-Ebox (40
nM) complexed to Turbofect Transfection Reagent (Thermo Scientific). After 24 h, the cells
were treated with HRG (20 ng mL™1) and allowed to aggregate for five days without motion,
resulting in the formation of a single spheroid per well.

On day 5, the spheroids were gently washed with PBS and embedded in Cultrex BME (75
uL; 0.25 ug puL=1; Trevigen) in medium with and without HRG (20 ng mL™1). The
embedding was performed in a two-well insert attached to a 35 mm microscopy p-dish
(iBidi) lined with Cultrex BME (20 pL; 0.25 ug uL™1). The embedded spheroids were
imaged on day 1 and subsequently every 3 days over 12 days. At the end of the 12 days, the
spheroids were fixed in 3.7 % (w/v) formaldehyde solution in PBS for 2 h, then blocked
overnight in 6 % (w/v) BSA with 0.25 % (v/v) TritonX-100 in PBS at room temperature. The
wells were washed with 0.25 % (v/v) TritonX-100 in PBS (3 x 10 min) and incubated with
anti-fibronectin mouse mAb (1:1000; Thermo Scientific) in BSA (3 %, w/v) with
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TritonX-100 (0.25 %, v/v) in PBS overnight at room temperature. The wells were washed in
PBS (3 x 10 min) and incubated with Cy5-conjugated secondary antibody (1:500) in BSA (3
%, wiv) with TritonX-100 (0.25 %, v/v) in PBS overnight at room temperature. The wells
were washed with TritonX-100 (0.25 %, v/v) in PBS (3 x 10 min), incubated with DAPI
(300 nM) with TritonX-100 (0.25 %, v/v) in PBS overnight at room temperature, and imaged
the following day.

Confocal fluorescence microscopy was performed on a LSM 510 inverted confocal scanning
microscope (Zeiss) and an EC Plan-Neofluar 10 x 0.30 objective lens. Confocal images
were acquired with a 700 nm Mai-Tai Ti-Sapphire crystal laser (Spectra-Physics), a 480 nm
LGK7812ML4 Ar laser (Lasos), and a 633 nm LGK7628-1 He/Ne laser. The emission
ranges were 390-465, 500-530, and 650-710 nm, respectively. A scan rate of 1.6 us per
pixel was used for all images, and an average of four scans per image were collected. Z-
stack images were collected at increments of 15 um. An incubator chamber (PeCon) was
used to maintain the temperature at 37 °C during imaging. At least three spheroids were
imaged on each occasion, and the experiments were repeated on at least three separate
occasions. Images shown are a representative replicate.

Relative quantification of the spheroid outgrowth was carried out by using ImageJ (National
Institutes of Health), by drawing an 800 um line through the center of the spheroid in the Z-
stack transmittance image and measuring the integrated density where the spheroid had the
largest diameter. The diameter of the spheroid was determined from the plotted profile of the
line. This procedure was repeated 16 times, rotating the line around the spheroid at
approximately equal angle intervals, and the measured diameters were averaged.
Measurements were taken from at least six different spheroids in each treatment group.
Statistical analysis was performed on the means by using Student’s t-test where *P < 0.05
and **P <0.005.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic showing the predicted mode by which Co'!'-Ebox inhibits Snail family TF-
mediated metastasis. A) The cells remain adherent when the Ebox consensus sequence is
unoccupied.[®] B) The cells acquire a mobile phenotype when Snail family TFs bind to the
Ebox consensus sequence and inhibit target gene transcription.[?] C) The structure of Co'!l-
Ebox. Co!''-Ebox is a conjugate of Co'!!-sh peptide-coupled to an amine-modified Ebox
oligonucleotide. * indicates the nucleotides with phosphorothioate bonds that prevent
nuclease degradation. D) Co!!'-Ebox inhibits Snail family TFs from binding to the Ebox
consensus sequence. Snail family TFs are believed to reversibly bind to the targeting decoy
oligonucleotide, bringing the TF into close proximity of the Co'!l-sb inhibitor to elicit
irreversible inhibition.
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Figure 2.
Co''-Ebox treatment alleviated the HRG-induced decrease in E-cadherin expression in

breast cancer cells. A) SKBR3 and B) MCF7 cells transfected with the luciferase reporter
showed a time-dependent decrease in E-cadherin expression in response to HRG. This effect
of HRG was alleviated when co-treated with Co!!'-Ebox (M). Data are presented as means +
S.E.M., n =3. Student’s t-tests determined statistical significance from control treatment
groups ( =) where *P <0.05 and **P<0.005. C) SKBR3 and D) MCF7 cells do not show the
same inhibition of E-cadherin expression as Co'!'-Ebox following treatment with Co'!'-sb,
ds-Ebox, or Co!'l-EboxMut. Data are represented as means + S.E.M., n =3. Student’s t-tests
determined statistical significance from control treatment groups where *P <0.05 and
**P<0.005.
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Figure 3.

Co''l-Ebox treatment alleviated the HRG-induced decrease in cytokeratin-18 expression in
breast cancer cells. A) Western blot films showed a time-dependent decrease in
cytokeratin-18 in response to HRG in SKBR3 and MCF7 cells. This effect of HRG was
alleviated when co-treated with Co!!'-Ebox. For both cell lines, the time-dependent increase
in Snail in response to HRG was not affected by Co!!l-Ebox treatment. GAPDH was used as
a loading control. Relative quantification of cytokeratin-18 expression in B) SKBR3 and C)
MCF7 cells. Data are represented as means + S.E.M., n =3. Student’s t-tests determined
statistical significance from control treatment groups where *P <0.05 and **P<0.005. D)
The inhibitory effect of Co!!l-Ebox on cytokeratin-18 expression was not observed when
SKBR3 cells were treated with Co!'!-sh, ds-Ebox, or Co'!l-EboxMut. Data are represented as
meansS.E.M., n =3. Student’s t-tests determined statistical significance from control
treatment groups where *P <0.05 and **P <0.005.
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Figure4.
Co''-Ebox treatment alleviated the HRG-induced increase in mesenchymal marker

expression in breast cancer cells. A) Fluorescence microscopy images of immunostained
SKBR3 and MCF7 cells showing red (Cy5) fluorescence, indicating fibronectin expression
in response to HRG. No fibronectin-associated fluorescence was observed following co-
treatment with Co!!'-Ebox. Scale bar: 200 pm. Relative quantification of B) SKBR3 cells
and C) MCFT7 cells showed a time-dependent increase in fibronectin in response to HRG.
This effect was alleviated when co-treated with Co!!!-Ebox (M). Data are represented as
means + S.E.M., n =3. Student’s t-tests determined statistical significance from control
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treatment groups ( ~) where *P<0.05 and **P <0.005. D) Gel zymograms of SKBR3 and
MCF7 cells showed a time-dependent increase in MMP-9 activity in response to HRG. The
effects of HRG were alleviated by co-treatment with Co'!'-Ebox.
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Figure5.
Co''-Ebox treatment alleviated the HRG-induced increase in breast cancer cell migration

and invasion. Graphs comparing the percent migration of A) SKBR3 and B) MCF7 cells in a
scratch wound assay in the presence and absence of HRG, and with or without Co!!-Ebox
co-treatment. Data are represented as means=S.E.M., n =9. Comparison of C) the percent
migration and D) the percent invasion of HRG-treated MDA-MB-231, SKBR3, and MCF7
cells with () or without ( *) Co''-Ebox co-treatment, and with or without chemo-attractant
(serum). Data are represented as means + S.E.M., n =3. Student’s t-tests determined
statistical significance between control and Co!!'-Ebox treatment where *P<0.05 and **P
<0.005.
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Figure6.
Transmittance images of MCF7 spheroids. A) Treated with vehicle only, B) treated with

Co'"'-Ebox only, C) treated with HRG only and D) treated with HRG and Co'!'-Ebox. Scale
bar: 200 pum.
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Co'''-Ebox treatment alleviated the HRG-induced increase in breast cancer spheroid
invasion. MCF7 spheroids embedded in BME treated with A) HRG and B) HRG with Co'!'-
Ebox were imaged at 1) one day, 2) three days, 3) six days, and 4) nine days. After 12 days,
the spheroids were fixed and immunostained for fibronectin. Fluorescence images of 5)
fibronectin (Cy5), 6) nucleus (DAPI) and 7) merge of (5) and (6). Scale bar: 200 um. C)
Graph comparing the outgrowth of the spheroids as determined by measuring the diameter
of the spheroids over time. Data are represented as mean = S.E.M., n =3. Student’s t-tests
determined statistical significance between control ( =) and Co'!'-Ebox treatment (M) where

*P <0.05 and **P< 0.005.
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