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Abstract

The significant role of the embryonic morphogen Nodal in maintaining the pluripotency of
embryonic stem cells is well documented. Interestingly, the recent discovery of Nodal's re-
expression in several aggressive and metastatic cancers has highlighted its critical role in self
renewal and maintenance of the stem cell-like characteristics of tumor cells, such as melanoma.
However, the key TGFp/Nodal signaling component(s) governing Nodal's effects in metastatic
melanoma remain mostly unknown. By employing receptor profiling at the mRNA and protein
level(s), we made the novel discovery that embryonic stem cells and metastatic melanoma cells
share a similar repertoire of Type I serine/threonine kinase receptors, but diverge in their Type Il
receptor expression. Ligand:receptor crosslinking and native gel binding assays indicate that
metastatic melanoma cells employ the heterodimeric TGFp receptor I/TGFp receptor 1l (TGFBRI/
TGFBRII) for signal transduction, whereas embryonic stem cells use the Activin receptors | and |1
(ACTRI/ACTRII). This unexpected receptor usage by tumor cells was tested by: neutralizing
antibody to block its function; and transfecting the dominant negative receptor to compete with the
endogenous receptor for ligand binding. Furthermore, a direct biological role for TGFRII was
found to underlie vasculogenic mimicry (VM), an endothelial phenotype contributing to vascular
perfusion and associated with the functional plasticity of aggressive melanoma. Collectively, these
findings reveal the divergence in Nodal signaling between embryonic stem cells and metastatic
melanoma that can impact new therapeutic strategies targeting the re-emergence of embryonic
pathways.
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INTRODUCTION

It is becoming evident that metastatic tumor cells share similar signaling pathways with
embryonic stem cells to sustain plasticity and growth; however, major regulators of these
pathways are often missing in tumor cells, thus allowing uncontrolled tumorigenicity to
occur. A noteworthy example is Nodal, a member of the TGFf superfamily and a critical
embryonic morphogen and regulator of cell fate (1,2). Nodal is quintessential in maintaining
the pluripotency of human embryonic stem cells (hESCs, 3,4) and is exquisitely regulated by
a major inhibitors Lefty A,B (3,5). The recent discovery of the re-emergence of Nodal
signaling in several aggressive cancers (6-11), accompanied by the epigenetic silencing of
Lefty (12), has promoted Nodal as a promising new therapeutic target, and signifies the
importance of achieving a better understanding of the mechanism(s) enabling Nodal
signaling in tumor cells. Seminal studies in embryonic stem cell biology have established
that similar to other members of the TGFf superfamily, Nodal exerts its downstream effects
by binding the heterodimeric complex composed of type | (ALK4/7) and type Il (Activin
receptor 11B, ACTRIIB) serine/threonine kinase receptors, which leads to phosphorylation
of ALK4/7 by ACTRIIB (1,2,13-15). Receptor engagement phosphorylates Smads2/3 and
regulates Nodal target genes via association with Smad4. However, the signaling pathway(s)
utilized by melanoma cells to propagate Nodal's effect remain(s) mostly anecdotal and
unexplored.

By employing hESCs as the standard canonical pathway control, we have performed
receptor profiling both at the mRNA and protein levels, to determine the commonality (or
divergence) in Nodal's signaling machinery in metastatic melanoma cells compared with
human embryonic stem cells. Our studies reveal distinct differences in the expression of
ACTRII and Cripto (TDGF1), the GPI-linked protein and co-receptor involved in TGFp/
Nodal signaling (15-17), between hESCs and aggressive melanoma cells. Specifically,
melanoma cells displayed minimal expression of ACTRII and Cripto, but presented with
abundant levels of TGFp receptor Il (TGFBRII). This unexpected observation prompted the
query of signaling mechanisms utilized by these aggressive tumor cells to support their
plasticity related to Nodal's effect. Using vasculogenic mimicry (VM) as a biological
measurement of functional plasticity, we discovered a direct role for TGFBRII underlying
melanoma VM, which may impact new therapeutic strategies targeting the re-emergence of
embryonic signaling pathways in tumor cells.

METHODS

Cell Culture

Well characterized aggressive human cutaneous melanoma cell lines C8161, MV3 (18,19)
and non-aggressive UACC1273 (20) were cultured in RPMI 1640 supplemented with 10%
fetal calf serum (FCS). The non-aggressive c81-61 cell line (21) was maintained in Ham's
F-10 medium supplemented with 15% FCS, 1% Mito+ (BD Bioscience) and gentamicine
sulfate. Human embryonic stem cells H9 and H14 (Wicell) were cultured on CellStart in
StemPro hESC SFM defined media (Life Technologies). Normal human melanocytes were
maintained in Medium 254 supplemented with Human Melanocyte Growth Supplement
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(Life Technologies). All cell lines were authenticated by short tandom repeat genotyping by
PCR amplification at the Molecular Diagnostic/HLA Typing Core at Lurie Children's
Hospital of Chicago, and were tested for mycoplasma contamination using PCR-based
detection system (Roche).

Real-Time PCR

Total RNA was isolated from cells using the PerfectPure RNA Cell Kit (5Prime) according
to manufacturer's specifications. Reverse transcription of the total RNA was performed in a
Robocycler gradient 96 thermocycler (Agilant). PCR was performed on a 7500 Real Time
PCR System (Life Technologies) using TagMan® gene expression primer/probe sets
(TGFBRII: Hs00559661 m1, TGFBRI [ALK5]:Hs00610319 _m1, ACTRIIA:
Hs00155658 m1, ACTRIIB: Hs0069604_m1, Cripto [TDGF1]:Hs02339499_m1, ACTRIB
[ALK4]: Hs0024475_m1 and ACTRIC [ALK7]: Hs00377065_m,1 Life Technologies).
Briefly, 5 ul cDNA, 1.25 pl 20X Gene Expression Assay Mix, and 12.5 pl 2X TagMan®
Universal PCR Master Mix in a total of 25 pl were amplified with the following
thermocycler protocol: 1 cycle at 50°C for 2 min; 1 cycle at 95°C for 10 min; and 33 cycles
at 95°C for 15 seconds; 60°C for 1 min. All data were analyzed with the Sequence Detection
Software (version 1.2.3, Life Technologies). The expression of each target gene was
normalized to an endogenous control gene, RPLPO large ribosomal protein (4333761F, Life
Technologies). Each sample testing was performed in triplicate.

TGFBRII Gene Transfection

pTGFBRII/CEP-Zeo/Hygro plasmid (AddGene, #16622) was propagated with ampicillin
selection, and was purified using a MaxiPrep kit (Qiagen). The conformation and purity of
the plasmid were established by restriction digest and sequencing analysis. UACC1273 cell
line was transfected with pTGFBRII/CEP-Zeo/Hygro using Effectine (Qiagen) and
SuperFect (Qiagen) transfection methods. Resistant colonies were selected with hygromycin
and subcultured to generate stable clones. Clones were analyzed for TGFRBII gene
expression by RT-PCR analysis (Applied Biosystems), and protein expression by Western
blot analysis.

Subcellular Fractionation and Western Blot Analysis

This was performed as previously described (22). Briefly, semi-confluent cultures of stem
cell lines (H9 and H14) or melanoma cell lines (C8161, MV3, c81-61, UACC1273) and
normal melanocytes were washed with PBS and scraped in buffer A (10mM HEPES buffer
pH 7.9 containing 10mM NaCl,1mM DTT, 10% glycerol, 15mM MgCl,, 0.2mM EDTA,
0.1%NP40, protease and phosphatase inhibitor cocktails) and subjected to three cycles of
freeze-thaw and centrifuged at 1000xg for 8 min. The supernatant (post-nuclear cytosolic
fraction) was collected, and the protein content of each fraction was determined using BCA
reagent (BioRad).

Equal amounts of cellular protein from various experimental treatments were subjected to
SDS-PAGE and Western blot analysis using specific antibodies to ACTRIB (ALK4),
ACTRIIB (Epitomics), VE-cadherin, Smad3 (BD Pharmingen), TGFp RIl, TGF3 RI
(ALKS5), Smad 4, Nodal and ACTRII (Santa Cruz Biotechnology), Cripto (TDGF1,
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Rockland), Smad2[pT8] (Invitrogen), and Smad2/3 [pSer465/467] (Calbiochem). For
Western blot of bands excised from Native gels an anti-TGFp RI antibody raised against
residues 26-125 of the extracellular domain of TGFf RI was used (H-100, Santa Cruz
Biotechnology). The reaction products were visualized using the ECL chemiluminescent kit
(GE Healthcare). For consistency and when possible, each blot was probed for several
antigens and GAPDH served as control for equal loading.

In Vitro Binding Assay and Native Gel Electrophoresis

Human recombinant extracellular domains of TGFBRI (residues 7-91, EDTGFBRI) and
TGFBRII (residues15-130, EDTGFBRII) were generated, purified and characterized in the
laboratory of Dr. A. P. Hinck (23). Recombinant Nodal (rNodal; R&D Systems, one molar
equivalent) was mixed with two molar equivalents of recombinant EDTGFBRII and
EDTGFBRI in HEPES buffer (pH 6.5; 30 min, RT). The reaction products were resolved on
a 10% native acrylamide gel (pH 8.8) using receptor(s) and ligand alone as control. TGFB3
binding to EDTGFBRII/EDTGFBRI served as a positive control. The complex formation
was detected by Commassie Blue staining of the gel, and the high molecular mass
complexes were excised from the gel and analyzed by SDS-PAGE (4-20% acrylamide) and
Western blot analysis.

Biotin Labeling and Crosslinking

Carrier-free rNodal (R&D Systems) was Biotin labelled using EZ-Link Sulfo-NHS-LC-
Biotin (Thermo Scientific) and according to the manufactures’ instruction. Excess Biotin
was removed by dialysis, and the labeled product was tested by Western blot and probed by
Strepavidin (Sigma). The confluent cultures of hESCs, MV3 and C8161 melanoma cell lines
(>90%) were washed several times with PBS and treated with Biotin-labeled rNodal
(500ng/ml PBS) for 60min at 37°C. The soluble crosslinker bis (sulfosuccinimidyl) suberate
(BS3, Thermo Scientific) was dissolved in PBS just prior to use and added to the cultures at a
final concentration of 20mM, 30min at 4°C (to reduce internalization of the crosslinker).
The reaction was quenched by Tris (100mM, pH 7.5), the cells were harvested, and
cytosolic and membrane fractions were prepared using Mem-Per™ Membrane Extraction
Kit (Thermo Scientific). The protein content of each fraction was determined using BCA
reagent (BioRad).

RESULTS AND DISCUSSION

Our studies reveal that at the mMRNA level, ACTRIB (ALK4) and TGFARI (ALKS5) are the
predominant type | receptor in hESCs (H9 and H14), melanoma cells (C8161, MV3, ¢81-61
and UACC1273) and normal human melanocytes (Fig.1A & B). ACTRIC (ALK 7) is
expressed at high levels in normal melanocytes, low levels in hESCs, and is barely detected
in metastatic melanoma cells (Fig. 1C). Of the type Il receptors, ACTRIIA and ACTRIIB are
prevalent in hESCs cells with minimal expression of TGF/ARII. However, TGF/ARII is amply
detected in melanoma cells along with low levels of ACTRIIA and negligible levels of
ACTRIIB (Fig.1D-F). Melanocytes exhibit high levels of TGFARII, considerable levels of
ACTRIIA and minimum expression of ACTRII B (Fig.1D-F). Cripto, (TDGF1), the GPI-
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linked protein and co-receptor involved in TGF-B/Nodal signaling (16,17), is abundant in
hESCs and significantly less in melanoma cells or melanocytes (Fig.1G).

Receptor protein expression profiled by Western blot confirmed the mRNA observations for
the majority of receptors (Western blots are depicted underneath each respective PCR
histogram; Fig. 1 A-G). Considerable heterogeneity was noted in the apparent molecular
mass of TGFBRII, generally indicative of different glycosylated and/or phosphorylated
status of the receptor. Also noteworthy, metastatic melanoma cells (C8161 and MV3)
express higher levels of TGFBRII compared to non-aggressive melanoma cells (c81-61,
UACC1273) (Fig.1F), collectively indicating a possible differential response (or sensitivity)
to TGFB (24). Cripto (TDGF1) was abundantly present in hESCs; this protein is heavily
glycosylated with both N- and O-linked glycan structures (16) displaying a range of
molecular mass (~18-25kDa, Fig.1G). In melanoma cells, only a minor band (~20kDa) was
occasionally detected, possibly depicting a moderately glycosylated counterpart (Fig.1G).
Immunofluorescence confocal microscopy analyses confirmed minimal cell surface and
intracellular Cripto in melanoma cells compared with its strong presence in hESCs (Fig.
1H). This finding corroborates our earlier observation that less than 5% of aggressive
melanoma cells are positive for membrane associated Cripto when analyzed by FACS (25).

Based on the current model of Nodal signaling primarily revealed by developmental biology
studies, Nodal binds the serine/threonine kinase receptors | (AlK4/7) and 1l (ACTRIIA and
B) and signals through phosphorylated Smad2/3 (13,14, 26-28). The minimal presence of
ACTRII(s) and Cripto, concomitant with the abundance of TGFBRII in metastatic melanoma
cells, prompted exploring the possibility of an alternative signaling pathway or receptor
usage in tumor cells. The possibility of Nodal signaling via TGFpRII was initially explored
by sequence alignment with TGFp isoforms (Sup.Fig.1). Two of the most essential amino
acid residues for binding TGFps to TGFBRII are Arginine 25 and 94 (29, 30). In Nodal,
there is possible conservation of Arg 94 but not Arg 25. Initially, we employed an in vitro
binding assay with the recombinant soluble extracellular domains of TGFpRI (EDTGFBRI)
and TGFBRII (EDTGFBRII) and Nodal. The reaction product(s) were resolved on a 10%
native acrylamide gel, and complex formation was detected by Commassie Blue staining of
the gel. TGFB3 complex formation with EDTGFBRI/EDTGFBRII served as the positive
control. The corresponding complexes were excised from the gel (arrows, Fig.2A) and
subjected to reduced SDS-PAGE (4-20% Acrylamide gel) and Western blot analysis and
demonstrated a mixture of EDTGFBRI, EDTGFBRII and Nodal (Nodal complex) (Fig.2B).
However, compared to the EDTGFPRI/EDTGFBRII/TGFB3 complex, only a small
proportion of EDTGFBRII was in the complex with Nodal, and minimal TGFB3 abolished
Nodal complex formation completely (Fig.2B). Undoubtedly, further structural analyses are
required to verify Nodal/TGFBRII binding, the involvement of Arg [X} (or other amino
acids in the Nodal molecule), and to establish the distinct mode(s) of receptor binding. In
addition, the contribution of factors that might stabilize the Nodal: TGFBRII complex, such
as mutual stabilization of TGFBRI by TGFBRII (described for TGFf receptor complex
formation; 31) and the possible involvement of TGFpRIII (Betaglycan) should be
considered (32,33).
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At the cellular level, Nodal's receptor usage was assessed using Biotin-labeled rNodal
crosslinked to the cell surface of hESCs or aggressive melanoma cells. Membrane fractions
were analyzed by SDS-PAGE and Western blot to determine Nodal receptor usage.
Strepavidin probing of the blot revealed two distinct bands of ~135 and 155kDa in the
melanoma cell lines, compared to ~143 band in H9 hESCs (Fig.2C). The latter bands reacted
with anti-TGFBRII (Fig. 2D); 135kDa band also reacted with anti-Nodal (Fig.2E), while the
155kDa band was barely detectable with anti-Nodal (data not shown). These observations
further supported the in vitro binding data and the presence of only a small proportion of
TGFBRII in the complex with Nodal. Downstream effects of Nodal binding to TGFBRII
were addressed by neutralizing the cell surface receptor protein, and/or employing the small
molecule kinase inhibitor SB431542. This kinase inhibitor acts as a competitive ATP
binding site of ALKS5 (in addition to ALK4 and ALK?7), but has no significant inhibitory
effect on any of the ALKSs (34). Application of SB431542 and neutralizing anti-TGFpRII
resulted in down-regulation of Nodal and reduced phosphorylation of Smad3 (pSmad3
432/435) in C8161 melanoma cells (Fig. 3A). In addition, both treatments affected
TGFBRII's protein profile. As discussed earlier, TGFBRII is both glycosylated and
phosphorylated, which results in a range of molecular mass (~66-90kDa, Fig.3A) when
examined under reduced SDS-PAGE conditions. The proportion of these distinct forms was
greatly affected by both SB431542 and neutralizing anti-TGFBRII (Fig.3A). Neutralizing
pan-TGFp antibody had no effect on Nodal, but moderately reduced pSmad3 (Fig. 3A).
Treatment of metastatic melanoma cell lines with an antibody to Nodal (which reduces the
intracellular Nodal protein levels through a negative feedback loop) resulted in considerable
attenuation of the TGFBRII protein (and mRNA) levels (Fig.3A). This indicated that in
addition to regulating its own level, Nodal exerts a positive feedback effect on TGFfRII
expression.

Further validation of Nodal signaling via TGFBRII came from transfection of metastatic
melanoma cells with a dominant negative TGFSRII plasmid (DNTGFpRII, 35) lacking the
kinase domain (hereafter referred to as DNC8161 or DNMV3 cells). This approach resulted
in altered endogenous Nodal protein levels, reduced Smad2/3 phosphorylation (both at
serine 423/425 and threonine 8) and cellular proliferation (reduced PCNA expression),
comparable to the effects observed in response to SB431542 (Fig.3B &C). Of significance,
Smad?2 was constitutively phosphorylated on threonine residue 8 in aggressive melanoma
cells and transfection with DNTGFRII resulted in reduced phosphorylation of this
threonine residue (Fig.3C). In addition, DNTGFBRII competed with the wild type receptor
for ligand binding in metastatic melanoma cells (Fig. 3D).

Nodal's signaling via TGFBRII/TGFBRI in melanoma cells, although unexpected, is not
unprecedented. Specifically, the number of known ligands in the TGFp superfamily (~30)
far transcends the limited number of type I (seven) and type 11 (five) receptors encoded by
the human genome (36,37). The combination(s) of type | and Il receptors appear(s) to be
tissue specific, dictated by physiological conditions, and many ligands in this family
converge at the receptor level (1, 2, 25, 38). Notably, in human pulmonary arterial
endothelial cells, Bone Morphogenic Protein-9 (BMP-9) can bind BMP-receptor Il and
ACTRII leading to differential gene expression (39). In addition, functional redundancies
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are reported for these two receptors in BMP-2-induced osteoblast differentiation (40).
Furthermore, in animal caps of Xenopus embryos, TGFBRII can replace ACTRIIB for
binding to Activin and/or TGFf and induce mesoderm formation (41).

From a functional perspective, Nodal's critical role in self renewal and maintenance of the
stem cell-like characteristics of metastatic melanoma cells is well established (6). In
addition, Nodal plays a quintessential role in tumor cell vasculogenic mimcry (VM)—the de
novo formation of perfusable networks by aggressive tumor cells in 3D matrices in vitro,
which mimics matrix-rich networks found in patient's tumors, and reflects a plastic,
functional endothelial phenotype expressed by aggressive melanoma cells (42). Nodal
associates with networks in human melanoma xenografts (43), and down-regulation of
Nodal inhibits the network formation by metastatic melanoma cells (44). However, receptor
usage relevant to Nodal signaling and temporal/spatial positioning of Nodal associated with
these structures remain mostly unexplored. Interestingly, the expression of the endothelial-
specific marker VE-cadherin is also a feature of metastatic melanoma cells and a marker of
their plasticity, especially pertinent to VM (45). Our studies indicate C8161 cells form
ECM-rich structures of “loops and nests” on plastic substrate and organized VM tubular
networks on Matrigel, while the DNC8161 counterpart fails to do so and remains as a
monolayer on plastic substrate, and forms cellular clumps on Matrigel (Fig.4).
Immunofluorescence confocal microscopy indicated an intracellular association of Nodal
and membrane association of VE-cadherin in C8161 cells grown on glass substrate (Fig.
5Aa). At early stages of VM assembly on Matrigel, Nodal was mostly concentrated at the
outer edge of the VM networks, often in association with either VE-cadherin or TGFBRII
(Fig. 5A b & d). DNC8161 cells grown on glass substrate exhibit disrupted membrane-
associated VE-cadherin (translocating into the cytoplasm and nucleus; Fig. 5Ae), and no
organized structures on Matrigel (Fig.5A, f & h). Addition of rNodal to DNC8161 cultures
did not restore VM (Sup. Fig.2). However, some of these aggregates ultimately spread and
form unorganized structures over time (data not shown).

Treatment of C8161 melanoma cells with antibody to Nodal (which reduces the intracellular
Nodal protein levels through a negative feedback loop) down-regulates TGFRII (Fig.3 A),
abolishes C8161 cell's ability to form “loops and nests” on plastic substrate and impedes the
proper formation of organized VM networks on Matrigel, ultimately leading to substantial
cell death (Sup. Fig.3). Clearly, Nodal's presence at the outer edges of the VM networks, and
its association with TGFBRII (Fig. 5A b & d) is important in proper assembly and
maintenance of these structures. Of special interest, non-aggressive melanoma cell lines
express much lower levels of TGFB-RII, and do not form the VM structures on plastic
substrate or organized tubular networks on Matrigel (Sup. Fig.4). However, overexpression
of TGFB-RII in non-aggressive melanoma cell lines fails to promote VM tubular network
formation. These cell lines express little to no Nodal (compared to aggressive melanoma
lines), and it is likely that Nodal-TGFB-RII interaction requires a certain threshold of cellular
Nodal, as rNodal treatment of the TGFB-RII-transfected non-aggressive melanoma cells
exerts no effect on VM formation (Sup. Fig.4). Also noteworthy is the participation of other
pathways (i.e. NOTCH, VEGF) and their required coordinated expression in melanoma cell-
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mediated formation of VM networks (42). The subtle nuances in C8161 responses to
blocking Nodal and TGFpBRII likely reflect their involvement in other cellular functions.

Long term cultures of metastatic melanoma cells on Collagen | matrices generated more
developed (hollow looking) tubular structures (previously shown in Fig. 4E; solid arrows)
lined with flattened endothelial-like melanoma cells (Fig.5B, yellow arrows and Sup.Fig. 5).
Nodal was predominantly at the peri-tubular surface of these structures, while VE-cadherin
exhibited a luminal position. The formation of these hollow vascular tubular structures is
reminiscent of that reported in aggressive ovarian cancers, as demonstrated by transmission
electron microscopy (46). It is important to note that neutralizing Pan-TGFp antibody,
despite its modest effect on Smad2/3 phosphorylation, failed to inhibit VM network
formation by metastatic melanoma cells (Sup. Fig. 6), further supporting the specificity of
the Nodal signaling pathway.

In conclusion, we report for the first time the receptor usage for propagating Nodal signaling
underlying plasticity in aggressive melanoma compared with hESCs. In hESCs, the
heterodimeric ACTRII/ACTRI complex is recruited for Nodal signaling, while in metastatic
melanoma cells, low abundance of ACTRII dictates an alternate use of the TGFSR 11/
TGFBR | complex to achieve comparable effects, as summarized in Figure 6. This signaling
pathway is critical for VM commonly associated with the plastic, aggressive melanoma
phenotype (42), and also found in carcinoma, sarcoma, glioma, glioblastoma and
astrocytoma (reviewed in 47,48). The majority of these cancer types express Nodal and
TGFBRII/TGFPRI (highlighted in Supplemental Table 1); however, whether Nodal utilizes
these receptors universally across all cancers remains to be determined—important
information that could impact new therapeutic strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Impact

Our studies delineate a previously unidentified receptor usage for Nodal in metastatic
melanoma and define its function in maintaining the plasticity of melanoma tumor cells.
These findings will assist in developing tailored therapeutic approaches to target cancers
which share similar mechanism(s) for propagating Nodal's signal.
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Receptor profiling performed at the mRNA and protein levels of hESCs and human
melanoma cell lines (with human melanocytes serving as a control). Histograms depict real
time RT-PCR analysis of the TGFf/Nodal receptors in human cell lines representative of
metastatic melanoma (C8161, MV3), non-aggressive melanoma (UACC1273, c81-61), and
melanocytes vs. H9 and H14 hESCs, where data are normalized to RPLPO and relative
expression compared to that of H9 (set at 1.0). The Western blot analyses of the protein
products of each gene (along with the GAPDH loading control) are provided underneath the
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respective histogram. For consistency and when possible, each Western blot was re-probed
several times; ACTRIB, ACTRIC, and TGFBRI were probed consecutively on the same blot
and share a common GAPDH loading control. Similarly, ACTRIIA, ACTRIIB, TGFSRII
and Cripto were probed from the same blot and share a common GAPDH loading control.
Different glycosylated (or phosphorylated) forms of the receptors are marked on the right
hand side of the specific blots. Due to the lower abundance of TGFBRII in the non-
metastatic melanoma cells, a longer exposure is presented for clear depiction of different
forms of receptor. (H) Immunofluorescence confocal imaging of H9 hESC vs. C8161
melanoma cells demonstrates divergent expression of Cripto (TDGF1). Confocal imaging
was performed on a Zeiss LSM-510 META confocal laser scanning microscope equipped
with ZEN software. Nodal: 488 (green), Cripto; 660 (red), nucleus: DAPI (blue). In H9
hESCs, Cripto appears often co-localized with Nodal (generating a yellow fluorescence).
Barely detectable Cripto is shown in C8161 cells. Original magnification: 63x.
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In vitro binding assay and ligand-receptor crosslinking implemented to identify Nodal
receptor usage. (A) Qualitative native gel binding assay indicates complex formation
between Nodal, EDTGFBRII and EDTGFBRI. The recombinant proteins were mixed in the
molar ratios noted (37° C, 30min), and the mixture was applied to a 12.5% native
acrylamide gel, followed by Commassie staining of the gel. Compared to the complex
formed by TGFB3 (lane 2), Nodal weakly binds the receptors, and TGFB3 competes with
Nodal in receptor binding (lane 4). The position of EDTGFSRI and EDTGFpRII are
indicated in the figure; EDTGFBRII runs as two discreet bands, caused by the strong
propensity of Asparagine 19 to deamidate and form Aspartic acid, which gives the protein
an additional charge. (B) The bands corresponding to the complexes formed were excised,
taken up in sample buffer and analyzed by SDS-PAGE (4-20% acrylamide) and Western
blot for the presence of EDTGFpBRII, Nodal, and EDTGFpBRI (indicated by arrows in
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descending order). (C) Biotin-labeled ligand crosslinking of cell surface receptors reveals
products with different molecular mass in metastatic melanoma cells (C8161 and MV3)
compared to H9 hESCs. Following the crosslinking of the cell surface receptors with Biotin-
labeled-Nodal, membrane fractions were prepared and subjected to SDS-PAGE and Western
blot analysis with Strepavidin. Strepavidin reactive bands are indicated by arrows (C8161
and MV3), and arrowhead (H9). (D) The blot was stripped and reprobed with antibody to
TGFBRII, the arrows also denote the Strepavidin reactive bands cross-reacting with anti-
TGFBRII. As MV3 cells have a lower level of TGFBRII, a longer exposure of that section of
the blot is included in this figure. (E) Nodal was detected in the complex formed in C8161
cells, but was barely detectable in MV3 complex (data not shown). Arrow indicates the
additional anti-TGFBRII reactive band following crosslinking.
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e GAPDH

Functional inhibition of TGFPRII with neutralizing antibody or transfection of cells with
DNTGFBRII affected Nodal expression and downstream Smad2/3 phosphorylation in
metastatic melanoma cells. These effects were comparable to those observed with the small
molecule kinase inhibitor SB431542 (A,B). DNTGFBRII also reduced the cellular
proliferation (indicated by changes in cytosolic and nuclear PCNA levels), and often
changed Nodal processing (B). Nodal antibody treatment (3pg/ml, 72hr), which reduced the
intracellular Nodal protein levels, attenuated TGFBRII protein levels considerably (compare
lanes 4 and 5 in Fig.3A). Pan-TGFp antibody reduced Smad3 phosphorylation, but had
minimal effect on Nodal expression (A). (C) In addition to Serine phosphorylation of
Smad2/3, DNTGFpRII transfection reduced the constitutively phosphorylated Threonine 8
in Smad2. (D) In the crosslinking approach, DNTGFBRII competed with the wild type
TGFBRII for binding the ligand in aggressive melanoma cell lines employed. The arrows
indicate additional anti- TGFBRII reactive bands.
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Fig.4.
Phase contrast microscopy of C8161 and DNC8161 melanoma cells exhibit distinct cellular

morphology on different matrices. C8161 cells grown on plastic substrate generate VM
networks (4A, arrows), while DN C8161 cells fail to do so and remain as a monolayer (4B).
Likewise, when plated on Matrigel, C8161 cells formed ECM-rich capillary-like network
structures (4C), while their DN C8161 counterpart grows in clumps and forms aggregates
(4D). Long term cultures of C8161 on 3D Collagen I resulted in the formation of more
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developed tubular structures (4E, arrows), while DN C8161 cells fail to form any structures
(4F). Original magnification, 10x.

Int J Cancer. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Khalkhali-Ellis et al.

Page 20

Fig.5.

C(?nfocal immunofluorescence analyses of C8161 and DNC8161 cells grown on different
matrices and for variable culture periods demonstrate distinct spatial distribution of Nodal.
(A) Both C8161 (a, c), and DNC8161 cells (e, g) grown on glass substrate display an
intracellular distribution of Nodal. On Matrigel, C8161 cells form vascular-like networks
with Nodal mostly detected at the outer edge of the network structures, often in association
with VE-cadherin or TGFBRII (yellow arrows, b & d). DN C8161 only forms unstructured
clumps on Matrigel with no specific distribution of Nodal (f &h). (B) Long term cultures
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(16-20 days) of C8161 on 3D Collagen | matrices resulted in the formation of more
developed hollow-appearing tubular structures (as shown previously in Fig. 4e by phase
contrast microscopy). Elongated tumor cells (yellow arrows) delineate the tubular structures.
These endothelial-like melanoma cells appear polarized based on their peri-tubular
expression of Nodal and luminal expression of VE-cadherin. DNC8161 placed on Collagen |
initially formed clumps; however, the clumps slowly spread and at the end of 2.5 weeks in
culture, minor structures could be observed without the alignment of the tumor cells (for
quadrant display of the colors in (B), see Sup. Fig. 5). Nuclei are stained with DAPI (blue).
Original magnification, 63X.
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Fig.6.
Schematic overview of differential signaling machinery employed by Nodal in hESCs

compared to aggressive melanoma cells.
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