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Streptolysin O (SLO) is a protein cytotoxin derived from Group A beta-hemolytic streptococci that associates
with membranes and permeabilizes cells. Oxidation inactivates SLO, eliminating the characteristic hemolytic
and cytotoxic activities. However, oxidized SLO produces beneficial therapeutic effects in vivo on scleroderma,
scar formation and wound healing. Here we report that oxidized SLO also significantly inhibited invasion by
human metastatic breast cancer MDA-MB-231 cells through Matrigel in an in vitro model of metastatic
disease. This dose-dependent response corresponded to selective SLO activation of epidermal growth factor
receptor (EGFR) ErbB1. SLO and EGF were equally selective in activation of EGFR, but EGF elicited larger
relative increases in phosphorylation at various sites, especially pronounced for Tyr845. Addition of SLO did
not affect either ERK1/2 or Akt kinases and altered the expression of only 10 of 84 metastasis-related genes in
MDA-MB-231 cells. Neither SLO nor EGF promoted growth of several human breast cancer cell lines.
Knockdown of EGFR by siRNA ablated the inhibitory effect of SLO on cancer cell invasion, showing SLO
selectively activated ErbB1 kinase to reduce invasion without increasing cell growth. The results suggest SLO
might have promise as a new therapy to inhibit metastasis.
+1 434 243 2829.
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1. Introduction

Streptolysin O has been used widely as an analytical reagent
for permeabilizing cells [1], taking advantage of the property that
it binds to cholesterol in its reduced state and oligomerizes to
create relatively large pores in the plasma membrane of cells [2,3].
However, oxidized Streptolysin O (SLO) is inactive as a toxin and
instead has been investigated as a therapeutic agent in pre-clinical
in vivo animal models [4]. Interesting evidence for the effectiveness
of SLO in resolution of scar tissue suggests SLO has effects on
remodeling of the extracellular matrix, perhaps through changes in
expression of matrix metalloproteinase and/or signaling in fibro-
blasts, keratinocytes or other cells to modify their migration and
invasion [4]. These considerations led to our hypothesis that SLO
might alter invasion of metastatic cancer cells. Here we tested SLO
with a human breast cancer cell line MDA-MB-231 derived from
metastatic disease. Cell invasion through Matrigel was inhibited by
dose-dependent addition of SLO. Analysis of signaling events
revealed that SLO selectively activated the EGF ErbB1 receptor.
Knockdown of EGFR by siRNA prevented SLO inhibition of invasion,
indicating that the EGFR is required for response to SLO. The results
offer unexpected new insights into the mechanism of action of SLO
and the role of EGFR in cancer metastasis.
2. Materials and methods

2.1. Cell culture and reagents

MDA-MB-231 human breast carcinoma cells were cultured in L-15
medium supplemented with 10% fetal bovine serum and maintained
at 37 °C in a humidified atmosphere without CO2. BD BioCoat Growth
Factor Reduced BD Matrigel Invasion Chambers were purchased
fromBD Bioscience and Human Phospho-RTK Arrayswere purchased
from R&D Systems. Streptolysin O (SLO, also known as ML-5) was a
purified recombinant preparation that was air oxidized to render it
catalytically inactive. Anti-phospho ERK and anti-ERK were pur-
chased from Cell Signaling. Anti-EGFR was a generous gift from S.
Parsons (University of Virginia). Secondary antibodies Alexa Fluor®
680 goat anti-rabbit IgG and anti-mouse IgG were purchased from
Invitrogen, and donkey anti-rabbit IRDye 800CW was purchased
from LI-COR Biosciences (Lincoln, NE). Immunoblotting was done as
previously described [5] and used quantitative infrared fluorescent
scanning with the Odyssey system (LiCor Inds.). EGFR siGENOME
SMARTpool siRNA was purchased from Thermo Scientific. Other
reagents and chemicals were from Thermo Fisher Scientific.
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2.2. Cell invasion assay

MDA-MB-231 cells (2.5×105) were plated in duplicate into the
upper chambers of a BD BioCoat Growth Factor Reduced Matrigel
Invasion Chamber (BD Bioscience) in serum freemedia. Recombinant
SLO in concentrations from 0 to 10 units/ml was added to cells 1.5 h
after plating and cells allowed to invade into the bottom chamber
containing 10% fetal bovine serum for 22 h. Upper chambers were
rinsed with phosphate buffered saline and wiped with cotton swabs
to remove non-invasive cells. Lower chambers were washed with
saline and theMatrigel inserts were fixed inmethanol for 15 min and
stained with 0.005% crystal violet/methanol to visualize the cells.
Specimens were examined with a Zeiss Axiovert 135 inverted
microscope using a 10× objective. The average number of invasive
cells for each condition was calculated from images of six fields.
Results from 3 independent experiments were used in a Student's t
test to determine statistical significance.

2.3. Invasion assay with siRNA knock down

MDA-MB-231 cells were seeded at a density of 900,000 per 10 cm
plate in Dulbecco's modified Eagle's medium. Cells were transfected
with either 100 nM EGFR siRNA or non-targeted siRNA using oligofec-
tamine according tomanufacturer's instructions 1.5 h after plating. Cells
were transfected again at 24 h and cultured for an additional 48 h. The
siRNA treatedMDA-MB-231 cells were plated (1.5×105) in duplicate in
the upper chamber of a BD BioCoat Growth Factor Reduced BDMatrigel
Invasion Chamber (BD Bioscience) in serum freemedia. Either 10 units/
ml recombinant SLO or 50 ng/ml EGF were added to cells 1.5 h post
plating and cells were allowed to invade into the bottom chamber
containing 10% FBS for 22 h. Upper chambers were rinsed with PBS and
wipedwith cotton swabs to remove non-invaded cells. Lower chambers
were washed with PBS and the Matrigel inserts processed as described
above. Whole cell extracts from siRNA treated cultures were immuno-
blotted with anti-EGF to demonstrate knock down.

2.4. RTK arrays and immunoblots

MDA-MB-231 cells were plated onto 10 cm tissue culture dishes
and grown to 80% confluency. Cells were treated with 0 or 10 units/ml
of recombinant SLO for 1.5 h. Alternatively, cells were treated with
50 ng/ml EGF for 1.5 h. After treatments cells were lysed in 400 μl
of NP40 lysis buffer (1% NP40, 20 mM Tris-HCl (pH 8.0), 137 mM
NaCl, 10% glycerol, 2 mM EDTA, 1 mM sodium orthovanadate, and
1X protease inhibitor cocktail V) and centrifuged at 13,000 g for
15 min. Alternatively, peroxyvanadate was prepared as previously
described [5] and added to cells prior to lysis. Human Phospho-
RTK Arrays (R&D Systems) were incubated with 250 μg of whole
cell extracts overnight at 4 °C, washed and incubated with the
anti-phospho-tyrosine-HRP for 2 h according to manufacturer's
instructions. Activated receptors were visualized with enhanced
chemiluminescent staining and X-ray film exposure and quantitated
using Image J software.

For immunoblots of EGFR activation MDA MB 231 cells were
treated with 10 IU/ml SLO, 50 ng/ml EGF or vehicle control for 1.5
hours and cells collected with protein lysis buffer supplemented with
protease and phosphatase inhibitor cocktail (Thermo Scientific,
Rockford, IL, cat#78443). Each lane was loaded with 40 ug protein
and proteins resolved by SDS-PAGE. The EGFR was analyzed using
phosphosite-specific antibodies for Tyr845, Tyr1068, Tyr1045, Tyr992,
Tyr1173 and EGFR protein, as loading control. Primary and secondary
antibodies were purchased from Cell Signaling (#9922 and #6963)
and phosphosite staining visualized with enhanced chemilumines-
cent staining and X-ray film exposure. The experiments were
independently replicated and immunoblots quantitated using densi-
tometry and Image J software.
2.5. Gene expression analysis by RT-PCR

The expression of mRNA for a select series of genes was analyzed
using the SABiosciences Human Tumor Metastasis RT² Profiler™ PCR
Array (PAHS-028) from Qiagen. Cultures of MDA-MB-231 cells were
treated 24 hr with saline as control vs. 2 units/ml SLO. Samples were
processed for total mRNA and RT-PCR with 0.5 ug cDNA used for
analysis following the manufacturer's protocol. The experiment was
repeated -independently three times and the average-fold change for
SLO vs. control calculated for each of the genes to determine those
with a significant (pb0.05) difference from control.

2.6. Cell growth assays

Human breast cancer cell lines were seeded at between 10 and
20×103 in 24 well plates. The MDA-MB-231 cells were cultured in
L15Medium Leibovitz without carbon dioxide atmosphere, theMCF-
7 cells in DMEM with 5% CO2 and the SKBR3 and Bt549 cells in RPMI
1640 with 5% CO2. The following day cells were treated with 0.5% or
10% fetal bovine serum or 10% fetal serum with 50 ng/ml EGF
(Invitrogen), or 2 units/ml, or 10 units/ml SLO (Capricorn). Growth
of cells was assayed at days 2, 5 and 7 by addition of Alamar blue
reagent (1:10 v/v) for 2 h andfluorescence intensitymeasuredwith a
CytoFluor plate reader.

3. Results and discussion

3.1. SLO inhibits MDA MB 231 breast cancer cell invasion

This study was designed to test whether oxidized bacterial
cytotoxin Streptolysin O (SLO) inhibits the metastatic activity of
human cancer cells. Human breast carcinoma MDA-MB-231 cells
were assayed for invasion through Matrigel, using a two-chamber
system where cells invade through extracellular matrix and then
extrude through 8-micron pores in a filter membrane. Cells were
transferred into the top wells coated with Matrigel and 0, 2, 5 or 10
units/ml of recombinant SLO were added. Fetal serum was in the
lower chamber as an attractant. After 22 h the cells that had invaded
through the Matrigel and emerged on the bottom of the membrane
support were stained and examined under a microscope (Fig. 1A).
The average number of cells in sixmicroscopic fieldswas determined,
in duplicate samples. We observed no decrease in cell viability in
cultures with up to 10 units/ml SLO and the total number of cells
remained the same under each of the conditions. The results were
replicated in three independent experiments.With 2, 5 and 10 units/ml
SLO the reduction in cell invasionwas statistically significant (p≤0.02),
compared to the control with no added SLO (Fig. 1B). The data
showed a SLO dose-dependent reduction in the number of cancer
cells that invaded through Matrigel. The incremental decrease in
invasion with increasing doses of SLO gave a dose-response relation-
ship that tended toward saturation, suggesting SLO action involved
binding to a discrete number of cell surface receptors.

3.2. SLO activates the EGFR ErbB1 in MDA-MB-231 cancer cells

Cell signaling involves activation of receptor tyrosine kinases
(RTK) and we tested whether RTKs were activated by SLO. MDA-MB-
231 cells treated with 0 or 10 units/ml of recombinant SLO for 1.5 h, a
time chosen to examine initial signaling events that would lead to the
altered cellular phenotypes. Cell extracts were incubated with an
slide-based array of antibodies for 42 human RTKs. Control MDA-MB-
231 cells did not show detectable activation of any of the RTKs in the
array, compared to the internal pTyr standards that appear as pairs of
dots in the corners of the arrays (Fig. 2A). SLO selectively activated
only the EGF receptor ErbB1 (not ErbB2, 3, 4 thatwere also present on
the array, in the same row), even in the constant presence of 10% fetal



Fig. 1. Inhibitionofhumanbreast cancerMDA-MB-231cell invasionbySLO.A.Microscopic
images of MDA-MB-231 cells on the bottom surfaces of filters following invasion in the
Matrigel assay at the indicated doses of SLO, as described in Materials and Methods.
B. Analysis of the cumulative number of invasive cells at the indicated doses of SLO (units/
ml), replicated in three independent experiments to give standard error of themean, with
significance of pb0.05 by Student's t test.

Fig. 2. Analysis of Receptor Tyr Kinases (RTK) activation in human breast cancer
MDA-MB-231 cells. A. Cells were treated with medium alone or added SLO (10 units/ml)
or EGF (50 ng/ml) and extracts analyzed as described in Materials and Methods. Data are
representative of independent replicates for each condition. B. Cells were pre-treated
with or without SLO, then with peroxyvanadate (PV) and processed to analyze RTK
activation.
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serum in the medium. Independent experiments (n=3) confirmed
that 10 units/ml of recombinant SLO induced a significant (p≤0.02)
activation of EGFR in MDA-MB-231 cells compared to non-treated
control cells. We compared the effects of SLO to purified EGF on
activation of RTKs inMDA-MB-231 cells. At a dose of 50 ng/ml EGFwe
found robust activation of the EGF receptor (Fig. 2A). We noted that
the phosphotyrosine staining of the EGFR induced by EGFwas greater
intensity than the internal pTyr standards. By comparison, SLO
activation of EGFR yielded less intense staining than the internal
standards. These results demonstrated selective activation of EGFR
ErbB1 in MDA-MB-231 cells by addition of either SLO or EGF.

Most RTKs were not detected as active in MDAMB 231 cells when
using this assay according to themanufacturer's protocol. To enhance
sensitivity we pre-treated cells with the protein Tyr phosphatase
inhibitor peroxyvanadate. This inhibited dephosphorylation of
RTKs in the live cells; boosting their pTyr content and improving
detection on the array. Cells were treatedwith peroxyvanadate alone
for 5 min as a control and compared to cells treated with SLO, plus
peroxyvanadate for the last 5 min of treatment (Fig. 2B). Extracts
were prepared and the arrays were developed exactly as before. In
contrast to the essentially blank arrays seen previously, the RTK
arrays from peroxyvanadate-treated cells showed Tyr phosphoryla-
tion of nine RTKs above background. These were sorted into three
groups by relative staining intensity (Fig. 2B): EGFR and Axl N, FGFR3,
HGFR, Insulin RN IGF-IR, c-Ret, EphA2 and EphA4. The EGFR ErbB1
and Axl were the most intensely stained RTKs in peroxyvanadate
treated cells, (both on the same top row, at/near opposite ends of the
array).

Peroxyvanadate was effective at inhibiting Tyr phosphatases in
the intact cells and preserved phosphorylation of RTKs that
otherwise undergo dephosphorylation during preparation of cell
extracts. The greatly increased yield of pTyr in the active RTKs is
evident by comparison of the staining intensity of the RTKs relative
to the internal pTyr standards in the four corners of every array.
Furthermore, the results revealed that in MDA-MB-231 cells only a
few RTKs are active. In other human cell lines thatwe have examined,
such as melanomas, we found a different subset of activated RTKs
[6], demonstrating the responsiveness and validity of the assay.
Combination treatment of peroxyvanadate plus SLO did not reveal
differences in RTK activation relative to control cells treated with
peroxyvanadate alone (Fig. 2B). The results show only ErbB1, but
no other RTK, was activated by SLO, demonstrating a high degree of
specificity.

It is interesting to note that Axl was the second most phosphor-
ylated RTK detected inMDA-MB-231 cells, confirming that it is highly
expressed in the most aggressively invasive breast cancer cell
lines. Over expression of Axl converts less invasive cells into cells
with a more invasive phenotype and, conversely, siRNA knockdown
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Fig. 4. ERK activation in human breast cancer MDA-MB-231 cells. Cells grown in
mediumwith andwithout added SLO (10 units/ml) were extracted and immunoblotted
as described for ERK phosphosite-specific antibody (anti p-ERK, upper panel) and for
total ERK protein (anti ERK, lower panel).
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or chemical inhibition of Axl significantly reduces motility and
invasiveness of human breast cancer cells [7].

3.3. Different responses of EGFR to SLO and EGF

SLO specificity for ErbB1 activation inMDA-MB-231 cellsmimicked
the response to EGF. However, we noted differences between
responses to SLO vs. EGF. First, EGF gave higher intensity pTyr staining
of EGFR compared to SLO on the RTK array. Second, immunoblotting
with phosphosite-specific antibodies showed relative increases in
EGFR phosphorylation at various Tyr sites was different with SLO
compared to EGF (Fig. 3).With EGF therewas a 1.9 to 14-fold increase,
whereaswith SLO the increasewas over amore narrow range, from1.2
to 1.5-fold. These results revealed that SLO activated Tyr phosphor-
ylation of EGFR at Tyr992, 1068, 1045 and 1173 about half as much
as EGF, compared to Tyr845 where there was a 10-fold difference in
SLO vs. EGF (Fig. 3). Thus, both SLO and EGF specifically activate
Tyr phosphorylation of EGFR in MDA-MB-231 cells, but in different
patterns. This could account for how the SLO activation of EGFR
reported here produces significant inhibition of MDA-MB-231 cell
invasion,whereas in previous reports EGF added toMDA-MB-231 cells
had no effect, or produced some increase in invasion [8–13].

SLO activation of ErbB1 did not increase phosphorylation of
ERK kinase, a hallmark of EGF signaling. Downstream of ErbB1 is
the Raf-MEK-ERK kinase pathway that transmits intracellular signals
by phosphorylation of transcription factors and enzymes [14,15].
ERK becomes activated by MEK-catalyzed dual phosphorylation of
Thr-Glu-Tyr in the kinase activation loop [16]. We used phosphosite-
specific antibodies to compare ERK activation in MDA-MB-231 cells
with and without addition of SLO (Fig. 4). There was no difference in
phosphorylation, indicative of no change in ERK activation. The total
amount of ERK protein in these cell extracts was identical, based on
Fig. 3. Analysis of Tyr phosphorylation sites in EGFR in response to SLO or EGF. MDAMB
231 cells were treated with 10 IU/ml SLO, 50 ng/ml EGF or vehicle control for 1.5 h and
analyzed by immunoblotting with phosphosite-specific antibodies and with anti-EGFR,
as loading control, as described under Materials and methods. Relative increases
(shown as fold increase vs. control) were determined by densitometry and the results
were replicated in an independent experiment.
staining with a separate antibody.We also did not observe an increase
in phosphorylation of S473 in Akt in response to SLO (not shown).
Thus, SLO-mediated Tyr phosphorylation of ErbB1 was not coupled to
an increase in ERK or Akt activation in MDA-MB-231 cells.

The lack of ERK activation by SLO might be due to the high
basal level of ERK activation due to mutations in K-Ras and B-Raf
in MDA-MB-231 cells [17]. However, even with mutations in the
Ras-Raf-MEK-ERK pathway these cells showed serum dependence for
proliferation. In 10% serum the addition of SLO or EGF did not further
increase cell proliferation. We also tested other breast cancer cell lines
and found that neither EGF nor SLO had much effect on proliferation.
Cells were plated and grown for up to one week in regular (10%) or
reduced (0.5%) serum, or regular serum with added SLO or EGF. The
number of viable cells was assayed by reaction with the dye Alamar
blue. The cell lines tested (MDA-MB-231, SKBR3, MCF-7 and BT549)
all showed some dependence on serum, to a greater or lesser extent
(Fig. 5). However, there was no change in proliferation rates of these
human cancer cell lines with added SLO or EGF under the conditions
tested. These other cells are transformed bymutations in PTEN or PI3K
[17].We concluded that thesemutations enable proliferation of breast
cancer cells, whereas SLO signaling from the EGFR is not required for
proliferation, but instead is modulating expression of other genes and
cellular processes related to cell invasion.
3.4. Gene expression in response to SLO

Our evidence that SLO inhibited cancer cell invasion in a surro-
gate assay for metastasis led us to investigate whether SLO caused
changes in the levels of mRNA from genes associated with tumor
metastasis. This assay used Real Time PCR with a series of custom
primers for 84 genes known to be involved in tumormetastasis. Gene
expression was analyzed following 24 h exposure to SLO or a saline-
treated control, approximately the same time frame as the Matrigel
invasion assay. Triplicate arrays were used and the average values
used to calculate the relative-fold change in SLO treated vs. control.
Only 10 of the 84 genes tested showed more than a 1.5-fold up or
down regulation (with pb0.1 or 0.05)with sixmRNA levels increased
and four decreased (Table 1). The largest changeswere themore than
3-fold increased expression of mRNA for matrix metallopeptidase-3
(MMP-3) and the inflammatory cytokine Il-1β. In contrast to the
elevation in MMP-3, the expression of two other matrix metallopepti-
dases (MMP2 and MMP9) were suppressed. These results demonstrate
a cell signaling response to SLO that significantly affects a limited subset
of genes related to metastasis. The divergence of response between
MMP3 andMMP 2 and 9makes it difficult to attribute changes inMMPs
to cellular phenotype.
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Fig. 5. Proliferation of human breast cancer cells. The cell lines MDA-MB-231, SKBR3, BT549 and MCF-7 (clockwise) were grown in culture as described with 0.5% fetal serum
(open circles) or 10% fetal serum alone (closed squares) or with added EGF (50 ng/ml; closed diamonds), or SLO (2 units/ml, open triangles; 10 units/ml, closed triangles). At days 2,
5, 7 the number of viable cells was assayed by Alamar blue and fluorescence intensity measured in arbitrary units.
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3.5. SLO inhibition of invasion is dependent on EGFR

To determine if SLO inhibition of invasion that correlated to acti-
vation of EGFR actually required the EGFR we used siRNA to knock-
down EGFR in MDA-MB-231 cells and a non-coding siRNA as a control.
Quantitative fluorescent immunoblotting showed the levels of EGFR
were reduced more than 80% (Fig. 6A). Control siRNA and EGFR
knock-down cells were treated with either buffer or 10 units/ml of
SLO in the Matrigel invasion assay. Control cells with non-targeted
knockdown showed a significant (p≤0.05) reduction in the number
of invasive cells in the presence of SLO, reproducing again our
primary observation. However, SLO treatment of EGFR knock-down
cells yielded less reduction in the number of invasive cells, or less net
decrease in invasive cells due to addition of 10 units/ml SLO (Fig. 6B).
The results demonstrate that inhibition of cell invasion by SLO is
dependent on the expression of EGFR in MDA-MB-231 cells.

In summary, we have described SLO as a novel agent that inhibits
in vitro invasion of breast cancer cells through extracellular matrix
without stimulating cell growth. This response requires the EGFR
Table 1
Changes in expression of selected tumor metastasis genes induced by SLO treatment of
human breast cancer MDA-MB-231 cells.

Gene symbol Name Fold change

MMP3 Matrix metalloproteinase-3 +3.8
IL1B Interleukin 1 beta +3.7
ITGA7 Integrin alpha 7 +2.5
MTSS1 Metastasis suppressor-1 +2.1
NR4A3 Nuclear receptor 4A3 +1.6
VEGFA Vascular endothelial growth factor +1.5
RORB RAR-related orphan receptor −2.5 *
MMP2 Matrix metalloproteinase-2 −2.1 *
CXCR4 Chemokine C-X-C motif receptor −1.8
MMP9 matrix metalloproteinase-9 −1.6

The fold changes are significant with pb0.05, except for those indicated with an
asterisk, pb0.1.
that is activated very specifically by SLO. EGFR activation by SLO is as
specific as, but distinct from, activation by EGF. Often metastasis, not
the growth of a primary tumor, is central to patient morbidity and
mortality. To this end, there is an urgent need for agents that reduce
or interfere with metastasis, without adverse side effects. We think
that SLO holds promise as such an agent.
Fig. 6. Knockdown of EGFR by siRNA reduces SLO inhibition of human breast cancer
MDA-MB-231 cell invasion. A. Immunoblotting of EGFR (upper panel) and actin (lower
panel) as a loading control in extracts of cells transfected with a non-targeted (NT)
siRNA or with pooled siRNA targeted to EGFR, as described in Materials and Methods.
B. The net decrease (control — SLO treated) in number of cells invading through
Matrigel in cells transfected with control vs. EGFR targeted siRNA.
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