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Introduction

Human cancers are heterogenous diseases that encompass a 
variety of pathological features with varied clinical out-
comes. One common feature of cancers is robust activation 
of one or more receptor tyrosine kinases (RTKs), which 
allows evasion of antigrowth controls surrounding normal 
cell physiology in adults. RTKs activate signal transduction 
pathways that culminate in cellular programs regulating 
proliferation, apoptosis, and senescence, as well as cell 
migration and invasion.

The majority of cancer deaths result from dissemination 
of the tumor, or metastasis. Metastasis is a complicated pro-
cess that requires cancer cells to escape from the tumor and 
enter into the vasculature, survive in the bloodstream, exit 
from the vasculature in distant organs, adapt to a new 
microenvironment, and reinitiate growth. An understanding 
of some of the key players in metastasis has emerged over 
the years, and RTKs and their pleiotropic effectors are key 
contributors.1 Efforts to inhibit RTKs as cancer therapy are 
ongoing, with limited success. One hurdle to RTK inhibi-
tion as an effective treatment in cancer is the presence of 
extensive RTK coactivation networks, which can contribute 
to drug resistance.2 Clearly, a better understanding of 
detailed mechanisms by which particular RTKs function in 
specific processes and in specific cancer types is crucial for 
designing new therapies and clinical trials.

Met and Ron are related RTKs that have been implicated 
in tumor growth and metastasis in animal models3-5 and in 
patients.5-7 Although the function of Met in cancer has been 
studied for more than 20 years, culminating in development 
of targeted therapies now in clinical trials,8 Ron has more 
recently emerged as a major player in cancer, where its 
expression usually correlates with more aggressive disease 
and poor outcomes.5,9,10 Ron inhibitors are now actively 
being developed in the pharmaceutical industry.

Ron is overexpressed, but not amplified or mutated, in 
many epithelial cancers. Often concomitant with overex-
pression of wild-type Ron is the expression of alternative 
Ron isoforms that yield constitutively active proteins.6,11 
One of these variants, a 55-kD N-terminally truncated form 
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Abstract
Receptor tyrosine kinases (RTKs) have been the subject of intense investigation due to their widespread deregulation in cancer and the prospect of 
developing targeted therapeutics against these proteins. The Ron RTK has been implicated in tumor aggressiveness and is a developing target for therapy, 
but its function in tumor progression and metastasis is not fully understood. We examined Ron activity in human breast cancers and found striking 
predominance of an activated Ron isoform known as short-form Ron (sfRon), whose function in breast tumors has not been explored. We found that 
sfRon plays a significant role in aggressiveness of breast cancer in vitro and in vivo. sfRon expression was sufficient to convert slow-growing, nonmetastatic 
tumors into rapidly growing tumors that spontaneously metastasized to liver and bones. Mechanistic studies revealed that sfRon promotes epithelial-
mesenchymal transition, invasion, tumor growth, and metastasis through interaction with p85, the regulatory subunit of phosphoinositide 3-kinase (PI3K). 
Inhibition of PI3K activity, or introduction of a single mutation in the p85 docking site on sfRon, completely eliminated the ability of sfRon to promote 
tumor growth, invasion, and metastasis. These findings reveal sfRon as an important new player in breast cancer and validate Ron and PI3K as therapeutic 
targets in this disease.
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of Ron, called “short-form” or sfRon, is generated from an 
alternative transcriptional start from a second promoter 
within exon 10 of RON.12 Translation of the shorter mRNA 
begins in frame, at Met913, which corresponds to a codon 
within exon 11 of the normal RON transcript. Thus, the 
sfRon protein lacks the N-terminus of Ron, including most 
of the extracellular domain. The transmembrane and cyto-
plasmic domains remain intact, however, and comprise 
identical amino acid sequence to the corresponding portion 
of full-length Ron.

sfRon is of particular interest in cancer: the mouse ortho-
log of RON, stk, has been extensively studied with respect 
to cancer susceptibility. As with human RON, an internal 
promoter within the stk gene gives rise to a shortened tran-
script that results in production of “short-form” stk protein 
(sf-stk), analogous to sfRon. Mapping of resistance loci in 
strains of mice that are not susceptible to development of 
Friend virus (FV)–induced erythroleukemia led to the dis-
covery of sf-stk as a required contributor to this cancer. A 
3-nucleotide deletion polymorphism within the sf-stk pro-
moter in resistant mouse strains results in a nonfunctional 
promoter, and introduction of exogenous sf-stk restores 
susceptibility to FV-induced erythroleukemia.13,14

In humans, sfRON mRNA is detected in both normal and 
malignant cells from several tissues,12 indicating that usage 
of the internal promoter is functionally conserved between 
mice and humans. sfRON proteins organize into constitu-
tively active autophosphorylated dimers that can confer a 
growth advantage to cells in vitro: inactivation of sfRON 
using kinase-dead variants in lung cancer and erythroleuke-
mia cells inhibited proliferation.15 Overexpression of sfRon 
in T47D cells caused silencing of the E-cadherin promoter 
via chromatin remodeling,12 which could be reversed by 
overexpression of unliganded estrogen receptor α.16

It is not known how sfRon functions in tumors in vivo, 
nor has the relevance of sfRon to breast cancer been 
explored. In this study, we examined the importance of 
sfRon in human breast cancer by utilizing primary human 
breast tumors and model systems in vitro and in vivo. The 
results were striking: we found that sfRon is the major 
active Ron isoform in breast tumors from patients and that 
it plays a significant role in the aggressiveness of breast 
cancer. sfRon expression was sufficient to convert slow-
growing, nonmetastatic tumors into fast-growing tumors 
that spontaneously metastasized from the mammary gland 
to liver and bones: both are clinically relevant sites for 
breast cancer metastasis. Mechanistic studies revealed an 
interaction between sfRon and phosphoinositide 3-kinase 
(PI3K) that was required for sfRon function. Blocking the 
ability of sfRon to interact with PI3K thoroughly abrogated 
the ability of sfRon to confer aggressive tumor behavior 
and completely blocked metastasis. These findings provide 
important new information as to the function of sfRon in 

cancer and validate both sfRon and PI3K as potential thera-
peutic targets in breast cancer.

Results
sfRon is the major active Ron isoform in tumors from breast 

cancer patients. To assess the abundance and activity of Ron 
and sfRon in primary breast cancers, we first examined 
mRNA levels according to a method developed previously, 
which takes advantage of a short, unique sequence in the 
5′UTR of sfRon mRNA that is derived from intron 10.12 We 
examined RNA from a total of 25 primary breast speci-
mens: 5 from normal breasts following reduction mammo-
plasty, 10 from estrogen receptor (ER)–positive cancers, 
and 10 from ER–negative cancers. We detected sfRon 
mRNA in 76% of all breast tissues examined and found no 
correlation between sfRon mRNA expression, cancer sta-
tus, or ER status (Suppl. Table S1). This is in agreement 
with Bardella et al., who reported sfRon mRNA expression 
in a variety of normal and cancerous tissue types.12 We 
found that in both normal breast and breast cancers, sfRon 
mRNA was detected in a greater proportion of samples than 
Ron mRNA. With the number of tissues we examined, the 
expression of Ron mRNA did not significantly predict 
expression of sfRon mRNA or vice versa (Fisher exact 
test); however, our data are consistent with a report that 
hypermethylation/silencing of the region surrounding the 
Ron promoter is associated with increased transcription 
from the sfRon promoter in non–small cell lung cancer.15 
Our data indicated that, at least in the human breast, the 
sfRon promoter is functional and leads to production of 
sfRon mRNA in the majority of breast cancers and normal 
breast tissue.

To determine the relative expression and activation lev-
els of Ron and sfRon proteins in breast cancers, we carried 
out analysis using several different antibodies that are spe-
cific for the C-terminus of the protein and therefore are able 
to recognize both Ron and sfRon. One of these antibodies, 
anti-Ron C-20, recognizes both phosphorylated and non-
phosphorylated Ron proteins (pRon and Ron, respectively) 
but has higher affinity for the nonphosphorylated protein 
(Suppl. Figs. S1 and S2A). The other antibodies used were 
anti-pRon Y1238/1239 (specific for phosphorylation in the 
kinase domain) and anti-pRon Y1353/1360 (specific for 
phosphorylation in the docking site), which both recognize 
activated Ron and sfRon in normal and cancerous tissues.

Western analysis of breast cancers from 29 different 
patients using anti-Ron C-20 revealed high expression of 
Ron protein in 31% of tumors and low levels of expression 
in 20% of tumors (Fig. 1 shows a representative blot with 6 
samples), which is consistent with previous reports.6 sfRon 
was detected in 69% of all tumors examined (Fig. 1 and 
data not shown) and existed as both an unmodified 55-kDa 
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protein and as 2 posttranslationally modified higher molec-
ular weight forms that were previously noted but not 
described.15 The higher molecular weight sfRon bands 
(HMW sfRon) are specific to sfRon protein because they 
appear in breast cancer cells only when the sfRon cDNA is 
introduced (Suppl. Fig. S2A and S2B). The migration of 
HMW sfRon bands (~10-kDa shift for each) is consistent 
with the fact that the C-terminus of Ron is ubiquitylated at 
multiple sites through direct interaction with the E3 ubiqui-
tin ligase Cbl following its activation17 and our own data 
that phosphorylated sfRon can be ubiquitylated in MCF7 
cells (Suppl. Fig. S2C).

Examination of sfRon and Ron 
proteins in 10 normal breast tissues 
isolated from reduction mammo-
plasty patients revealed that Ron is 
the main isoform expressed in nor-
mal breast. In contrast to tumor tis-
sue, no phosphorylated Ron or 
sfRon protein was detected in nor-
mal breast tissue (Fig. 1B). Taken 
together, these data showed that 
sfRon protein and mRNA levels do 
not correlate well in breast tissues 
and that sfRon protein becomes spe-
cifically upregulated in breast can-
cers. Furthermore, sfRon and HMW 
sfRon are the major isoforms of 
active (phosphorylated) Ron in 
breast tumors from patients, which 
suggests that sfRon could play an 
important role in breast cancer.

sfRon confers EMT and invasive 
capabilities in breast cancer cells. 
Despite its abundance in primary 
patient samples, sfRon protein is not 
detectable in most breast cancer cell 
lines (Suppl. Fig. S3), and its func-
tion is not understood. We asked 
whether introduction of sfRon into 
breast cancer cells would alter their 
behavior in vitro or in vivo. sfRon 
was introduced into human MCF7 
breast cancer cells, and protein 
expression was verified by Western 
blotting with anti-Ron C-20 and 
anti-pRon antibodies (Suppl. Fig. 
S2A). It is important to note that 
although our lines were engineered 
to express exogeneous Ron and 
sfRon, the level of phosphorylated 
Ron is very similar to that observed 
in actual patient tumors, indicating 

that our model system exhibits biologically relevant levels 
of activated sfRon (Suppl. Fig. S2B).

To determine whether expression of sfRon affected cell 
proliferation or survival in culture, we assayed mitochon-
drial dehydrogenase activity as a surrogate for cell number, 
as a function of time. While cells expressing sfRon prolifer-
ated slower at low density, there was no significant differ-
ence in the overall rate of growth over 6 days compared to 
parental MCF7 cells. This was in contrast to overexpression 
of Ron, which did significantly increase proliferation (Fig. 
2A, left panel). We also found no difference in the ability of 
sfRon cells to survive in serum-free conditions for the same 

Figure 1. sfRon is the major active Ron isoform in tumors from breast cancer patients. (A) 
Representative Western blot of breast tumor lysates from 6 different patients using antibodies specific 
for the C-terminus of Ron (C-20; upper blot) or those specific for active, phosphorylated Ron (pRon 
Y1238/1239; lower blot). (B) Representative Western blot of breast tissue lysates from 10 different 
patients following reduction mammoplasty using antibodies specific for the C-terminus of Ron (C-20; 
upper blot) or those specific for active, phosphorylated Ron (pRon Y1238/1239; lower blot). Tumor 
4 is the same sample as that shown in A. The line on the top gel denotes separation of 2 different 
film exposures from the same blot. The proform of Ron (proRon), Ron β chain (Ron), and sfRon (or 
phosphorylated sfRon [p-sfRon]) are indicated. The putative ubiquitylated sfRon (sfRon-HMW) is also 
noted.
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period of time, whereas Ron expression improved survival 
(Fig. 2A, right panel).

Approximately 2 to 3 weeks following introduction of 
sfRon, the cells underwent a distinct morphological change 
resembling epithelial-to-mesenchymal transition (EMT): 
conversion from large cuboidal cells with prominent cell-
cell contacts to smaller cells with reduced cell-cell contact 
and spindle-like morphology (Fig. 2B). The EMT was 

verified by assessing the molecular 
features that define the transition: 
decreased expression of the epithe-
lial marker E-cadherin and increased 
expression of the mesenchymal 
markers N-cadherin and vimentin 
(Fig. 2C and Suppl. Fig. S3). Other 
defining characteristics of EMT 
were also noted, including enrich-
ment of β-catenin in nuclei, 
increased activity of matrix metal-
loproteinase 2, and increased 
expression of the EMT master regu-
lators Twist, SLUG, and SIP1 
(Suppl. Fig. S3).

The EMT often correlates with 
increased proliferation, survival, 
migration, and the ability to invade 
through extracellular matrices in 
vitro and in vivo.18,19 Although we 
found no change in MCF7-sfRon 
cell proliferation or survival in our 
assays, we noted a marked increase 
in the ability of MCF7-sfRon cells 
to invade through a mixture of extra-
cellular matrix (ECM) proteins 
known as Matrigel. MCF7-sfRon 
cells exhibited up to 14-fold 
increased invasion activity com-
pared to parental MCF7 cells (Fig. 
2D). This occurred despite no 
change in basic cell migration (data 
not shown) and did not occur with 
overexpression of full-length Ron, 
indicating that sfRon specifically 
confers invasive ability to breast 
cancer cells. Notably, sfRon induced 
EMT, invasion, and tumor growth in 
another breast cancer cell line, 
MDA-MB-361 (Suppl. Fig. S4), 
indicating that the activity of sfRon 
is not limited to MCF7 cells.

PI3K signaling is required for  
the invasive activity of sfRon. Ron is 
known to activate several signaling 

routes, including the mitogen-activated protein kinase 
(MAPK), PI3K, Src, and phospholipase C (PLC) pathways, 
in part via direct binding of SH2 domain containing adaptor 
proteins to the C-terminal docking site.9 As discussed 
above, sfRon is identical to the last 488 amino acids of Ron 
but can exist in a phosphorylated state despite its inability 
to bind the MSP ligand.12 However, very little is known 
about which signaling pathways are activated by sfRon. We 

Figure 2. sfRon confers EMT and invasive capability in breast cancer cells. (A) Left panel: proliferation 
of MCF7 and MCF7-sfRon cells based on mitochondrial dehydrogenase activity, read as absorbance 
over time. Right panel: survival of MCF7 and MCF7-sfRon cells in serum-free conditions based on 
mitochondrial dehydrogenase activity. (B) Phase-contrast micrograph illustrating altered morphology 
of MCF7 cells expressing sfRon (right panel) compared to those expressing full-length Ron (left panel). 
Photographs were taken at the same magnification; scale bars represent 100 µm. (C) Western blot with 
antibodies specific for E-cadherin, N-cadherin, and β-actin showed that sfRon decreased expression 
of E-cadherin and increased expression of N-cadherin. (D) sfRon induced invasion, as quantified by 
determining the number of cells that passed through Matrigel-coated Boyden chambers. No significant 
change was observed in MCF7-Ron cells. White bars: random invasion toward serum-free medium; 
gray bars: invasion toward medium containing 10% serum. Error bars reflect standard deviation from 
at least 3 experimental replicates.
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observed that MCF7-sfRon cells 
exhibited strong activation of the 
PI3K pathway, as assessed by phos-
phorylation of the PI3K target Akt 
(Fig. 3A). In contrast, sfRon expres-
sion blocked the MAPK pathway, 
which was reflected in loss of Erk1/2 
phosphorylation (Fig. 3A). Full-
length Ron did not have this effect, 
indicating that sfRon elicits yet 
another function(s) that is distinct 
from that of Ron.

The pleckstrin homology domain 
containing kinase PDK1 is recruited 
to membranes in response to PI3K 
activation, where it is responsible 
for phosphorylating Akt and other 
signaling molecules.20 To further 
verify increased PI3K activity in 
cells expressing sfRon, we per-
formed Western blotting for 2 down-
stream targets of PI3K (Akt and 
PDK1) in the presence and absence 
of PI3K inhibitors (LY294002 or 
wortmannin). As expected, phos-
phorylation of Akt, but not PDK1, was blocked in response 
to PI3K inhibitors (Suppl. Fig. S5A and S5B); PI3K activity 
does not specifically affect phosphorylation status of PDK1 
but promotes its localization to the membrane.20,21 To deter-
mine the subcellular localization of PDK1 in response to 
sfRon in the presence or absence of PI3K inhibitors, we 
also carried out immunofluorescence for PDK1 and cap-
tured images using confocal microscopy. We found that 
PDK1 was recruited to the plasma membrane in the pres-
ence of sfRon, and this effect was eliminated by treatment 
with PI3K inhibitors (Suppl. Fig. S5C-L). Thus, our data 
indicate that sfRon induces PI3K activity, resulting in local-
ization of PDK1 to the plasma membrane and activation of 
Akt.

The robust signaling of sfRon through PI3K prompted 
us to determine whether this pathway was required for 
sfRon function in breast cancer cells. Invasion of MCF7-
sfRon cells was inhibited by addition of either of the PI3K 
inhibitors (Fig. 3B). Blockade of invasion by both PI3K 
inhibitors was dose dependent: nearly complete inhibition 
of invasion was achieved with concentrations as low as 1 
nM wortmannin (Fig. 3B).

It is notable that although inhibition of PI3K activity 
was sufficient to block invasion of MCF7-sfRon cells, it 
was not sufficient to reverse the EMT. The cells retained 
their N-cadherinhigh phenotype (Fig. 3C) and retained 
expression of EMT transcription factors and mesenchymal 
morphology (Suppl. Fig. S6A and S6B) in the presence of 
wortmannin, even over long-term culture with this inhibi-
tor. These data suggested that the EMT phenotype, even in 

the presence of sfRon, is not sufficient to endow invasive 
capabilities to these cells. We then asked whether sfRon-
induced EMT could be inhibited by treating with wortman-
nin before introduction of sfRon into the cells. Inhibition 
of PI3K prior to expression of sfRon blocked sfRon-
induced EMT and cell invasion (Suppl. Fig. S6C and S6D). 
Thus, PI3K activity is required for sfRon to orchestrate the 
EMT and is necessary for invasion in all scenarios tested 
(before and after EMT). However, the EMT phenotype is 
not sufficient to promote invasion in the absence of PI3K 
signaling.

To validate our observation that PI3K activity is required 
for sfRon to induce EMT and invasion, we applied a genetic 
approach to manipulate sfRon signaling, similar to an 
approach previously used for Met.22 The C-terminal dock-
ing site of Ron contains 2 tandem tyrosines in a degenerate 
motif (Y

1353
VQLPATY

1360
MNLGP), which contains a pre-

dicted binding site for the SH2 domain of the PI3K regula-
tory subunit, p85 (Fig. 4A). To determine whether sfRon 
binds p85, we carried out GST pull-down experiments and 
found that sfRon does indeed interact with PI3K through 
the SH2 domain of p85 (Fig. 4B).

We mutated a single amino acid in the putative p85 bind-
ing site to convert it to an optimal predicted binding site for 
Grb2 (Q1355N); we refer to this mutant as sfRon2G (Fig. 
4A). Grb2 binding facilitates activation of the Ras/Raf/
MAPK pathway downstream of Ron.23,24 We then gener-
ated an MCF7 cell line expressing sfRon2G and verified 
that the expression and phosphorylation levels of each 
sfRon protein were identical in these cell lines (Fig. 4B). 

Figure 3. PI3K signaling is activated by sfRon and is required for the invasive activity of sfRon. (A) 
Western blot on whole-cell lysates from parental MCF7 cells or those expressing Ron or sfRon, using 
antibodies specific for Akt or Erk (phosphorylated or total). (B) Addition of PI3K inhibitors Ly294002 
(40 uM) or wortmannin (1, 5, or 10 nM) blocked sfRon-induced invasion. Error bars reflect standard 
deviation from at least 3 experimental replicates. (C) Western analysis of N-cadherin on wortmannin-
treated MCF7-sfRon cells. The results revealed that blocking PI3K signaling could not reverse sfRon-
induced EMT.
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Figure 4. PI3K activation through interaction with sfRon is required for EMT and invasion. (A) 
Diagram showing mutation of the sfRon docking site (2G), designed to disrupt PI3K binding and facilitate 
Grb2 binding. (B) Western blot demonstrating that the sfRon2G mutation did not change sfRon and 
phosphorylated sfRon (p-sfRon, detected with anti-pY1238/39 Ron) expression in MCF7 cells (top 2 
panels). Lower panels: Western blot for sfRon following GST pull-down assays using the SH2 domain of 
Grb2 (Grb2SH2) or the SH2 domain of the p85 subunit of PI3K (p85SH2). The amount of GST protein 
used in the assays is shown in the lowest panel. (C) Western blot showing that sfRon2G promotes 
MAPK signaling (shown by p-Erk) instead of PI3K signaling (shown by p-Akt). (D) The sfRon2G mutant 
failed to induce EMT in MCF7 cells, as assessed by Western blotting for E-cadherin and N-cadherin 
proteins. (E) The sfRon2G mutant was defective for invasion ability, as measured by quantification of 
cells that crossed the Matrigel-coated membrane in a Boyden chamber assay.

GST pull-down experiments showed 
that the sfRon2G mutation elimi-
nated binding of p85 to sfRon and 
instead promoted Grb2 binding 
(Fig. 4B). Indeed, sfRon2G expres-
sion led to phosphorylation of 
Erk1/2 (Fig. 4C), whereas wild-type 
sfRon blocks Erk activation (Figs. 
3A and 4C). In addition, presumably 
because p85 can no longer bind to 
the sfRon2G protein, which uncou-
ples PI3K activity from sfRon, Akt 
was no longer phosphorylated (Fig. 
4C).

Next, we examined whether 
sfRon2G could promote invasion to a 
similar extent as that induced by 
sfRon. The single mutation that 
switches sfRon signaling from the 
PI3K pathway to the Ras/Raf/MAPK 
pathway blocked both EMT and inva-
sion (Fig. 4D and 4E). This was not 
due to restoration of MAPK activity 
because the MEK inhibitor U0126 
did not rescue the decreased invasion 
of cells expressing sfRon2G (data not 
shown). These data are consistent 
with our results using pharmacologi-
cal inhibitors of PI3K and verify that 
PI3K activity, through interaction of 
p85 with the C-terminus of sfRon, is 
required for sfRon-mediated invasion 
of breast cancer cells.

sfRon promotes tumor growth and 
metastasis. In vitro EMT and inva-
sion assays are often correlated with 
metastatic behavior in vivo but are 
nevertheless a surrogate measure 
for aggressiveness. Metastasis is a 
complicated, multistep process that 
requires invasion of tumor cells 
through the ECM and into the local 
environment, entry into the vascula-
ture, extravasation and colonization 
in other organs, and continued 
growth to form metastatic tumors. 
Our in vitro data indicate that sfRon 
promotes EMT and endows cells with the ability to invade 
through ECM. We next asked whether sfRon might pro-
mote metastasis in vivo. As a first indication of potential 
metastatic activity, we performed experimental metastasis 
assays by carrying out intracardiac injection of luciferase-
labeled tumor cells. We found that cells expressing either 

Ron or sfRon colonized metastases more efficiently and 
earlier than control cells (Suppl. Table S1), and mice 
injected with MCF7-sfRon tumors had to be euthanized 
earlier than control mice due to tumor burden (Suppl. Fig. 
S7). Therefore, in addition to increasing the invasive abil-
ity of tumor cells, sfRon provided potential metastatic 
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function in vivo, albeit with an 
experimental metastasis assay. 
These data prompted us to investi-
gate whether sfRon promotes 
metastasis in a more physiologi-
cally relevant spontaneous metasta-
sis assay and whether this function 
depends on interaction with PI3K.

To determine if sfRon is suffi-
cient to promote tumor progression 
and/or spontaneous metastasis from 
actual mammary tumors, we per-
formed orthotopic transplantation of 
the various lines into mammary 
glands of NOD/SCID mice. Expres-
sion of sfRon had profound effects 
on tumor growth beginning just 2 
weeks after injection of cells, which 
also required its ability to bind PI3K (Fig. 5). Tumors 
expressing sfRon reached the maximum tumor size by 5 to 
7 weeks, whereas tumors containing the vector control, full-
length Ron, or the sfRon2G mutant did not reach the same 
endpoint until at least 20 weeks (Fig. 5 and data not shown). 
Therefore, despite no detectable effect on cell proliferation 
or survival in vitro, sfRon significantly promoted tumor 
growth in vivo, which depended on its ability to bind and 
activate PI3K.

We noted no obvious differences in tumor histology 
including the appearance of microvessels or necrosis 
between the experimental groups (Suppl. Fig. S8). The his-
tology of sfRon-expressing tumors, however, appeared 
more poorly differentiated as judged by lack of any glandu-
lar features and consisted of smaller cells. The sfRon2G 
mutant-expressing tumors appeared similar to control 
tumors and tumors expressing Ron. These data are consis-
tent with our findings that sfRon drives an EMT, which we 
also confirmed in vivo by loss of E-cadherin staining in 
sfRon-expressing but not sfRon2G-expressing tumors 
(Suppl. Fig. S8).

MCF7 cells are tumorigenic but generally nonmeta-
static.25 To determine whether sfRon contributes to sponta-
neous metastasis, we performed ex vivo luciferase imaging 
on organs isolated from each mouse at necropsy. While 
control MCF7 tumors did not metastasize at all in our stud-
ies, we observed spontaneous metastasis to bone, liver, and 
spleen from primary tumors expressing Ron or sfRon 
(Table 1). On the other hand, the sfRon2G mutant failed to 
increase metastasis even over a 27-week period (Table 1; 
to avoid the confounding factor of tumor size on metasta-
sis, the endpoint for all groups was based on the tumor size 
rather than time). These data indicate that p85 binding is 
required for sfRon to promote both tumor growth and 
metastasis.

Discussion

Ron has recently emerged as an important mediator of 
tumor progression in human cancers. Based on its associa-
tion with aggressive disease, as well as its increased expres-
sion in tumor versus normal cells, Ron is an exciting new 
therapeutic target in cancer. We and others have previously 
shown that Ron or its ligand promotes breast tumor growth 
and metastasis in various cell lines and in mouse mod-
els4,5,26 and that expression of critical components of the 
Ron signaling pathway in tumors is prognostic for poor out-
come in breast cancer patients.5 However, due to common 
limitations on tissue availability, previous studies using pri-
mary tumors have mainly utilized gene expression microar-
ray data rather than examining active Ron proteins. We 
utilized several antibodies to assess the relative abundance 
of Ron isoforms from primary breast cancers and found a 
striking result: most of the active, phosphorylated Ron 
exists as sfRon, not as full-length Ron.

Our studies show that engineered expression of sfRon 
in breast cancer cells, which led to the same activation 
levels as those seen in primary tumors, confers a more 
aggressive phenotype: loss of epithelial features, increased 
invasive capability, increased tumor growth, and robust 
metastasis. These data could explain the increased inci-
dence of sfRon expression in patient tumors compared to 
Ron expression; sfRon might provide a selective advan-
tage to the tumors that express it. It is intriguing that sfRon 
expression is not retained in most breast cancer cell lines, 
and exogenously expressed sfRon did not increase cell 
proliferation or survival in our studies in vitro. Ron, on the 
other hand, is expressed in many breast cancer cell lines 
and facilitates both proliferation and survival in that  
setting. Our data show a prominent effect of sfRon on 
tumor growth in vivo but not in vitro, suggesting that 

Figure 5. sfRon expression increases tumor growth through activation of PI3K. Orthotopic tumor 
growth rate for MCF7, MCF7-Ron, MCF7-sfRon, and MCF-sfRon2G cells upon orthotopic injection 
into mammary fat pads of NOD/SCID mice (n = 5-7 per group; error bars reflect standard deviations).
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environmental context plays a key role in sfRon-mediated 
tumor progression.

It has been reported that sfRon can increase growth of 
T47D cells in vitro in addition to promoting an EMT-like 
state12; it is possible that the effects of sfRon on prolifera-
tion may differ with cell context, culture conditions, and/or 
sfRon expression levels. We did note that the proliferation 
rate of sfRon-expressing MCF7 cells was greater than con-
trols between days 3.5 to 5 (slope of the graph in Fig. 2A), 
but we did not find a significant effect over the course of the 
entire assay.

We also found that sfRon and Ron signals appear to be 
divergent: while Ron activates both MAPK and PI3K path-
ways,24,27,28 sfRon turns off the MAPK pathway and signals 
strongly through PI3K in the breast cancer cells we exam-
ined. Mutation of the PI3K binding site in sfRon, or treat-
ment with PI3K inhibitors, was sufficient to completely 
inhibit the tumor-promoting functions of sfRon. The role 
for PI3K signaling in sfRon-driven tumor progression is 
currently not known but does not appear to be through the 
Akt/mTOR pathway because inhibition of Akt or mTOR 
was not able to suppress invasion (Suppl. Fig. S8), and pro-
longed growth of sfRon-expressing breast cancer cells in 
the presence of wortmannin eventually led to alternative 
activation of Akt without restoring invasive and metastatic 
capabilities to the cells (data not shown). Akt-independent 
signaling downstream of PI3K, through activation of PDK1 
and SGK3, has been recently described in various cancer 
cell lines, including breast cancer,21 suggesting that this arm 
of signaling should be explored as a potential downstream 
effector pathway for sfRon.

Lack of knowledge about critical mechanisms of metas-
tasis has precluded design of therapies that specifically pre-
vent or treat metastatic disease. Rigorous studies of 
metastasis require whole animal systems, and models in 
which metastasis spontaneously occurs from primary 
tumors are rare. We have recently developed mouse model 
systems in which breast cancers spontaneously metastasize 
from the orthotopic tumor, so the entire process can be stud-
ied.5,29 Expression of sfRon provides another example in 
which metastasis occurs readily from the primary site and 
therefore holds promise as a model to better understand 

metastasis. It is interesting that Ron also promoted metasta-
sis, despite having no significant effect on tumor growth. 
The mechanisms by which Ron promotes metastasis, and 
whether it also depends on PI3K, are currently underway.

Occult metastatic disease is thought to be present in 
some patients at the time of diagnosis of primary breast and 
other cancers,30,31 and adjuvant therapy is an attempt to pre-
vent growth of any disseminated cells. In the case of breast 
cancer, where the primary tumor can usually be excised, 
prevention of early steps of metastasis such as tumor migra-
tion and invasion may be less clinically relevant than pre-
venting growth of cells that have already disseminated. Our 
data indicate that sfRon may play a role in growth of tumor 
cells even after they have spread throughout the body. This 
is a promising result, suggesting that sfRon, and perhaps 
PI3K, might be a viable potential target in the adjuvant set-
ting. Our data warrant future studies examining whether the 
presence of active sfRon correlates with clinical outcomes 
and whether Ron kinase inhibition would prove useful as 
new therapy for breast cancer.

Materials and Methods
Tissues. All tissue samples were collected from patients 

who provided informed consent at Huntsman Cancer Hos-
pital/University of Utah under an approved institutional 
review board protocol.

Cell lines and reagents. MCF7 cells used in these studies 
were generously provided by Heide Ford (University of 
Colorado, Denver, CO) and were previously described.32 
MCF7 cells were maintained in DMEM/F-12 supplemented 
with 10% FBS, 10 µg/mL insulin, and 100 U/mL penicillin. 
All cells were incubated at 37°C in humidified air contain-
ing 5% CO

2
 and routinely passaged with trypsin-EDTA.

qRT-PCR. Total RNA was extracted with the Qiagen 
RNeasy Mini kit (Qiagen, Valencia, CA), according to the 
manufacturer’s protocol. cDNA was synthesized with 
M-MuLV reverse transcriptase (Fermentas Life Sciences, 
Glen Burnie, MD), using 1 µg total RNA per 20 µL reac-
tion. Quantitative real-time PCR was performed on cDNA 

Table 1. Summary of Orthotopic Tumor Growth and Spontaneous Metastasis in NOD/SCID Mice Injected with MCF7, MCF7-Ron, 
MCF7-sfRon, or MCF7-sfRon2G Cells

MCF7 MCF7-Ron MCF7-sfRon MCF7-sfRon2G

Tumor formation  
(time to endpoint)

 
5/5 (20+ weeks)

 
6/6 (20+ weeks)

 
8/8 (5-7 weeks)

 
5/5 (27 weeks)

Metastasis (any site) 0/5 5/6 (83%) 6/8 (75%) 0/5
Bone 0/5 1/6 (17%) 5/8 (67.5%) 0/5
Lung 0/5 2/6 (33%) 0/8 0/5
Liver 0/5 2/6 (33%) 1/8 (12.5%) 0/5
Spleen 0/5 0/6 1/8 (12.5%) 0/5
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samples (details and primer sequences are in the supple-
mentary material).

Western blotting and immunoprecipitation. Western blot-
ting was carried out on 50- to 100-µg tumor or tumor cell 
lysates, or immunoprecipitates from 1-mg lysate, following 
separation by 12% SDS-polyacrylamide gel electrophoresis 
and transfer to PVDF membranes (Millipore Corporation, 
Billerica, MA). Details on preparation of protein lysates 
and antibodies used are in the supplementary material.

Cell proliferation and survival assays. For proliferation 
assays, cells were seeded at 2,000 cells per well and allowed 
to grow in complete medium for 6 days. Relative cell num-
bers were assayed each day using a Quick Cell Proliferation 
assay (BioVision, Mountain View, CA), which measures 
cleavage of the tetrazolium salt WST-1 to formazan by cel-
lular mitochondrial dehydrogenases, according to the man-
ufacturer’s instructions. For survival assays, cells were 
seeded at 100,000 cells per well in serum-free medium and 
relative cell number assayed each day using the same mito-
chondrial dehydrogenase assay.

Invasion assays. Growth factor–reduced Matrigel inva-
sion chambers (24-well; 8.0-µm pore) were used according 
to the manufacturer’s instructions (BD Biosciences, Frank-
lin Lakes, NJ). The Matrigel in each chamber was rehy-
drated with serum-free medium for 2 hours at 37°C in a 
humidified incubator. To block cellular proliferation during 
the assay, cells were treated with mitomycin C (10 µg/mL, 
Sigma, St. Louis, MO) just prior to the assay. For some 
experiments, inhibitors of PI3K (wortmannin [Sigma] or 
LY294002 [Cell Signaling Technology, Danvers, MA]), 
AKT1/2 (A6730, Sigma), or MEK (U0126, Cell Signaling 
Technology) were added. After incubation at 37°C for 48 
hours, invading cells were quantified by counting 5 repre-
sentative high-powered fields.

Immunofluorescence. Cells were grown on glass cover-
slips and fixed with 4% paraformaldehyde for 15 minutes at 
room temperature. Following permeabilization of the cells 
with 0.5% Triton X-100, the samples were blocked with 
0.5% bovine serum albumin. Primary antibodies specific 
for pPDK1 and Alexa Fluor 488–labeled (Invitrogen, Carls-
bad, CA) secondary antibodies were both used at a 1:100 
dilution in blocking buffer. Images were captured using a 
spinning disk confocal microscope.

Site-directed mutagenesis. The sfRon2G point mutation 
was introduced using the QuickChange Multi Site-Directed 
Mutagenesis Kit (Stratagene, La Jolla, CA), using pMSCV-
sfRon plasmid DNA as a template (oligo sequences are in 
the supplementary material).

GST pull-down assays. GST-Grb2SH2 was purchased 
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA), and 
pGEX6P-1 p85SH2 was a generous gift from Dr. Deborah 
Anderson (Saskatchewan Cancer Agency, Saskatoon, SK, 
Canada). There was 300-µg protein lysate used in each pull 
down.

Preparation of estrogen pellets. Lyophilized estrogen (Sigma) 
was dissolved in beeswax (Sigma-Aldrich) in a glass vial at 
60°C. Three drops of the melted beeswax solution, which 
contained approximately 1.2 mg estrogen,33 were pooled onto 
cooled parafilm to form a pellet and stored at 4°C.

Orthotopic xenografts and experimental metastasis assays. 
All procedures were approved by the University of Utah 
Institutional Animal Care and Use Committee. Female 
NOD/SCID mice were injected at 4 to 6 weeks of age ortho-
topically with 1 × 106 MCF7, MCF7-Ron, MCF7-sfRon, or 
sfRon mutant cells suspended in Matrigel. A subcutaneous 
estrogen pellet was also transplanted behind the shoulder 
blades. Tumor growth was measured using the Xenogen 
IVIS System (Caliper Life Sciences, Hopkinton, MA) and 
calipers. For experimental metastasis assays, 5- to 7-week-
old NOD/SCID mice were injected with 1 × 105 MCF7, 
MCF7-Ron, or MCF7-sfRon cells in HBSS buffer directly 
into the left cardiac ventricle. Further details are in the sup-
plementary material.
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