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E-cadherin is a tumor suppressor protein, and the loss of its
expression in association with the epithelial mesenchymal transi-
tion (EMT) occurs frequently during tumor metastasis. However,
many metastases continue to express E-cadherin, and a full EMT is
not always necessary for metastasis; also, positive roles for
E-cadherin expression in metastasis have been reported. We
hypothesize instead that changes in the functional activity of
E-cadherin expressed on tumor cells in response to environmental
factors is an important determinant of the ability of the tumor cells to
metastasize. We find that E-cadherin expression persists in metastatic
lung nodules and circulating tumor cells (CTCs) in two mouse models
of mammary cancer: genetically modified MMTV-PyMT mice and
orthotopically grafted 4T1 tumor cells. Importantly, monoclonal
antibodies that bind to and activate E-cadherin at the cell surface
reduce lung metastasis from endogenous genetically driven
tumors and from tumor cell grafts. E-cadherin activation inhibits
metastasis at multiple stages, including the accumulation of CTCs
from the primary tumor and the extravasation of tumor cells from the
vasculature. These activating mAbs increase cell adhesion and reduce
cell invasion and migration in both cell culture and three-dimensional
spheroids grown from primary tumors. Moreover, activating mAbs
increased the frequency of apoptotic cells without affecting prolifer-
ation. Although the growth of the primary tumors was unaffected by
activating mAbs, CTCs and tumor cells in metastatic nodules exhibited
increased apoptosis. Thus, the functional state of E-cadherin is an
important determinant of metastatic potential beyond whether the
gene is expressed.
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The E-cadherin epithelial cell adhesion protein is a tumor
suppressor that has an important role in tumor metastasis (1),

but targeting it for therapeutic intervention is difficult because of
its complicated role. The loss of expression of E-cadherin during
the epithelial mesenchymal transition (EMT) is often thought to
promote metastasis by allowing the dissociation and invasion of
cancer cells (2–4). However, loss of E-cadherin expression is an
oversimplification because many metastases still contain high
levels of E-cadherin, and epithelial cells expressing E-cadherin can
become invasive and metastasize without undergoing a full EMT
in cancers (5–8). Moreover, adherent clusters of circulating
mammary tumor cells are more metastatic than individual tumor
cells, and E-cadherin is involved in collective cell migration be-
haviors that facilitate invasion and metastasis (9, 10). A positive
role for E-cadherin in metastasis resulting from its enhancement
of cell survival has also been reported recently (11).
How E-cadherin controls invasion and metastasis when its

expression is maintained on tumor cells in not well understood.
An important possibility is that functional regulation of its ad-
hesive state at the cell surface in response to the microenviron-
ment controls epithelial tumor cell behavior. Indeed, previous
work on both Xenopus C-cadherin and human E-cadherin pro-
vided evidence for the regulation of cadherin adhesion activity
independent of cell surface expression levels (12, 13). E-cadherin

adhesive activity is regulated at the cell surface by an inside-out
mechanism probably involving allosteric regulation of the homophilic
adhesive bond, analogous to integrin regulation (14–16). These
findings relied on the discovery of activating monoclonal antibodies
(mAbs) for cadherins that rapidly increase cell adhesion and reduce
cell movement. Therefore, activation of E-cadherin function at the
cell surface with mAbs could be a potential approach to controlling
tumor metastasis.
Activating mAbs for human E-cadherin were used to examine

the role of E-cadherin regulation of metastasis, using a model
mammary cell line, 4T1, expressing human E-cadherin (17).
Nonetheless, to ensure that this finding was not unique to the 4T1
cell grafting model of metastasis, in the present study, we endeav-
ored to examine the role of E-cadherin activation on the devel-
opment and metastasis of endogenous genetically driven mammary
tumors, the MMTV-PyMT model, which entails natural tumor
progression as well as potential tumor cell heterogeneity (18).
We also wished to explore the stages in metastasis controlled by

E-cadherin regulation, as well as the detailed mechanisms that
contribute at various stages. E-cadherin is thought to prevent the
initial dissociation of epithelial cells from the original tumor mass,
and loss of cell-cell adhesion and cell junctions allows cells to in-
vade surrounding tissues and migrate to distant sites. However, it
has been found that dynamic regulation of E-cadherin is also re-
quired for collective cell migration in normal development and
tumor growth (19, 20). Furthermore, E-cadherin has been found to
reduce cell proliferation through contact inhibition and signaling,
and may even stimulate proliferation in some contexts (21–24).

Significance

The expression of E-cadherin has been implicated in tumor me-
tastasis, often as a tumor suppressor, but also as a promoter of
growth and metastasis. We have shown that the functional ac-
tivity of E-cadherin at the cell surface is often modified in re-
sponse to environmental factors, and have developedmonoclonal
antibodies (mAbs) that activate E-cadherin adhesive function.
These activating mAbs inhibit the metastasis of endogenous ge-
netically driven mammary tumors in mice, and we dissect the
process to show that these mAbs work at multiple steps of the
metastatic cascade, including local invasion, intravasation, cell
survival, and extravasation into the target organ. Thus, the
functional state of E-cadherin is an important determinant of
metastatic potential beyond whether the gene is expressed.
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Therefore, given the multiple functions of E-cadherin, it is im-
portant to determine the stage of metastatic progression affected
by E-cadherin activation. In this study, we tested whether
E-cadherin activation by mAbs affects tumor cell dissemination
and entry into the circulation, the stability of tumor cells in the
circulation, or the exit of tumor cells from the circulation and
colonization at the distal sites. We also investigate the contri-
butions of cell adhesion, migration, and invasion, as well as
regulation of cell proliferation and apoptosis.

Results
Effects of E-Cadherin Activating mAbs on the Growth and Metastasis of
Genetically Driven Spontaneous Mouse Mammary Cancer.MMTV-PyMT
mice develop highly invasive mammary tumors that metastasize
spontaneously to the lung (18, 25, 26). We began our analysis in the
luminal MMTV-PyMT invasive ductal carcinoma model, as it retains
E-cadherin expression during growth, invasion, dissemination, and
metastatic colonization. To study effects on endogenous mouse tu-
mors, we first had to generate rabbit mAbs that recognize and acti-
vate mouse E-cadherin similar to our previous activating mAbs to
human E-cadherin (SI Appendix, Fig. S1) (14, 17). Hybridomas
positive for mouse E-cadherin binding in ELISA were screened using
a functional assay (14); in this case, colo205 cells expressing mouse
E-cadherin instead of human E-cadherin. Two hybridomas producing
activating mAbs, 18-5 and 56-4, were obtained, as well as a control
neutral mAb 19.1-10 that binds E-cadherin but does not activate
adhesion. Female MMTV-PyMT or control mice were treated twice
weekly with 56-4 activating mAb (5 mg/kg) or 19.1-10 neutral mAb
from 4 to 14 wk of age (Fig. 1A). At 14 wk of age, all mAb-treated
mice developed tumors in all 10 mammary glands (SI Appendix, Fig.
S2A), and there was no difference in the growth in size of the primary
tumor in the mammary gland for activating versus neutral mAb (Fig.
1B and SI Appendix, Fig. S2B). In contrast, the number of metastatic

lung nodules was significantly reduced with treatment with 56-4
activating mAb compared with 19.1-10 neutral mAb (Fig. 1C).
Expression of E-cadherin was observed in both metastatic lungs (Fig.
1D) and primary tumors (SI Appendix, Fig. S2C) treated with acti-
vating or neutral mAb. Immunofluorescence staining secondary Ab
alone showed that the injected Abs were present in primary tumors
and metastatic lungs (SI Appendix, Fig. S2D). Although the total
amount of E-cadherin–positive cells in metastases in mice treated
with E-cadherin activating mAb was reduced because of the de-
creased size of the metastases (Fig. 1C), most of the tumor cells in the
lung still expressed high levels of E-cadherin. This indicates that
metastatic cells had not escaped the action of the mAb simply be-
cause they lost expression. Together, these findings show that pro-
gression and metastasis of E-cadherin-positive tumors is controlled by
the activity state of E-cadherin at the cell surface.

E-Cadherin Activation Reduces the Number of Circulating Tumor Cells
Arising from Mammary Tumors.We next wished to determine what
stage in the metastatic cascade is affected by E-cadherin acti-
vation. Metastasis of cells is thought to involve many steps/events
(2–4), but for experimental purposes, it can be divided into two
major stages: dissemination from the primary tumor and entry of
tumor cells into the circulation, and movement of cells from the
circulation into the distal site and seeding of the target organ.
Intravasation is a critical step in the development of distant me-
tastases, and detection of circulating tumor cells (CTCs) in blood
can be a predictor of response to metastatic spread of carcinoma
(27). To test whether the number of disseminated tumor cells is
decreased by activating mAb, CTCs were detected by amplified
specific DNA fragments of the PyMT gene, as well as epithelial
cell markers using quantitative real-time PCR. The numbers of
CTCs were calculated from the expression of mRNA levels
compared with cultured Py2T cells, a tumor cell line derived from
PyMT tumors. Treatment with activating mAb significantly de-
creased total mRNA levels of PyMT, E-cadherin, and EpCAM
expression compared with neutral mAb treatment (Fig. 2A).
Therefore, E-cadherin activation seems to reduce the number of
CTCs generated from endogenous PyMT mammary tumors.
To be able to experimentally manipulate stages of metastasis, we

needed to use a cell grafting model of tumorigenesis and metastasis.
Therefore, we used the hE-cadherin- and luciferase-expressing 4T1
mammary cancer cell model similar to our previous study.
Briefly, 4T1-Luc2_Puro cells were transfected with pcDNA3
plasmid containing WT human E-cadherin by electroporation.
The cells were selected with neomycin, and the expression of hE-
cadherin levels was confirmed at a level very similar to endog-
enous mouse E-cadherin in the previous study (17). We first
tested whether activating mAb affected the number of CTCs
associated with formation of metastasis in 4T1 Luc2-hE cells
grafted into the mammary fat pad (Fig. 2B). The number of
metastatic lung nodules was significantly reduced by activating
mAb to human E-cadherin (Fig. 2C and SI Appendix, Fig. S3A),
even though there was no detectable difference in growth of
primary tumor (SI Appendix, Fig. S3B), consistent with our
previous findings of a reduction in the numbers of metastatic
cells in the lung (17). Treatment with 19A11 activating mAb
significantly decreased the mRNA levels of luc2 and hE-cadherin
in CTC fraction obtained from blood compared with 46H7
neutral mAb (Fig. 2D). Since activating mAbs did not affect the
mRNA levels of E-cadherin in cell lines 4T1 and Py2T in vitro,
changes in the E-cadherin mRNA levels were not due to activating
mAbs (SI Appendix, Fig. S4). The numbers of CTCs were calculated
from the mRNA levels compared with cultured 4T1 Luc2-hE cells.
Along with the MMTV-PyMT model findings, these data show that
the inhibition of distant metastasis in the presence of E-cadherin
activating mAb is associated with a decrease in the number of CTCs.

Fig. 1. E-cadherin activation inhibits tumor metastasis in the MMTV-PyMT
mouse model of breast cancer. (A) Schema of MMTV-PyMT breast cancer
mouse model study. The MMTV-PyMT or FVB control female mice (Fig. 2)
received i.p. injections of either 19.1-10 neutral E-cadherin-specific mAb or
56-4 E-cadherin activating mAb twice weekly. (B) All palpable masses were
measured weekly, using external calipers. (C) Metastatic nodules counted in
Bouin’s fluid fixation (Top) and H&E staining (Middle) of the lung from
14‐wk‐old MMTV-PyMT mice. (B and C, n = 14–16) ***P < 0.001 compared
with neutral Ab-treated control. (D) Representative microscopic images of
immunofluorescence staining for E-cadherin in metastases of MMTV-PyMT
mice. (Scale bars, 50 μm.)
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Activation of E-Cadherin Suppresses Extravasation and Metastatic
Colonization into the Lung Parenchyma. CTCs in the blood or
lymphatic circulation reach a capillary bed of a distal organ and
invade through the endothelial cells of the blood vessel (ex-
travasation) (2–4, 27). To investigate whether E-cadherin acti-
vation affects the extravasation from the vasculature, metastasis
was induced by injecting tumor cells directly into the tail vein.
4T1 Luc-hE cells were injected i.v., and the mice were treated
with either activating or neutral mAb (Fig. 3A). The activating
mAb significantly inhibited the large number of metastasic lung
nodules resulting from i.v. injection (Fig. 3 B and C). These re-
sults suggest that the activity state of E-cadherin on the cell
surface also controls the later stage process of CTC extravasation
from the circulation and target organ seeding.

Cellular Mechanisms Underlying Inhibition of Tumor Cell Invasion by
E-Cadherin Activation. The loss of E-cadherin expression has been
thought to allow malignant tumor cells to dissociate from the
primary tumor mass and invade the extracellular matrix and
surrounding stroma (2–4). To mimic the three-dimensional (3D)
tumor environment, we analyzed whether E-cadherin activation
affects tumor cell invasion in a 3D mammary tumor model
in vitro. We isolated primary tumors from MMTV-PyMT mice
and generated tumor spheroids embedded into a 3D extracellular

matrix (SI Appendix, Fig. S5A). Numerous cell protrusions were
present when treated with neutral mAb, but activating
mAb significantly decreased protrusion and invasion into the
surrounding matrix and maintained the spheroid morphology (Fig.
4A). In the presence of 56-4 activating mAb, the number of pro-
trusions from spheroids was significantly reduced (Fig. 4B). We
also examined the effects of activating mAb on invasion of cul-
tured tumor cell lines grown in 3D spheroids using both Py2T
(derived from PyMT tumors) (26) and parental 4T1 cells. When
cultured for 5 d, Py2T cells were highly protrusive and migratory
with treatment of neutral mAb. In contrast, activating mAb sig-
nificantly reduced invasion (SI Appendix, Fig. S5 B and C). Sim-
ilarly, invasion of 4T1 cell spheroids was significantly
inhibited with activating mAb treatment compared to neutral
mAb (SI Appendix, Fig. S5 D and E). Thus, enhancement of E-
cadherin functional activity may contribute to suppression of the
invasion of carcinoma cells.
To better understand the mechanisms by which activating Abs

inhibit tumor cells from escaping from the primary tumor into
the bloodstream, we evaluated their effects on adhesion, mi-
gration, and invasiveness of the tumor cells in vitro cell culture.
E-cadherin activating Abs significantly increased the strength of
attachment to purified E-cadherin protein of both mouse
mammary tumor cell lines 4T1 (Fig. 4C) and Py2T (SI Appendix,

Fig. 2. Circulating tumor cells are reduced by E-cadherin activation in the breast cancer models. mRNA levels for several tumor markers were analyzed by qRT-
PCR, and the estimated number of CTCs based on levels of mRNA expression in cultured Py2T or 4T1 cells. (A) MMTV-PyMT model; CTCs in the peripheral blood
were detected by mRNA levels (FVB wild-type, n = 3; MMTV-PyMT, n = 5 to 7) *P < 0.05; **P < 0.01; ***P < 0.001 compared with neutral Ab-treated control. (B–D)
4T1 tumor cell grafted metastatic mouse model study. Mouse epithelial 4T1 Luc2 cells expressing human E-cadherin (4T1 Luc-hE) were injected into mammary fat
pads of BALB/c mice. After 3 d, the mice were given i.p. injections of either 46H7 neutral or 19A11 activating mAb twice weekly until the end of the experiments.
(B) Schema. (C) Quantification of metastatic tumor nodules (n = 10) ***P < 0.001 compared with neutral Ab-treated control. (D) CTCs were detected by mRNA
levels of Luc2 and hE-cadherin expression in 4T1 Luc-hE orthotopic grafted mouse model based on levels of expression in cultured cells (no graft group, n = 3;
tumor cell graft group, n = 8 to 9). **P < 0.01; ***P < 0.001 compared with neutral Ab-treated control in tumor cell grafted group.
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Fig. S6A) compared with neutral mAb treatment. Monovalent
Fab fragment had similar activities, demonstrating that the mAbs
act through allosteric effect rather than antigen crosslinking (14).
Cell migration was assessed using movement of cells through un-
coated transwell filters, and was significantly suppressed by treatment
of whole IgG and Fab activating Abs compared with neutral mAb in
both cell lines 4T1 (Fig. 4D and SI Appendix, Fig. S6F) and Py2T (SI
Appendix, Fig. S6 B and C). Invasion through an ECM was assessed
by movement of cells through a matrigel-coated transwell filter, and
both whole IgG and Fab activating Abs inhibited the invasion of 4T1
cells (Fig. 4E and SI Appendix, Fig. S6G) and Py2T cells (SI Ap-
pendix, Fig. S6 D and E). In addition, we noted that activating mAbs
and Fabs triggered a more compact appearance of 4T1 monolayers,
consistent with a more epithelial morphology (Fig. 4F). Overall,
these data show that the four essential components of the cancer
metastatic process (adhesion, detachment, migration, and invasion)
are regulated by E-cadherin activity state at the cell surface.

E-Cadherin Activation Triggers Apoptosis of Tumor Cells in the Circulation.
Resistance to anoikis has been shown to promote metastasis (28),
and this phenomenon may be important for the survival of tumor
cells in the circulation. The role of E-cadherin in apoptosis is
complex, as loss of its expression has been reported to both increase
(29–31) and decrease apoptosis in different circumstances (32–34).
Therefore, we asked whether activating Abs might affect apoptosis
of circulating and metastasizing tumor cells in the 4T1 orthotopic
grafting model. Quantitative analysis of TUNEL-positive cells
demonstrated a significant increase of almost 5-fold in lungs treated
with activating mAb compared with neutral mAb treatment (SI
Appendix, Fig. S7A). Apoptosis was confirmed using cleaved
caspase-3 as a specific apoptotic marker. An increased population of
cleaved caspase-3-positive cells was observed only in tumor lesions
of the metastatic lungs treated with the activating mAb, while ap-
optosis was not changed by Ab treatment in normal lung tissue
without tumor cell transplantation (Fig. 5A and SI Appendix, Fig.
S7B). Treatment with activating mAb also significantly increased the
percentage of cleaved caspase-3-positive 4T1 Luc-hE cells in cell
culture (Fig. 5B) compared with the neutral mAb. Activating mAb
decreased the mRNA level of antiapoptotic marker Bcl-xL (Fig.

5C). Apoptosis of MCF10a cells, a nontumor mammary cell line,
was very low compared with 4T1 Luc-hE cells, and not altered by
mAb treatment (Fig. 5 B and C). These results suggest that
E-cadherin activating mAb increases cancer cell-specific apoptosis.
To determine whether tumor cells undergo apoptosis in the

bloodstream, we examined CTCs. First, we determined whether
activating mAbs affect the rate of clearance of 4T1 cells from the
circulation. Activating or neutral mAb was injected intraperitoneally
(i.p.) the day before injection of 4T1 Luc-hE cells into the tail vein,
and the CTCs were isolated and counted using qRT-PCR for the
luciferase marker at the indicated points (SI Appendix, Fig. S8A).
Although ∼30,000 cells were injected into the tail vein, only about
90 CTCs were detected after 3 h in all cases, and the numbers
decreased slowly over time (SI Appendix, Fig. S8B). We speculate
that the rapid loss of circulating cells might result from cancer cells
being cleared via lymph nodes and/or removal by the immune cells.
The number of CTCs was reduced by treatment of activating mAb
at later times, between 7 and 10 d (SI Appendix, Fig. S8B). Thus,
over longer times, tumor cells were cleared more from the circu-
lation when E-cadherin is activated.
We then asked whether E-cadherin activating mAbs stimu-

lated apoptosis of tumor cells in the circulation in this time
frame, by measuring the levels of mRNA for apoptotic markers
(Fig. 5D). Because Bax and Bcl-xL expression can be regulated
in myeloid-derived suppressor cells (35), we first sorted 4T1 cells
expressing human E-cadherin by FACS. Before the FACS, flow
cytometry showed that 19A11 activating mAb decreased the
percentage of cells expressing hE-cadherin (Fig. 5E), similar to
the results of mRNA level for the orthotopic graft shown in Fig.
2D. mRNA levels of apoptotic markers were measured by qRT-
PCR in the sorted cells, and normalized to total mRNA. In the
presence of 19A11 activating mAb, the level of Bax mRNA was
significantly increased (Fig. 5 F, Right), but Bcl-xL mRNA was
significantly reduced (Fig. 5 F, Left).
A previous study found no effect of activating mAbs on cell

proliferation in the primary tumor, consistent with the lack of
effect on primary tumor size (17). In the present study, activating
mAbs seemed to have little or no obvious effect on proliferation
in the metastatic nodules in the lung, based on immunostaining
of phospho-histone-H3 (SI Appendix, Fig. S9A). In addition,
mRNA level of the proliferation marker Ki67 in sorted CTCs,
measured by qRT-PCR, was not affected by treatment with
19A11 (SI Appendix, Fig. S9B). Therefore, it is unlikely that
E-cadherin activating Abs inhibit metastasis via effects on cell
proliferation, but instead may do so, at least in part, by inducing
cancer cell-specific apoptosis in the bloodstream.
Taken together, this study describes the importance of the

functional down-regulation of E-cadherin expressed on tumor
cells in the metastatic process, involving changes in cell-cell ad-
hesion, local invasion, intravasation, cell survival, and extrava-
sation (SI Appendix, Fig. S10).

Discussion
This study demonstrates that activation of E-cadherin adhesion
at the cell surface with mAbs inhibits metastasis in spontaneously
arising tumors. The PyMT model of mammary cancer is a widely
studied genetically driven endogenous tumor model that pro-
gresses in stages while exhibiting cell heterogeneity typical of
tumors (18, 25). The responsiveness of these tumors to E-
cadherin activating mAbs shows that metastasizing tumor cells
do not need to undergo an EMT and lose E-cadherin expression,
as has been widely believed. Indeed, we observe that all stages of
tumor cells in this model, including the primary tumor, the
CTCs, and the distal lung metastases, retain E-cadherin ex-
pression. Nor is the promotion of metastasis by E-cadherin, as
recently reported (11), simply a fixed property of E-cadherin
expression. We hypothesize instead that E-cadherin activity
may be down-regulated by factors in the tumor microenvironment

Fig. 3. E-cadherin activation reduces the metastatic colonization from cir-
culation. (A) Schema. Mouse epithelial 4T1 Luc-hE cells were injected into
the tail-vein of BALB/c mice. One day after inoculation, the mice were
treated with i.p. injections of either 46H7 neutral or 19A11 activating mAb
twice weekly until the end of the experiments. (B) Representative micro-
scopic images of H&E stained sections (Top) or lungs fixed with Bouin’s
(Bottom). (C) Quantification of metastatic tumor nodules (n = 15). (Scale bar,
500 μm.) **P < 0.01 compared with neutral Ab-treated control group.
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to functionally reduce cell adhesion and facilitate the metastatic
process. Regulation of cadherin-mediated adhesion by growth
factors is well known to occur in morphogenetic processes during
development, and tumor metastasis could mimic these normal
developmental processes (24, 36). Indeed, similar activating
mAbs to Xenopus C-cadherin inhibit tissue morphogenesis by
increasing cell adhesion, and a similar effect on tumor mor-
phogenesis may occur during metastasis (12, 13).
Activating E-cadherin inhibits the process of metastasis at

multiple stages (SI Appendix, Fig. S10). It has been believed for a
long time that E-cadherin acts as a metastasis suppressor by
inhibiting the initial dissociation of cells from the primary tumor
and thereby reducing the initial steps of tumor cell invasion (3,
37). Our findings are consistent with this model in part because
activating mAbs suppress tumor cells in the circulation in both
the endogenous PyMT and 4T1 cell grafting models (Fig. 2).
Moreover, we observe that activating mAbs significantly inhibit
invasiveness of tumor cells in tumor spheroids derived from
PyMT primary mammary tumors (Fig. 4). However, activating
mAbs also suppress later stages of metastasis, because they in-
hibit metastatic colonization of lungs by cells directly injected
into the circulation. The activating mAbs likely inhibit extrava-
sation through their inhibition of morphogenetic movements, but

could also affect the seeding and growth of the distal metastatic
nodules in the lung (Fig. 3). Importantly, we observe that the
activating mAbs also seem to have direct effects on the CTCs by
increasing their clearance from the bloodstream (perhaps due to
apoptosis, see next paragraph), and it is possible that this effect
could partially explain both how the mAbs reduce the numbers
of CTCs arising from tumors and the number of metastatic nodules
arising from cells injected into the bloodstream. Therefore, the
original model for how E-cadherin affects metastasis at initial stages
of tumor dissemination is greatly oversimplified, and we conclude
that it functions instead at multiple stages of the metastatic cascade.
E-cadherin cell surface activity affects tumor cell behavior by

several mechanisms, consistent with its effects on multiple pro-
cesses in the metastatic cascade. The activating mAbs were
identified by their ability to switch on E-cadherin-mediated ad-
hesion in the nonadhesive colo205 cell line, but they also en-
hance the adhesive strength of epithelial tumor cells that already
appear to be adhesive (SI Appendix, Fig. S1). These kinds of
changes in adhesive strength are normally not readily observable
by examining tumor tissues and are likely overlooked in most
studies on metastasis. The activating mAbs allow us to test the
roles of adhesive strength directly. E-cadherin activating mAbs
also suppress cell invasion and migration in tumor-derived

Fig. 4. E-cadherin activating mAbs inhibit invasiveness and migration and enhance cell adhesion of PyMT primary spheroids and in vitro cell cultures. (A)
MMTV-PyMT tumor-derived spheroids were mixed with a suspension of 1–2 spheroids/μl with a 3D extracellular matrix and incubated for 5 d in the presence
of mAbs. Representative image of organoid spheroids and enlarged views (Bottom). (Scale bars, 100 μm.) (B) Quantification of A. Calculation of invasion as a
function of the longest invasive distance emanating from the spheroid. Average of the longest invasive distance (μm) per spheroid (n = 30 spheroids per
group). ***P < 0.001 compared with neutral Ab treatment. (C–F) 4T1 cells. (C) For cell adhesion assay, activating mAbs and Fab fragments stimulated ad-
hesion of cells to pure E-cadherin substrate. 4T1 cells were untreated, pretreated with 3 μg/mL neutral mAb, 19.1-10, or activating mAbs 18-5 or 56-4 for 2 h,
and cell adhesion strength to E-cadherin-coated capillary tubes was evaluated using increasing laminar flow to determine the force required to detach cells.
(D) Migration. (E) Invasion assay of cells invading through a basement membrane. The cells were treated with of 3 μg/mL neutral mAb, 19.1-10, or activating
mAbs 18-5 or 56-4 for 24 h. (F) Epithelial morphology. 4T1 cells were treated with of 3 μg/mL neutral mAb, 19.1-10, or activating mAb 56-4 for 48 h. ***P <
0.001 compared with neutral Ab treatment.
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spheroids and in cell monolayer cultures (Fig. 4 and SI Appendix,
Figs. S5 and S6). This is most likely due to their effects on cell
adhesion, as stronger adhesive bonds should prevent cells from
dissociating from the tumor spheroid or cell monolayer.
Activating mAbs also seemed to induce the apoptosis of tumor

cells. Although the activating mAbs did not reduce the size of the
primary tumor, they did stimulate the clearance of CTCs from the
circulation (Fig. 2). Loss of CTCs in the circulation can be
explained, at least partially, by stimulation of apoptosis, since CTCs
exhibited associated changes in the expression of pro- and anti-
apoptotic markers. Activating mAbs also induced the expression of
apoptotic markers in lung metastatic nodules and in cultured tumor
cells without effects on cell proliferation, indicating that increased
apoptosis is likely the important cell property affecting growth of
metastases by the mAbs (Fig. 5 and SI Appendix, Figs. S7 and S9).
The role of E-cadherin in regulating apoptosis of epithelial

cells or tumor cells is complex. Studies have reported E-cadherin
expression both stimulating and inhibiting apoptosis in different
conditions (11, 29–34). In normal epithelial tissues, E-cadherin
adhesion ought to stabilize the cells and prevent apoptosis, but
an important property of tumor cells is their resistance to

apoptosis, or anoikis when cells detach from their adhesions.
Tumor cells may regain their sensitivity to apoptosis when
treated with E-cadherin activating mAbs. Indeed, we find that
cultured 4T1 tumor cells are highly sensitive to activating mAb-
induced apoptosis, while untransformed mammary epithelial
cells, MCF10A, are not (Fig. 5 B and C). Activating mAbs may
induce tumor cell apoptosis due to their effects on adhesion or
on one of the signaling pathways regulated by E-cadherin, in-
cluding the hippo signaling pathway (22, 38), the Wnt pathway
(24, 39–41), the small GTPases, Rac and Rho, or PI3Kinase
signaling (42). We do not yet know how activating mAbs affect
these pathways.
In summary, activation of E-cadherin at the cell surface with

mAbs inhibits the metastatic progression of endogenous, genet-
ically driven mouse mammary tumors. It affects metastasis at
multiple stages, and it works via multiple cellular mechanisms.
Although additional preclinical and clinical trials are needed to
confirm this approach, the metastatic inhibitory effect on the
administration of E-cadherin-targeted mAbs raises the possibility
that these Abs can be translated into clinics.

Fig. 5. E-cadherin activation increases cancer cell-specific apoptosis. Sections of lung from neutral or activating mAb-treated mice described in Fig. 2B were
examined for cleaved caspase-3 by immunofluorescence (A). Cells were measured in at least 10,000 cells, and each percentage represents the average of three
randomly chosen fields of 1 sample (×10; n = 4 per group; no graft, n = 3). (B and C) 4T1 Luc-hE and MCF10a cells in culture were treated with 46H7 neutral or
19A11 activating mAb for 24 h. (B) Immunofluorescence staining for cleaved caspase-3 was tested in the 4T1 Luc-hE and MCF10a cells. Each percentage
represents the average of three randomly chosen fields of 1 sample (×10; n = 3 per group). (C) Total RNA was prepared and analyzed for expression of the
indicated transcripts by qRT-PCR, using specific primers. ***P < 0.001 compared with neutral Ab treatment. (D–F) Schema (D). Mouse was treated with i.p.
injections of either 46H7 neutral or 19A11 activating mAb twice weekly until the end of the experiments. One day after beginning the treatment, 4T1 Luc-hE
cells were i.v. injected into the tail vein and whole-blood was collected at the indicated times. CTCs expressing hE-cadherin were sorted by FACS. (E) Per-
centage of CTCs expressing hE-cadherin in blood. Population of cells expressing hE-cadherin per 10,000 cells was measured in peripheral blood mononuclear
cells (PBMC) of each mouse by flow cytometry (n = 4). (F) mRNA expression of Bcl-xL (Left) and Bax (Right) in CTCs isolated by hE-cadherin. The levels were
normalized by mRNA expression of hE-cadherin, and the fold change was assessed with the control group treated with neutral mAb 46H7 at each point. *P <
0.05; **P < 0.01; ***P < 0.001 compared with neutral Ab treatment. ns, not significant.
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Materials and Methods
Generation of Activating Rabbit mAbs to Mouse E-Cadherin. Hybridoma cell
lines were generated from rabbits immunized with the purified extracellular
domain of mouse E-cadherin. E-cadherin-positive hybridomas in ELISA were
then screened in a functional assay, similar to one performed previously for
mouse anti-human E-cadherin (14), for their ability to activate adhesion of
colo205 cell expressing mouse E-cadherin. Hybridomas producing activating
mAbs 18-5 and 56-4 were obtained; a hybridoma line producing a neutral
mAb 19.1-10 also was obtained that binds E-cadherin but does not activate
colo205 adhesion.

Mouse Experiments and In Vivo Treatments with Abs. FVB MMTV-Polymavirus
middle T antigen (MMTV-PyMT) breeders were obtained from The
Jackson Laboratory. All mice were housed and bred under specific
pathogen‐free conditions at Seattle Children’s Research Institute, and all
animal studies are governed through protocols approved by the In-
stitutional Animal Care and Use Committee. Mice were treated twice
weekly with neutral mAbs, 19.1-10, or E-cadherin-specific mAb 56-4 by
i.p. injection.

For 4T1 tumor cell grafting metastatic mouse model studies, 4T1 Luc2-
expressing hE-cadherin (4T1 Luc-hE) cells described in ref. 17 were injected
into the mammary fat pads of BALB/c mice. To determine the ability of tu-
mor cells to metastasize from bloodstream (or circulation) and colonize the
lung, 4T1 Luc-hE were also injected via the tail vein.

Details of mouse experiments with generation of Abs, detection of CTCs by
real-time PCR, and flow cytometric analyses are available in SI Appendix,
Supplementary Materials and Methods. Materials and methods for histo-
logical analysis, immunofluorescence staining, TUNEL, isolation of CTCs,
FACS analysis, transwell migration/invasion, 3D cell culture, adhesion assay,
laminar flow adhesion assay, and statistical analyses are described in SI
Appendix, Supplementary Materials and Methods.

Data Availability. All data discussed in the paper are shown in the figures of
the paper. Raw data will be made available by individual request to the
B.M.G. laboratory.
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