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Abstract

Despite 35 years of clinical trials, there is little improvement in one-year survival rates for patients
with metastatic melanoma, and the disease is essentially untreatable if not cured surgically. The
paucity of chemotherapeutic agents that are effective for treating metastatic melanoma indicates a
dire need to develop new therapies. Here, we found a previously unrecognized role for c-Abl and
Arg in melanoma progression. We demonstrate that the kinase activities of c-Abl and Arg (c-Abl,
Arg) are elevated in primary melanomas (60%), in a subset of benign nevi (33%), and in some
human melanoma cell lines. Using siRNA and pharmacological approaches, we show that c-
Abl/Arg activation is functionally relevant because it is required for melanoma cell proliferation,
survival, and invasion. Significantly, we identify the mechanism by which activated c-Abl
promotes melanoma invasion by showing that it transcriptionally upregulates MMP-1, and using
rescue approaches we demonstrate that c-Abl promotes invasion via a STAT3—MMP-1 pathway.
Additionally, we show that c-Abl and Arg are not merely redundant, as active Arg drives invasion
in a STAT3-independent manner, and upregulates MMP-3 and MT1-MMP, in addition to MMP-1.
Most importantly, c-Abl and Arg not only promote in vitro processes important for melanoma
progression, but also promote metastasis in vivo, as inhibition of c-Abl/Arg kinase activity with
the c-Abl/Arg inhibitor, nilotinib, dramatically inhibits metastasis in a mouse model. Taken
together, these data identify c-Abl and Arg as critical, novel, drug targets in metastatic melanoma,
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and indicate that nilotinib may useful in preventing metastasis in patients with melanomas
harboring active c-Abl and Arg.
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INTRODUCTION

Melanoma diagnoses are increasing faster than any other cancer (Berwick et al 2009).
Although melanoma represents 5-7% of all skin malignancies, it accounts for over 75% of
skin cancer-related deaths (Berwick et al 2009). The mean survival time from the
appearance of distant metastases is 6-9 months, and only 5% of patients survive longer than
one year (Mouawad et al 2009). Many chemotherapeutic regimens have been tried in
patients with metastatic melanoma; however, none has greater than a 5% success rate or
extends survival to more than 10 months, indicating a dire need to develop new therapies
(Hodi et al 2010). Melanomas are divided into subtypes based on sun-exposure and location:
chronic exposure (face), intermittent (trunk, arms, legs), minimal exposure (palms, soles),
and mucosal membranes (Kabbarah and Chin 2005). Melanomas also are classified as radial
growth phase (RGP), vertical growth phase (VGP) or metastatic (Clark et al 1984). RGPs
are confined to the basement membrane, whereas VGPs have nests of cells that invade the
dermis (Clark et al 1984). Fifty-percent of melanomas develop from dysplastic nevi
(Shepherd et al 2010). Melanoma subtypes contain distinct molecular alterations. B-Raf
mutations are frequent in benign nevi, in melanomas from skin that is intermittently exposed
to the sun, and in VGPs rather than RGPs (Kabbarah and Chin 2005, Maldonado et al 2003).
In contrast, c-Kit mutations are more frequent in melanomas from mucosal and acral (hands,
feet) areas (Kabbarah and Chin 2005, Smalley et al 2009). Drugs targeting B-Raf or c-Kit
show promise for treating malignant melanoma (Flaherty et al 2010, Satzger et al 2010).

Matrix metalloproteinases (MMPs) are secreted by stromal and tumor cells as zymogens,
which are cleaved by proteases to their active forms, and secretion of MMPs at the site of
the progressing tumor promotes progression (Brinckerhoff et al 2000). Interstitial
collagenases cleave collagen I, I, 1l (MMP-1, MMP-8, MMP-13); gelatinases cleave type
IV collagen (MMP-2, MMP-9); stromelysins (MMP-3, MMP-10) cleave non-collagen
matrices and contribute to activation of the collagenases and MMP-9; and membrane MMPs
(e.9. MT1-MMP) cleave and activate other MMPs (MMP-2, MMP-13) and also have some
collagenase activity (Brinckerhoff et al 2000). MMP-1 activity is frequently increased in
advanced cancers, and its expression is negatively correlated with patient survival
(Brinckerhoff et al 2000). In melanomas, acquisition of the VGP phenotype is dependent on
MMP expression; MMP-1 is expressed in VGPs; and MMP-1 activity is required for
melanoma invasion and metastasis (Blackburn et al 2009). MMP expression is regulated by
many transcription factors including NF-xB, AP-1, Ets, and STAT3 (Fanjul-Fernandez et al
2010). STATS3 is often constitutively activated in melanoma, and promotes survival,
proliferation, invasion, VGP transition, angiogenesis, and metastasis (Kortylewski et al
2005).
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c-Abl and Arg (c-Abl, Arg) are most known for their oncogenic role in leukemia, and drugs
targeting oncogenic forms (e.g. BCR-Abl) are successful in treating these diseases
(Pendergast 2001, Santos and Ravandi 2009). Imatinib mesylate (ST1571, Gleevec), a
cAbl/Arg inhibitor that also inhibits c-Kit and PDGFRa,B, induces remission in chronic
myelogenous leukemia (CML), which express BCR-Abl (Druker et al 2001) and in
gastrointestinal stroma tumors (GIST), which express mutant c-Kit (DeMatteo 2009).
Nilotinib, a second generation drug, is effective for CML patients that develop resistance or
cannot tolerate imatinib (Deininger 2008). We were the first to demonstrate that c-Abl and
Arg also are activated in solid tumors (breast cancer, glioblastoma, MDA-MB-435s cells),
downstream of constitutively activated receptor tyrosine kinases and Src kinases, and
promote invasion and proliferation (Srinivasan and Plattner 2006, Srinivasan et al 2008,
Srinivasan et al 2009). Arlinghaus and colleagues subsequently showed that c-Abl and Arg
also are activated in non-small cell lung cancer cells (Lin et al 2007), and Maina and
colleagues demonstrated that c-Abl is activated downstream of c-Met in gastric carcinoma
cells (Furlan et al 2011). Several lines of evidence suggest that c-Abl and Arg may
contribute to melanoma development/progression: 1) MDA-MB-435s, originally thought to
be of breast origin, was recently identified as melanoma M14 (Rae et al 2007); 2) imatinib
inhibits proliferation of some melanoma cell lines (Mayorga et al 2006). However, the
activities of c-Abl and Arg were not examined, and the mechanism of STI571-mediated
inhibition of proliferation was not determined (Mayorga et al 2006); and 3) imatinib inhibits
murine melanoma tumor growth in a model that lacks expression of c-Kit and PDGFR-a,f3
(Ogawa et al 2008, Redondo et al 2004). These data prompted us to examine whether cAbl
and Arg play a role in human melanoma progression. Here, we demonstrate that cAbl/Arg
kinase activities are increased in primary melanomas and in some human melanoma cell
lines; their activation is required for proliferation, survival, and invasion; cAbl and Arg
promote melanoma invasion via distinct molecular pathways; and c-Abl and Arg drive
melanoma metastatic progression. Therefore, c-Abl and Arg are important clinical targets in
melanoma, and represent an unexplored avenue for targeted treatment.

c-Abl and Arg are activated in human melanoma cell lines and in primary melanomas

Expression of c-Abl and Arg was dramatically elevated in all melanoma cell lines examined
relative to primary melanocytes (Figure 1a). To determine whether c-Abl and Arg are
activated in melanoma cell lines, their basal activities were directly assessed by in vitro
kinase assay utilizing the known c-Abl/Arg target, Crk, as substrate (Plattner et al 1999,
Plattner et al 2003). Interestingly, several melanoma cell lines had high c-Abl and/or Arg
activity (sbcl2, A375, WM3248, 435s/M14)(Figure 1a). With the exception of WM278,
phosphorylation of Crk/CrkL, c-Abl/Arg targets, paralleled c-Abl/Arg activities (Figure 1a).
To test whether c-Abl and Arg are activated in primary melanomas, we performed
immunohistochemistry (IHC) on melanoma tissue microarrays. Phospho-specific antibodies
to c-Abl (Y412, Y245) cross-react with phospho-PDGFR and phospho-EGFR, and thus,
cannot be used to assess activity by IHC, and phospho-specific Arg antibodies are not
available. Therefore, we stained melanoma tissue microarrays with an antibody to the c-
Abl/Arg phosphorylation sites (Y221/Y207) on c-Abl/Arg substrates, Crk and CrkL. We and
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others previously showed that Crk/CrkL phosphorylation on Y221/Y207 correlates with c-
Abl/Arg activity in cancer cell lines (Figure 1a) (Smith-Pearson et al 2010, Srinivasan and
Plattner 2006, Yogalingam and Pendergast 2008). An advantage to this approach is that
activation of c-Abl and Arg can be assessed simultaneously. In normal skin, pCrk/CrkL
staining was limited to the cytoplasm and nuclei of keratinocytes and nuclei of lymphocytes
(Figure 1b). Most benign nevi demonstrated weak nuclear pCrk/CrkL staining (red);
although some (33%) exhibited moderate-strong staining (score=1.4; score=I x P where
I=Intensity (1+, 2+, 3+) and P=proportion of positively staining tumor cells; Figure 1b). In
primary melanomas, melanin (brown), if present, was localized in the cytoplasm, whereas
pCrk/CrkL staining (red) was predominantly nuclear (Figure 1b). Cores with extremely
strong melanin expression were excluded due to difficulty in scoring. Sixty-percent (29/48)
of melanomas had moderate-strong pCrk/CrkL staining as compared to 33% (6/18) of
benign nevi and 47% (9/19) of lymph node metastases (Figure 1b; Table 1). Intense staining
was observed in some melanomas from all subtypes; however, there was a trend towards a
higher percentage of positive cases in melanomas from chronically and intermittently sun-
exposed skin and mucosal areas as opposed to those derived from minimally sun-exposed
skin (Figure 1c; Table 1). In addition, there was a trend towards a higher percentage of
melanomas with strong c-Abl/Arg activity in younger patients (<39) (Figure 1c; Table 1).

c-Abl and Arg promote melanoma invasion, proliferation and survival

Previously, we showed that c-Abl and Arg promoted 435s/M14 invasion, whereas Arg alone
induced proliferation (Srinivasan and Plattner 2006, Srinivasan et al 2008). To determine
whether c-Abl and Arg promote these processes in other melanoma cell lines, we studied
WM3248 cells, which also contain highly active c-Abl and Arg (Figure 1a). Consistent with
our data in 435s/M14 cells, silencing either c-Abl or Arg, with two different siRNAs,
dramatically reduced matrigel invasion of WM3248 cells (Figure 2a). Treatment with low
dose nilotinib (0.5uM) also reduced invasion of melanoma cells containing highly active c-
Abl/Arg (WM3248, 435s/M14), whereas nilotinib had no effect in a cell line containing low
c-Abl/Arg activity (WM278; Figure 2b). Utilizing tritiated thymidine assays, we found that
unlike in 435s/M14 cells where Arg alone promoted proliferation, both c-Abl and Arg were
required for proliferation of WM3248 cells (Figure 2c), whereas ST1571-treatment inhibited
proliferation/S-phase entry in both cell lines (Figure 2d, top)(Srinivasan et al 2008).
Knockdown of c-Abl and Arg was highly efficient in both cell lines (Figure 2a) (Srinivasan
and Plattner 2006, Srinivasan et al 2008), and neither cell line expressed c-Kit or PDGFRa,
other targets of imatinib/STI1571 and nilotinib (Figure 2e) (Srinivasan and Plattner 2006). A
dose of 10uM STI571 was used because this is the lowest dose required to inhibit c-Abl
phosphorylation/activity (65-75%) (Srinivasan and Plattner 2006). Melanoma
proliferation/S-phase entry also was efficiently inhibited by nilotinib, and a concentration of
0.5uM inhibited proliferation slightly better than 10uM STI571 in 435s/M14 cells, and
dramatically better than STI571 in WM3248 cells (Figure 2d, top). Nilotinib-mediated
inhibition of proliferation correlated with the level of c-Abl/Arg activity and the number of
nilotinib targets expressed in melanoma cell lines (“Score”) (Table 2, Figure 2d, middle).
Interestingly, proliferation of WM278 was modestly inhibited by nilotinib, which was
consistent with pCrk/CrkL levels but not with c-Abl/Arg kinase activities. These data
indicate that in this cell line, pCrk/CrkL may be more indicative of the potential anti-
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proliferative response to nilotinib than c-Abl/Arg activity, perhaps due to the fact that these
cells express PDGFR-B, a nilotinib target (Figure 2e). Nilotinib efficiently inhibited
phosphorylation of c-Abl/Arg downstream targets, Crk/CrkL, in all melanoma cell lines;
however, nilotinib was slightly more effective in cell lines with the highest c-Abl/Arg
activity (Figure 2d, bottom). Activated c-Abl and Arg also prevented PARP and caspase-3
cleavage following prolonged nutrient deprivation, indicating a role for c-Abl and Arg in
melanoma cell survival (Figure 2f).

c-Abl and Arg induce transcriptional upregulation and activation of matrix
metalloproteinases (MMPs) in melanoma cells

Since invasion is critical for metastasis, and c-Abl and Arg dramatically promoted invasion
of melanoma cells, we focused on identifying the mechanism of c-Abl/Arg-dependent
invasion. Acquisition of the invasive, VGP phenotype in melanoma cells is dependent on
MMP expression. Using semi-quantitative RT-PCR, we found that MMP-1, MMP-3, and
MT1-MMP were expressed in 435s/M14 cells, while MMP-2 was not (data not shown).
Significantly, expression of MMP-1, MMP-3, and MT1-MMP contributed to the
invasiveness of 435s/M14 cells, as silencing any one MMP significantly reduced invasion,
although MT1-MMP played a less prominent role (Supplementary Figure 1). Since c-Abl
and Arg also potently promote invasion, we determined whether they regulate MMP
expression. Significantly, STI571 treatment or expression of c-Abl or Arg siRNAs inhibited
MMP-1, MMP-3, and MT1-MMP transcription as assessed by semi-quantitative RT-PCR
(Figure 3a—c; Supplementary Figure 2). However, although silencing c-Abl or Arg reduced
MMP-1 transcription, only the Arg siRNA decreased MMP-3 and MT1-MMP mRNA levels
(Figure 3a—c, right). Next, we examined MMP activation and secretion by blotting
conditioned medium with antibodies that recognize active/cleaved forms. Consistent with
the RT-PCR results, silencing either c-Abl or Arg reduced secretion and activation of
MMP-1 (Figure 3d), whereas silencing Arg alone inhibited MMP-3 and MT1-MMP
activation (Figure 3e,f). Thus, c-Abl and Arg upregulate MMPs in melanoma cells,
increasing secretion of the active, cleaved forms, which are required for invasion.

c-Abl and Arg induce MMP-1 transcription by activating STAT3

Like MMPs, STAT3 also plays a critical role in progression of melanomas from RGP to
VGP, and increases MMP-1 expression in bladder and colon cancer cells (Itoh et al 20086,
Tsareva et al 2007). Using STI1571 and siRNA approaches, we showed that c-Abl and Arg
activate STAT3 in 435s/M14 cells (Srinivasan et al 2008). STI571 and silencing c-Abl also
efficiently inhibited STAT3 phosphorylation in WM3248 cells (Figure 4a). To confirm that
c-Abl and Arg activate STAT3, we tested whether they induce STAT3 phosphorylation in a
heterologous system. High-level overexpression of wild-type c-Abl in 293T cells activates
its kinase activity (Pendergast et al 1991). We found that expression of wild-type c-Abl or
constitutively active c-Abl or Arg (PP) induced tyrosine phosphorylation of Flag-tagged
STAT3 when coexpressed in 293T cells (Figure 4b). STAT3 is known to be phosphorylated
by Src and JAK kinases; however, STI571 treatment had no effect on Jak 1,2, or Src
phosphorylation in 435s/M14 cells, indicating that c-Abl and Arg induce STAT3
phosphorylation independent of these proteins (Kortylewski et al 2005, Srinivasan and
Plattner 2006, Srinivasan et al 2008). Since Src and c-Abl/Arg phosphorylate many of the
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same substrates (Boyle et al 2007), we investigated whether c-Abl and Arg directly
phosphorylate STAT3. We immunoprecipitated constitutively active c-Abl and Arg from
transfected 293T cell lysates, and assayed their ability to phosphorylate GST-STAT3 by in
vitro kinase assay. Surprisingly, c-Abl and Arg did not appreciably phosphorylate STAT3 in
vitro (Supplementary Figure 3), indicating that they indirectly induce STAT3
phosphorylation via an as yet unidentified tyrosine kinase. Since c-Abl and Arg promote
activation of MMPs and STAT3, and MMP-1 has STATS3 binding sites in its promoter, we
investigated whether c-Abl/Arg upregulate MMP-1 via a STAT3-dependent mechanism
using semi-quantitative RT-PCR. Significantly, MMP-1 mRNA levels were reduced
following silencing STAT3 (Figure 4c), and expression of a constitutively active form of
STAT3 (STAT3C) rescued the inhibition of MMP-1 transcription induced by STI571
treatment (Figure 4d). Taken together, these data indicate that STAT3 lies in a signaling
pathway between c-Abl/Arg and MMP-1.

c-Abl promotes melanoma invasion via a STAT3—MMP-1 pathway, while Arg drives
invasion in a STAT3-independent manner via MMP-1 and MMP-3

Silencing either cAbl or Arg potently inhibited invasion of 435s/M14 and WM3248
melanoma cell lines, demonstrating that both kinases are required for melanoma invasion
(Figure 2a) (Srinivasan and Plattner 2006). Since silencing STAT3 also reduced invasion
(Figure 5a), we tested whether c-Abl and Arg promote invasion in a STAT3-dependent
manner. Significantly, expression of STAT3C rescued the block in invasion induced by
silencing cAbl but not Arg, indicating that c-Abl alone promotes invasion via STAT3
(Figure 5b,c). To determine which MMPs mediate c-Abl and Arg-dependent invasion, we
performed a series of rescue experiments. Modest constitutive expression of MMP-1 or
addition of recombinant MMP-1 partially (45-50%) rescued the block of invasion induced
by silencing c-Abl or Arg (Figure 5d,e), and recombinant MMP-3 partially (41%) rescued
the inhibitory effect of the Arg siRNA on invasion (Figure 5f). c-Abl and Arg were
efficiently silenced in vector and MMP-1 transfected cells (Supplementary Fig. 4). Thus, c-
Abl and Arg mediate invasion via distinct mechanisms: c-Abl promotes STAT3-dependent
invasion, in part, via MMP-1, whereas, Arg promotes STAT3-independent invasion via
MMP-1 and MMP-3.

Since STAT3 also promotes proliferation and survival of melanoma cells (Kortylewski et al
2005), we tested whether the effects of c-Abl and/or Arg on proliferation or survival are
STAT3-dependent. Although silencing STAT3 decreased proliferation as measured by
tritiated thymidine assay (Supplementary Figure 5a), expression of constitutively active
STAT3C did not rescue Arg siRNA-mediated inhibition of proliferation (Supplementary
Figure 5b), and only partially (30-40%) rescued STI571-mediated PARP cleavage following
prolonged nutrient deprivation (Supplementary Figure 5c). Therefore, cAbl alone mediates
invasion via STAT3; Arg promotes proliferation and invasion in a STAT3-independent
manner; and c-Abl and Arg prevent PARP cleavage in nutrient-deprived conditions, in part,
via a STAT3-dependent pathway.
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c-Abl and Arg promote melanoma metastasis

To test whether c-Abl and Arg promote melanoma metastatic progression, we utilized an
experimental metastasis model, in which melanoma cells are introduced intravenously into
immune-compromised mice, and the ability of cells to metastasize to the lungs is assessed.
c-Abl and Arg promote invasion, proliferation, and survival in the absence of nutrients, in
vitro, processes which are required for metastasis (intravasation/extravasation, survival in
the bloodstream, and growth and survival at the ectopic site). Therefore, to test whether
active c-Abl and Arg drive melanoma metastasis, GFP/luciferase-labeled human melanoma
cells were injected intravenously into SCID-beige mice, mice were treated with vehicle or
STI571, and metastasis was measured by VIS imaging. STI1571 treatment induced
significant toxicity in young mice, necessitating a dose reduction, and had no effect on
metastasis in a pilot experiment (data not shown). Since the second generation drug,
nilotinib, is more specific for c-Abl and Arg, more potent (Figure 2d), and less toxic
(Deininger 2008), we initiated a similar study with nilotinib. Significantly, using IVIS
imaging, we demonstrate that metastasis was dramatically inhibited in mice treated with
nilotinib as compared to vehicle-treated mice (Figure 6a—c). In addition, pathologic
examination of the lungs revealed that the small, infrequent lesions found in the lungs of a
mouse that responded to nilotinib (mouse #9) had reduced c-Abl/Arg activity (phospho-Crk/
CrkL staining) as compared to vehicle-treated mice (Figure 6d, mice #4,5). In contrast, in
the numerous metastases from a mouse that did not respond to nilotinib, c-Abl/Arg activity
was only minimally suppressed (Figure 6d, left; mouse #10). In addition, c-Abl/Arg kinase
activities were inversely correlated with IVIS fluorescence in all nilotinib-treated mice
(Figure 6d, right). Taken together, these data demonstrate that the anti-metastatic capability
of nilotinib is linked to inhibition of c-Abl/Arg kinase activity, and show for the first time,
that active c-Abl and Arg not only promote in vitro processes associated with metastatic
progression, but also promote metastasis, in vivo. In addition, nilotinib is a less toxic, more
active agent than imatinib/STI571 for inhibiting c-Abl/Arg-dependent melanoma metastatic
progression.

DISCUSSION

This is the first demonstration that the kinase activities of c-Abl and Arg are elevated in
primary melanomas (60%), benign nevi (33%), and in multiple human melanoma cell lines.
Abl activation was significantly more frequent in melanomas than in benign nevi. A subset
of nevi did contain high c-Abl/Arg activity; however, the percentage was much lower than
the prevalence of B-Raf mutations in nevi (82%) (Kong et al 2010). In contrast, the
percentage of melanomas containing high c-Abl/Arg activity approximated the prevalence
of B-Raf mutations in melanomas (60% vs. 66%) (Kong et al 2010). These data indicate
that, unlike B-Raf, activation of Abl kinases is unlikely to be involved in melanoma
initiation. It is possible that nevi containing active c-Abl and Arg are more likely to progress
to melanomas than nevi lacking active c-Abl and Arg; however, we are unable to test this
hypothesis due to lack of clinical data. Interestingly, the presence of B-Raf mutations in
benign nevi is not predictive of progression, likely due to its role in promoting senescence
(Lin et al 2010, Maldonado et al 2003). We observed high c-Abl/Arg activity in melanomas
from all sun-exposure subtypes, although there was a trend towards a lower percentage of
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positive cases in melanomas from minimally sun-exposed skin. c-Kit is often activated in
mucosal melanomas, and some melanomas with activated c-Kit respond to imatinib,
whereas others do not (Kabbarah and Chin 2005, Satzger et al 2010, Smalley et al 2009).
Since c-Abl and Arg are activated in some melanomas from mucosal areas, activated cAbl
and/or Arg and mutated c-Kit may occur simultaneously in some melanomas. Therefore,
response to imatinib may depend on the activation status of c-Abl and Arg (i.e. melanomas
that have c-Kit mutations AND c-Abl and/or Arg activation may be more sensitive to
imatinib due to activation of more than one imatinib target).

We demonstrate here that c-Abl and Arg are both required for the invasive capacity of two
human melanoma cell lines, and they induce STAT3 phosphorylation and increase MMP
expression/activation. Since activation of STAT3 and MMPs is critical for converting non-
invasive RGP melanomas to invasive VGPs, c-Abl and Arg also are likely to play a critical
role in this process. Interestingly, although STAT3 and c-Abl and Arg promote proliferation
and invasion of melanoma cells, STAT3 only mediates c-Abl-dependent invasion, and is not
involved in Arg-dependent invasion or proliferation. We also report for the first time, that c-
Abl and Arg signal through distinct pathways to mediate the same biological outcome,
indicating that the two proteins are not merely redundant.

A recent report demonstrated that silencing c-Abl and Arg inhibited gelatinase activity in
mouse NIH3T3 fibroblasts and MDA-MB-231 breast cancer cells; however, the mechanism
was not clear (Smith-Pearson et al 2010). c-Abl and Arg interacted with and induced
phosphorylation of MT1-MMP following overexpression in 293T cells, and silencing Arg
inhibited MT1-MMP plasma membrane localization in cells that overexpress activated Src.
Thus, the authors suggested that c-Abl/Arg-dependent phosphorylation of MT1-MMP
promotes its membrane localization/activity. However, endogenous Abl/MT1-MMP
complexes and Abl-dependent tyrosine phosphorylation of endogenous MT1-MMP were not
demonstrated in untransfected human cancer cells. Here, we identify the mechanism by
which endogenous Arg increases endogenous MT1-MMP activity in human melanoma cells
by demonstrating that Arg but not c-Abl increases MT1-MMP expression and activity by
increasing its transcription.

There is controversy in the literature regarding the role of c-Abl in solid tumors. Whereas
we and others show that c-Abl and Arg are activated in some solid tumor cells, and promote
invasion, proliferation, survival, PDGF-induced epithelial-mesenchymal transition (EMT),
and TGF-B-induced anchorage-independent growth (Furlan et al 2011, Lin and Arlinghaus
2008, Sirvent et al 2008, Smith-Pearson et al 2010, Srinivasan and Plattner 2006, Srinivasan
et al 2008, Srinivasan et al 2009), other groups suggest that c-Abl prevents invasion, inhibits
TGF-B-induced EMT, and abrogates tumorigenesis (Allington and Schiemann 2011). In
studies showing a positive role for c-Abl and Arg in invasion and proliferation, such as those
described here, inhibition of c-Abl and/or Arg in cells expressing highly active forms of c-
Abl and Arg (due to activation downstream of constitutively active receptor tyrosine kinases
and Src kinases or following loss of expression of a negative regulator) abrogated invasion
and proliferation in response to growth factors or serum (Furlan et al 2011, Li et al 2010, Lin
and Arlinghaus 2008, Mader et al 2011, Sirvent et al 2008, Smith-Pearson et al 2010,
Srinivasan and Plattner 2006, Srinivasan et al 2008, Srinivasan et al 2009). In contrast, in
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studies demonstrating a negative role for c-Abl, researchers inhibited c-Abl in cells with
low/basal activity (or it was never analyzed), or they examined the role of c-Abl following
stimulation with a factor that inhibits invasion, proliferation, and tumorigenesis (e.g. ephrin
B2/EphB4)(Allington et al 2009, Allington and Schiemann 2011, Noren et al 2006). Other
differences include: 1) the use of mouse rather than human cells; 2) overexpression of a
mutated, constitutively active form of c-Abl, which does not exist naturally in solid tumor
cells, in the absence of other molecular alterations normally present in invasive tumor cells;
3) use of kinase-dead c-Abl, which may not act as a dominant-negative since it also has
scaffolding functions; 4) lack of examination of the effect of Arg in combination with c-Abl,
as Arg activation may modulate c-Abl effects; 5) use of extremely high doses of STI1571/
imatinib (17-50uM) for in vitro studies, which are likely to have significant off-target
effects; and 6) use of low ST1571/imatinib doses, administered only once daily, for in vivo
studies (Allington et al 2009). It also was suggested that clinical trials using imatinib for the
treatment of solid tumors have failed because c-Abl and Arg inhibit rather than promote
tumorigenesis (Allington and Schiemann 2011). However, it is important to note that in all
of these studies, treatment was not restricted to patients containing tumors with highly active
c-Abl and/or Arg (Allington and Schiemann 2011). Therefore, it is clear that one must
identify tumors containing highly active c-Abl and/or Arg, and utilize inhibitors only for this
population, as treatment of tumors with low activity may have no effect or may even
promote tumorigenesis and metastases.

This is the first demonstration that active c-Abl and Arg dramatically promote metastasis of
human cancer cells. Thus, the c-Abl/Arg-dependent effects that we observed on in vitro
characteristics of melanoma metastatic progression were recapitulated in vivo. Our data
predict that metastatic progression of melanomas containing active c-Abl and Arg should be
inhibited by anti-Abl therapies. However, in clinical trials using untargeted populations of
melanoma patients, imatinib was ineffective (Hofmann et al 2009, Ugurel et al 2005). There
are two possible explanations for these results: 1) c-Abl and Arg may not be activated in
melanomas from the non-responding patients (described above); and/or 2) imatinib
concentrations needed to effectively inhibit c-Abl and Arg were not achieved. CML patients
in blast crisis are treated with 600 mg/day STI571, which results in Cpax plasma
concentrations of 12-13uM, and patients with gastrointestinal tumors expressing c-Kit
receive 800 mg/day (Candelaria et al 2005, le Coutre et al 2004). Therefore, a plasma
concentration of 10puM should be able to be achieved in the clinic. However, here we
demonstrate that although imatinib and nilotinib both inhibited Abl-dependent processes in
vitro, only nilotinib inhibited metastasis, in vivo. This may be because imatinib was toxic to
young animals, requiring a dose reduction, likely resulting in suboptimum plasma
concentrations levels. Since nilotinib is more potent and selective for c-Abl/Arg and less
toxic (Deininger 2008), higher plasma concentrations are likely to have been achieved,
resulting in more effective inhibition of c-Abl/Arg kinase activity and dramatic abrogation
of metastasis. Since low level phospho-Crk/CrkL staining was observed in small, infrequent
metastatic lesions from animals that responded to imatinib, the plasma nilotinib
concentration still may not be high enough to completely abrogate c-Abl/Arg activity, and a
higher plasma concentration is likely to increase nilotinib’s anti-metastatic effects. In
summary, our data demonstrate that c-Abl and Arg are important clinical targets in
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melanoma, and indicate that nilotinib may be an effective agent for inhibiting metastatic
disease in patients with melanomas containing activated c-Abl and Arg.

MATERIALS AND METHODS

Immunohistochemistry

Melanoma tissue microarrays (TMAs; ME1003; Biomax, Rockville, MD) or slides
containing paraffin-embedded, sectioned mouse lungs, were heated overnight (60°C),
deparaffinized, antigens retrieved (90°C EDTA,; 20’), incubated with primary phospho-Crk/
CrkL (Y221/Y207) antibody (1:10, TMAs; 1:25, mouse lungs)(Singer et al 2004) or normal
rabbit serum (2h), Envision+horseradish peroxidase (HRP) anti-Rabbit HRP-conjugated
antibody (30’), followed by Dako Red AEC+ High Sensitivity Chromagen RTU (Figure 1)
(15) or DAB (3,3-diaminobenzidine; Figure 6), and hematoxylin counterstaining (Dako,
Real Carpinteria, CA). Photographs were taken on an Olympus BX51 microscope, 40X
objective, equipped with a QI cam (Fast 1394), and imaged with QCapture Pro software
(Figure 1)(Surrey, BC, Canada), or on a Nikon Eclipse TE200, and imaged with MetaMorph
software (Molecular Devices; Sunnyvale, CA; Figure 6). TMASs were blindly scored by the
Director of Surgical Pathology (Michael Cibull, M.D.).

MMP expression/activation

Basal, constitutive MMP levels were assessed in serum-starved, similar density,
subconfluent cells, since cell density and serum, which contains growth factors (e.g. EGF)
and MMPs, can alter MMP expression (Bachmeier et al 2005, Nawrocki Raby et al 2001,
Watabe et al 1998). For short-term STI571 treatment (4-8h), cells were serum-starved
overnight prior to treatment, while for 24-48h time points, cells were starved and treated
simultaneously. siRNA-transfected cells were serum-starved for 24-48h, 3 days after
transfection. ST1571-treatment of serum-starved cells for <48h did not induce apoptosis
(Supplementary Figure 6). Transcript levels were determined by semi-quantitative RT-PCR
(Srinivasan and Plattner 2006) (Supplementary Methods), and activation/secretion was
assessed by western blot of concentrated media (Ultracel-10K; Millipore; Temecula, CA).

Metastasis Assays

435s/M14 cells were transfected with pcDNA-EGFP-N1 (Clontech, Mountain View, CA),
and pcDNAZ3.1-Zeo-luciferase (cloned from pGL3 (Promega, Madison, WI) into pcDNA3.1-
Zeo (Invitrogen, Carlsbad, CA)), followed by zeocin/G418 (600/900ug/ml) selection.
Expressing clones were pooled, expanded, and injected (2x10° cells/100ul Hanks Balanced
Salt Solution, (HBSS); Invitrogen) into the tail vein of 7-8 week-old SCID-beige mice.
Mice were treated with vehicle (0.5% hydroxymethylcelluose/0.05% Tween-80) or nilotinib
(30mg/kg; b.i.d.) by oral gavage. On days 17, 21 and 24, mice were injected with luciferin D
(100mg/kg; i.p.), and fluorescence measured by VIS Xenogen Spectrum (Caliper Life
Sciences, Hopkinton, MA). Flux values were normalized with Living Image 3.1 software
using low level integration in order to observe differences between timepoints, and high
level integration (high sensitivity) for quantitation. On day 24, mice were euthanatized,
lungs removed, fixed in 100% formalin, paraffin-embedded (Supplemental Methods),
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sectioned and stained (above). The study was approved by the University of Kentucky
Institutional Animal Care and Use Committee, according to NIH guidelines.

Statistics

Student’s t tests were used for group comparisons using SAS software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. c-Abl and Arg are activated in human melanoma cell lines and primary melanomas
(a) Basal c-Abl and Arg kinase activities were directly assessed by in vitro kinase assay. c-

Abl and Arg, immunoprecipitated from lysates from serum-starved (24h) cells, were
incubated in a “hot” in vitro kinase assay using the c-Abl/Arg target, GST-tagged Crk as
substrate (top 2 panels). Lysates were blotted with antibodies (bottom 2 panels). One of
three representative experiments is shown. (b) Melanoma tissue microarrays were incubated
with normal rabbit serum (NRS) or phospho-Crk/CrkL antibody (Y2221/Y207),
hematoxylin stained, and visualized with Dako Red. Cores were scored as moderate-strongly
positive if the Score was >1.4 where Score=Intensity (1+,2+,3+) X proportion of positive-
staining tumor cells. Scores for each core are indicated in brackets (e.g. [0.5]). Photographs
are 400X magnification, and two pCrk/CrkL-stained nevi are shown. (c) Graphical
representation of pCrk/CrkL staining in melanoma subtypes and age groups. Positive cases
have Scores >1.4 (see above).
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Figure 2. Activation of c-Abl and Arg promotes invasion, proliferation, and survival of
melanoma cells

(a) Serum-starved WM3248 cells, transfected with two independent cAbl or Arg siRNAs,
were incubated in matrigel invasion chambers for 48h utilizing IGF-1 (10nM) as
chemoattractant. The total number of invaded cells on the undersurface of the membranes
were counted and expressed as a percentage of scrambled. Graphs are Mean £ SEM, n=3
independent experiments, performed in duplicate. **0.001<p<0.01; ***p<0.001.
Photographs are at 100X magnification. Knockdown of c-Abl and Arg was assessed by
semi-quantitative RT-PCR (right). (b) Melanoma cells were serum-starved and treated with
nilotinib (0.5uM) for 16-20h, and incubated in invasion assays as described in (a) with
nilotinib in the top and bottom chambers. Graphs are Mean = SEM, n=3, normalized to
untreated. *p<0.05. (c,d) Tritiated thymidine incorporation was assessed in cells treated with
STI571, nilotinib, or transfected with sSiRNAs. CPMs were normalized to vehicle-treated or
scrambled-transfected cells. Mean + SEM, n=3 independent experiments, performed in
triplicate. Some error bars are too small to be visualized. (d, middle) The level of c-Abl/Arg
activation and the number of nilotinib targets were added together to create a “Score” (Table
2, Fig. 1a, Fig. 2e), which was plotted against tritiated thymidine incorporation results. An
inverse correlation between the “Score” (number of nilotinib targets) and the sensitivity to
nilotinib was observed. R?=0.45, p=0.011. Lysates from untreated (e) or nilotinib-treated
(24h) (d-bottom) cells in serum conditions were blotted with the indicated antibodies. (f)
Lysates from detached and attached cells treated with vehicle or STI571 and deprived of
serum for 72h (WM3248) or 96h (435s/M14) were probed with the indicated antibodies.
Scr=scrambled.
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Figure 3. Activated c-Abl and Arg induce MMP transcription and secretion in melanoma cells
RNA extracted from serum-starved 435s/M14 cells, treated with STI571 (10uM) for 4h (a)

or 48h (a-c), or from cells transfected with Abl siRNAs and serum-starved for 48h, was
subjected to semi-quantitative RT-PCR with MMP and internal control actin primers.
Quantitated MMP bands were divided by quantified actin bands and expressed as a
percentage of scrambled. Mean + SEM, n=3 independent experiments. *0.01<p<0.05;
**(0.001<p<0.01. Knockdown efficiency was determined with c-Abl/Arg primers; a
representative experiment is shown (a, right inset). (d,e) Concentrated conditioned media
from siRNA-transfected cells were blotted with MMP antibodies that recognize inactive and
active forms. Media amounts were normalized to -actin levels in cell lysates (below). Full-
length recombinant MMP-1 (inactive and active forms) and full-length, recombinant, active
MMP-3 were used to confirm the location of the active forms. Graphs are Mean + SEM, n=3
independent experiments. *0.01<p<0.05; **0.001<p<0.01; ***p<0.001. (f) Lysates were
blotted with antibody that recognizes active MT1-MMP (left). Graphs are Mean + SEM,
n=3 independent experiments. **0.001<p<0.01.
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Figure 4. c-Abl upregulates MMP-1 via STAT3
(a) WM3248 cells were treated with ST1571 (10uM) for 48h or transfected with c-Abl/Arg

siRNAs, and lysates probed with the indicated antibodies. Graphs are Mean = SEM, n=3
independent experiments. *p<0.05, **0.001<p<0.01. (b) 293T cells were cotransfected with
flag-tagged STAT3 and wild-type (WT), constitutively active (PP), or kinase-dead (KD)
forms of c-Abl or Arg, and lysates were blotted with the indicated antibodies. One of three
representative experiments is shown. (c) RNA extracted from 435s/M14 cells, transfected
with STAT3 siRNA and serum-starved (48h), was subjected to semi-quantitative RT-PCR
(left). Quantitated MMP bands were divided by quantified actin bands and expressed as a
percentage of scrambled. Graph is Mean = SEM, n=3 independent experiments. *p<0.05.
An aliquot of cells was lysed, and blotted with STAT3 antibody (right); a representative blot
is shown. (d) Clones expressing Flag-tagged STAT3C or vector (o.cDNA) were pooled, and
expression examined by western blot (right). Serum-starved 435s/M14 cells, stably
expressing vector or STAT3C, were treated with STI571 (10uM; 48h), and RNA subjected
to semi-quantitative RT-PCR (left). Quantitated MMP bands divided by quantified actin
bands were expressed as a percentage of untreated. Graph is Mean + SEM, n=3 independent
experiments. *p<0.05.
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Figure 5. c-Abl promotes invasion in a STAT3-dependent manner
Invasion assays were performed on: (a) 435s/M14 cells transfected with scrambled or

STAT3 siRNAs; (c) 435s/M14 cells stably expressing vector or STAT3C, transfected with
c-Abl/Arg siRNAs; (d) 435s/M14 cells stably expressing GFP or GFP-MMP-1, transfected
with c-Abl/Arg siRNAs; and (e,f) 435s/M14 cells, transfected with c-Abl or Arg sSiRNASs
and incubated with recombinant MMP-1 or MMP-3 (25 ng/ml) during the invasion assays.
Photographs are at 100X magnification. The total number of invaded cells on the
undersurface of the membranes were counted and expressed as a percentage of scrambled.
Graphs are Mean £ S EM, n=3 independent experiments, performed in duplicate.
*0.01<p<0.05; **0.001<p<0.01; ***p<0.001. Some error bars are too small to be visualized.
(b, d-top) Knockdown efficiency and MMP-1 expression in stably expressing cells were
determined by semi-quantitative RT-PCR (35, 27 cycles, respectively); representative
experiments are shown.
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Figure 6. Activation of c-Abl and Arg promotes melanoma metastasis
435s/M14 cells, labeled with GFP and luciferase (2x106), were injected into the tail vein of

SCID-beige mice. Mice were treated with vehicle or nilotinib (30mg/kg; b.i.d) by oral
gavage, and imaged with VIS following luciferin D injection (i.p.). (a) IVIS imaging of
representative mice on days 17, 21, and 24 post-injection. (b) Representative mice on day 21
imaged with high sensitivity (integration) such that low level fluorescence could be detected.
(c) Quantitated fluorescence of all mice on day 21 imaged with high sensitivity. Each
symbol indicates one animal. Numbers refer to animals numbers shown in (a, b).
**(0.001<p<0.01. (d) Lungs from the indicated mice were fixed in formalin on day 24,
paraffin-embedded, sectioned, stained with normal rabbit serum or antibody to
phosphorylated Crk/CrkL, visualized with DAB, and hematoxylin-stained. Photographs are
400X magnification. IVIS fluorescence values were plotted against pCrk/CrkL IHC intensity
scores (1-3+) in metastases from lungs of nilotinib-treated mice. A positive correlation was
observed between the values (R2=0.72; p=0.008).

Oncogene. Author manuscript; available in PMC 2012 October 05.

15



Page 20

Ganguly et al.

Author Manuscript

1591 pusJ] abenuiy-uelydo) woly anjead umu_w.mcom

159] Nx wouy anfead v%_m-o\srﬁ

97 T¢ L€ VL
Z6v°0 T v g €L
T € 14 AN
T T 4 TL
Arewnid
abe1s
T (%08) ¥ S [esoonw
ST (%9v) €T 8z pasodxa-Ajjewiuiw
2910 a3 (0619) LT 82 uemuwIE
4 (9629) ¥ 9 21u0IY0
Saselsels|N pue Arewiad
ainsodx3-uns
1 (%.v) 0T T2 092
eto 61 (%15) 02 6€ 65-0v
T (%58) 9 L 6
Saselsels| pue Arewiad
aby
01 (%Lv) 6 6T saselsela|N 9poN ydwA
1800 LH 6T (%09) 62 8Y SewouRdN AsewiLid
4! (%ee) 9 81 1A9N uBiuag
adA1 Jowny
anjea-d (7' 7>8400S) _ D40 (#'T=84008) ,HDA4Dd U [elo L sansLIgloRIRYD

"SONSIIgIR.IRYD SnoLeA yiim uonejAioydsoyd 040d JO uoneIo0SSY

T alqel

Author Manuscript Author Manuscript Author Manuscript

Oncogene. Author manuscript; available in PMC 2012 October 05.



Page 21

Ganguly et al.

'pz 8nb14 U1 umoys Si uolelododul UIPIWAY] palenLl) pue s}able] qiunojIu 40 JaquINU 8y} U9aAIS] UOIIR|a1I0d 8SIaAUI Uy "UMOYS aJe os|e (AN ) qiunojiu
Buisn sAesse uoireiodiodul sUIPILLAY) paleL} J0 aWodNQ *,2109S,, € 818819 0} Jay1ahiol pappe s,+ pue ‘parengel alam s1abiel qiunojiu Jayio 4o aduasald pue (T “Bi4) saniAnde Biy/|qy-0 40 |9As] 3y L

8V'0'FLCE  8E0FCT  GT+S6E V'¢FI9C L0CF9E V'8¥Ty BUIPIWAY L -Hg
8 8 S 9 € T s19b.1e1 quunojiu Jo #

- - - - - - g-449ad

- - - - - + 0-449dd

- - - - + - M-
++++ ++++ ++ ++ ++ - Annoe bay
++++ ++++ +++ ++++ - . Aunnoe 1y
YTIN/SSEY  8VZENM Z13as GLEV  B6ECANM  8LZNM aul 180

"GIUNO]IN 01 §||30 BWOUBISIA JO ANANISUSS

¢ ?dlqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Oncogene. Author manuscript; available in PMC 2012 October 05.



