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Cripto-1 overexpression in U87 glioblastoma cells
activates MAPK, focal adhesion and ErbB pathways
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Abstract. Discovering the underlying signalling pathways
that control cancer cells is crucial for understanding their
biology and to develop therapeutic regimens. Thus, the aim
of the present study was to determine the effect of Cripto-1
on pathways controlling glioblastoma (GBM) cell function.
To this end, changes in protein phosphorylation in cells
overexpressing Cripto-1 were analysed using the Kyoto
Encyclopedia of Genes and Genomes pathway analysis tool,
as well as the Uniprot resource to identify the functions of
Cripto-1-dependent phosphorylated proteins. This revealed
that proteins affected by Cripto-1 overexpression are involved
in multiple signalling pathways. The mitogen-activated protein
kinase (MAPK), focal adhesion (FA) and ErbB pathways were
found to be enriched by Cripto-1 overexpression with 35, 27
and 24% of pathway proteins phosphorylated, respectively.
These pathways control important cellular processes in cancer
cells that correlate with the observed functional changes
described in earlier studies. More specifically, Cripto-1 may
regulate MAPK cellular proliferation and survival pathways by
activating epithelial growth factor receptor (EGFR; Ser1070)
or fibroblast GFR1 (Tyr654). Its effect on cellular prolifera-
tion and survival could be mediated through Src (Tyr418), FA
kinase (FAK; Tyr396), p130CAS (Tyr410), c-Jun (Ser63),
Paxillin (PXN; Tyr118) and BCL2 (Thr69) of the FA pathway.
Cripto-1 may also control cellular motility and invasion by
activating Src (Tyr418), FAK (Tyr396) and PXN (Tyrl18) of the
FA pathway. However, Cripto-1 regulation of cellular invasion
and migration might be not limited to the FA pathway, it may
also control these cellular mechanisms through signalling via
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EGFR (Ser1070)/Her2 (Tyr877) to mediate the Src (Tyr418)
and FAK (Tyr396) cascade activation of the ErbB signalling
pathway. Angiogenesis could be mediated by Cripto-1 by acti-
vating c-Jun (Ser63) through EGFR (Ser1070)/Her2 (Tyr877)
of the ErbB pathway. To conclude, the present study has
augmented and enriched our current knowledge on the crucial
roles that Cripto-1 may play in controlling different cellular
mechanisms in GBM cells.

Introduction

A recently published study (1) provided evidence that Cripto-1
has a regulatory role in promoting stemness, proliferation,
invasion, migration and angiogenesis in human glioblastoma
(GBM) cells (U87 cell line). The present study has investigated
the possible underlying molecular mechanisms using phos-
phoproteome analysis.

It has been reported by several groups that Cripto-1
modulates multiple important pathways in normal and cancer
cells (2). The unique structure of Cripto-1 allows it to bind to
various ligands (3). Cripto-1 is known to signal either depend-
ently or independently of transforming growth factor beta
(TGF-beta) family members Nodal, Growth/Differentiation
Factor 1 (GDF-1) and Growth/Differentiation Factor 3
(GDF-3). Its binding to Nodal/GDF1/GDF3 enhances cellular
proliferation by triggering heteromeric receptor complex
formation, comprising Activin Receptor types Il and I (ALK4)
that mediate SMAD family member 2/3 (SMAD2/3) phos-
phorylation for subsequent binding to SMAD4, resulting in
translocation of the transcriptional complex to the nucleus (4).
Cripto-1 has been shown to control migration and prolifera-
tion of tumorous endothelial cells by its binding to Glypican-1,
mediating Nodal-independent c-Src/MAPK/Akt activa-
tion (2). Furthermore, it has been reported to enhance cellular
proliferation in breast cancer through binding with heat shock
protein family A (Hsp70) member 5 (GRP78) that subsequently
activates the MAPK/Akt signalling pathway. Disruption of
cell-cell adhesion, confirmed by the decreased E-Cadherin
expression, has also been demonstrated by Cripto-1 signal-
ling through the same pathway (5). GRP78 when bound
with Cripto-1 also activates SMAD2/3 phosphorylation and
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mediates increased proliferation. Pathways that are affected by
Cripto-1 are described in Table I.

Extending current knowledge by identifying novel signal-
ling pathways, or further characterisation of interactions in
known pathways, may advance understanding of Cripto-1
functions and, in turn, could identify cancer therapeutic
targets. For this purpose, a large-scale phospho-protein screen
analysis was conducted on the effect of Cripto-1 overexpres-
sion on U87 glioma cells using a phospho-array containing
over 1300 specific antibodies. Subsequent use of the DAVID
bioinformatics resources (6,7) in the initial analysis uncovered
a novel regulatory circuitry activated by Cripto-1 in U87
glioma cells that potentially regulates proliferation, survival
and invasiveness.

Materials and methods

Cell culture and transfection. U-87 MG (ECACC cat.
no. 89081402, GBM of unknown origin) human GBMs astro-
cytoma cancer cells transfected with empty vector (Cell Bank
Australia, Sydney, Australia) and U-87 Cripto-1 overexpressing
line (1) were cultured in modified Eagle's medium (MEM),
with Earle's balanced salt solution (MEM-EBSS) and with
2 mM glutamine (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany), 1% MEM non-essential amino acids solution
(NEAA) (Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA), 1 mM sodium pyruvate (NaP) (Sigma-Aldrich;
Merck KGaA) and 10% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific, Inc.).

Phospho-specific protein microarray analysis. The
Phospho Explorer Antibody Microarray consisting of 1,318
phospho-specific antibodies was supplied by Full Moon
BioSystems, Inc., (Sunnyvale, CA, USA). In brief, whole-cell
lysates from U87-C and U87-Crl cells were harvested using
Protein Extraction Buffer (Full Moon BioSystems, Inc.).
Proteins were labelled with biotin and placed on pre-blocked
microarray slides. After washing, detection of total and
phosphorylated proteins was conducted using Cy3-conjugated
streptavidin. Slides were transferred at room temperature to
Full Moon BioSystems Inc., for scanning. Spot intensities were
extracted from the scanned array images using GenePix 5.
Background readings from each array were subtracted for each
spot and the average median signal was used for the subse-
quent analysis. The array was normalised against the average
intensity of the total spots on the array. To calculate the fold
change in phosphorylation, the intensity of the phosphorylated
spot was divided by the corresponding non-phosphorylated
spot for each protein. Differential expression between the
samples was calculated by dividing the phosphorylation ratio
of the Cripto-1 cell line with the control cell line. Significant
expression was taken as greater than 2 or less than 0.5-fold.
This experiment was carried out once and the array contained
duplicate spots for each antibody.

Pathway mapping. The list of proteins was initially analysed
using the DAVID bioinformatics tool (6,7) to identify the
pathways involved. Pathways were also analysed using the
KEGG pathway database and confirmed by using the Uniprot
website (www.uniprot.org/) that allows free access to protein
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sequences and their functional information. These online tools
performed all statistical analyses and P<0.05 was considered
to indicate a statistically significant difference.

Results

Enhanced Cripto-1 expression affects the phosphorylation
of proteins in U87 glioma cells. Cripto-1 expression has been
found to affect several signalling pathways (8). Thus, the
current study aimed to unravel pathways affected by Cripto-1
overexpression in U87 glioma cells. For this purpose, a
phospho array explorer microarray was used; this comprises
over 1,300 probed antibodies covering a range of pathways in
their native and phosphorylated formats, at multiple residues.

After screening the array, approximately 15% (90 out
582) of the phosphorylation sites under investigation were
found to be activated or suppressed. A baseline of 2-fold
was considered enhanced phosphorylation, and a baseline of
0.5-fold (-2 Fold) was considered suppressed phosphorylation.
Using these criteria, the analysis identified 69 proteins with
enhanced phosphorylation and 21 proteins with suppressed
phosphorylation in U87-Crl cells compared with U87-C
cells. Further analysis was only undertaken on proteins with
enhanced phosphorylation (Tables II and SI).

Analysis using the KEGG pathway database revealed
47 signalling pathways that showed significant changes in
protein phosphorylation following Cripto-1 stimulation. In
particular, the ErbB (P<1.4E-15), MAPK (P<6.70E-16) and
focal adhesion (FA) (P<7.6E-12) signalling pathways were
affected. Other pathways affected included 12 that are impli-
cated in cancer, including glioma, as well as cell adhesion
(tight and adherens junctions) and migration (FA, leukocyte
transendothelial migration). Others of possible direct relevance
to glioma included regulation of the actin cytoskeleton and the
mTOR signalling pathway (P<0.05; Table SII).

Analysis of enriched genes of the MAPK, FA and ErbB signal-
ling pathways. As noted above these three important signalling
pathways are the most affected by increased Cripto-1 expres-
sion at the phosphorylated protein level (Fig. 1; Table SIII).
According to the KEGG pathway analysis tool, the main
cellular functions regulated by these pathways include cell
motility, invasion, adhesion, migration, survival and inflam-
mation. All three pathways have regulatory roles in cellular
proliferation and differentiation. As shown in Fig. 1, although
seven proteins are common to all three pathways the majority
do not overlap, suggesting Cripto-1 expression has unique
effects on each.

MAPK signalling pathway. The most enriched pathway in
terms of the number of proteins affected was MAPK (Fig. 1;
Table SIIT), accounting for around 35% of the proteins included
in the analysis. These affected proteins of the MAPK pathway
were interspersed throughout all levels of this complex signal-
ling pathway (Fig. S1). As shown in the schematic, the MAPK
kinase pathway is activated by multiple mechanisms to deliver
diverse cellular responses. Classically, the MAP-kinase
pathway involves binding of EGF (epidermal growth factor)
and FGF (fibroblast growth factor) to their respective recep-
tors to activate RSK?2 (ribosomal protein S6 kinase, 90 kDa,
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MAPK pathway

Focal adhesion pathway

ErbB pathway

Figure 1. Overlap in numbers of enhanced phosphorylated proteins as a result of Cripto-1 increased expression in U87 cells enriched in MAPK, FA and ErbB
signaling pathways presented as a Venn diagram. The identified enhanced proteins were subjected to pathway enrichment analysis using the KEGG database.
The percentages are based on the total number of proteins that have shown enhanced phosphorylation. Only the 3 significantly enriched KEGG pathways
(MAPK, FA and ErbB; P<0.05) are described here according to their P-value [-log 10 (P-value)]. KEGG, Kyoto Encyclopedia of Genes and Genomes; MAPK,

mitogen-activated protein kinase; FA, focal adhesion.

current study, it was found that increased expression of Cripto-1
enhanced the phosphorylation of PXN (Tyr118) and p130CAS
(Tyr410) by around 4.15-fold and 3.58-fold, respectively.
According to KEGG pathway analysis, the Src/FAK/PXN
signalling pathway controls cellular motility through regula-
tion of the actin cytoskeleton. Its signalling is also involved
in regulating PI3K-AKT signalling pathway-mediated cellular
survival. Furthermore, pathway analysis using the KEGG
analysis tool revealed that Src/FAK/p130CAS sustains cellular
proliferation and DNA synthesis by activating the JNK/c-Jun
pathway that signals through cyclin D at the nuclear level.

Cripto-1 overexpression also controls a considerable
number of proteins that have central roles in controlling the
ErbB pathway. Cripto-1 enhanced the phosphorylation of ErbB1
(EGFR)at Serl070 by 2.74-fold. As seen in Fig. S3, ErbB pathway
activation at this residue may have an impact on regulating
angiogenesis by signalling through the PAK/JNK/Jun pathway.
Also, Cripto-1-mediated ErbB1 activation may regulate cellular
survival through the activation of STATS5A. Furthermore,
KEGG pathway analysis also showed that the ErbB pathway
controls cellular migration and adhesion via the Src/FAK
pathway. Cripto-1 may also maintain cellular adhesion/migra-
tion/invasion through the ErbB1-ErbB2(Her2neu)/Raf/Myc
signalling pathway, as depicted in Fig. 2.

The present study also revealed that Cripto-1 overex-
pression activates novel targets that may signal through the
MAPK/FA/ErbB pathways. For instance, phosphorylation
of Serl16 of PEA-15 was increased 3.27-fold as a result of
enhanced Cripto-1 expression. This is an indication that

Cripto-1 signalling might be not limited to the mentioned
pathways.

Discussion

The developmental gene Cripto-1 has attracted attention due to
its unique functions in normal embryogenesis and cancer. As a
consequence, a large amount of research has indicated that this
gene might be an ideal target for cancer therapies (9). For this
purpose, understanding the mechanisms by which Cripto-1
may control cancer cells is a prime goal in this field. This
study aimed to identify the signalling pathways that Cripto-1
may impact by performing phosphoproteome analysis. The
cancer model used was the U87 cell line as an in vitro model
of GBM. This study focused only on proteins with increased
phosphorylation following Cripto-1 overexpression in U87
cells.

Several pathways controlling key cellular processes
were identified as affected by enhanced Cripto-1 expression.
Cripto-1 has been reported to bind to glypican-1 independently
of Nodal, which activates the c-Src/MAPK/Akt and mediates
the epithelial-mesenchymal transition (EMT), cell prolifera-
tion, survival and migration (2). As part of the FA signalling
pathway, it has been demonstrated that Src plays major func-
tions in maintaining invasion, motility and cell survival by its
binding to the FAK molecule. Furthermore, the interaction
between the two molecules activates several other signal-
ling molecules like pl30CAS and PXN (10). Neuropilin-1
(NRP1) signalling-mediated phosphorylation of p130CAS at


https://www.spandidos-publications.com/10.3892/ol.2019.10626
https://www.spandidos-publications.com/10.3892/ol.2019.10626
https://www.spandidos-publications.com/10.3892/ol.2019.10626

3404

ALOWAIDI et al: CRIPO-1 ACTIVATES MAPK, FOCAL ADHESION AND ErbB IN U87 GBM CELLS

MAPK PATHWAY ‘ FOCAL ADHESION PATHWAY ‘ ‘ ErbB PATHWAY ‘
Cripto-1 Cripto-1 Cripto-1
EGFR or FGFR1 or Both ITGA ErbBl &
\ 0 N\ErbB2
(1) /a EGFR (Ser1070) @ |) /@ ErbB1 (EGFR) (Ser1070)
Py or MO
FGFR1 (Tyr654) 5, . ErbB2 (HER2) (Tyr877)
Or Both Sre )’TWMS
\\“"""
¥ gya1s 4
Crak~ WTYr3%6 Cse W e
Cell proliferation Tyr396 v
Tyr1l18 ¥ T alyralo TV | jmmmmm - |
@ oxn > p130cAsY CRAKE 0 pak
' Cell adhesion i
_____hf': _____ 4 Cell migration ____‘ﬂfl
" ACTIN | ook | Cellinvasion | JNK |
Cell motility v )
Cell invasion e ic-ju—ﬁ~~.’5er63
v
I . v ()DNA
B-RAF .( RAP1 Angiogenesis
V® i
Thr69Q | MEK DNk | __fef?_as DNA ... .
VTR Ve sy Ccun 3 -» () -»i CyclinD | I
Cellular survival « BCL2 D €= Erk @ ~— fommmmme-  Cell proliferation

Figure 2. Putative Cripto-1 targets the MAPK, FA and ErbB signalling pathways. Solid arrows and boxes represent the data observed in U87-Crl cells confirmed
from the literature, while dotted arrows and boxes represent data based on Kyoto Encyclopedia of Genes and Genomes pathway analysis but it is not known if
Cripto-1 signals through these cascades or directly regulate these putative targets. Cripto-1 phosphorylates EGFR (Ser1070) or FGFR1 (Tyr654) which may be
a part of the MAPK signalling pathway mediating cellular proliferation. In the FA pathway, Cripto-1 may regulate cell motility and invasion through binding

ITGA, mediating the activation of the Src signalling cascade (Tyr418), FAK

(Tyr396) and PXN (Tyrl18). In addition, Cripto-1 may signal, through the same

binding, to control cellular survival through Src (Tyr418), FAK (Tyr396), pI30CAS (Tyr410) and Bcl2 (Thr69) or to regulate cellular proliferation through Src
(Tyr418), FAK (Tyr396), pI130CAS (Tyr410) c-Jun (Ser63). This representative figure shows that Cripto-1 may signal through the ErbB signalling pathway to
control cell migration, invasion and adhesion or angiogenesis via the signalling cascade ErbB1 (EFGR)(Ser1070)/ErbB2 (Her2)(Tyr877), Src (Tyr418), and FAK
(Tyr396) or ErbB1 (EFGR)(Ser1070)/ErbB2 (Her2)(Tyr877), c-Jun (Ser63), respectively. MAPK, mitogen-activated protein kinase; FA, focal adhesion; EGFR,
epithelial growth factor receptor; FGFR, fibroblast growth factor receptor; ITGA, integrin a subunit; FAK, focal adhesion kinase; PXN, Paxillin.

Tyr 410 has been reported to control cell motility and migra-
tion of GBM and endothelial cells (11). In the current study,
Cripto-1 was found to activate the phosphorylation of FAK
at Tyr397 and Src at the Tyr418 site. Phosphorylation at these
two sites is required for high-affinity binding between the
two molecules (10). Cripto-1 ectopic expression has resulted
in P130CAS and PXN enhanced phosphorylation at amino
acid modification sites Tyr410 and Tyr118, respectively. Recent
work on the contribution of the Src family kinase to glioma
cell invasion has revealed that Src phosphorylates p130CAS at
Tyr410 and PXN at Tyr118 through FAK binding (12), which
in turn mediate the invasiveness and migration of glioma cells.
Thus, it was concluded that Cripto-1 may be a critical regulator
of FA signalling pathway mediated cell motility and invasion
by activating major components of the FA complex.

On the other hand, Src has been reported to activate the
Akt pathway by phosphorylating Akt at the Thr308 site (13).

It has been indicated that in the absence of Src, FAK alone is
able to initiate the Akt pathway activation via PI3K pathway
mediated cellular anti-apoptosis in GBM cells (14). It has
also been revealed that Ca**-permeable AMPA receptors/the
Akt signalling pathway could activate Akt phosphorylation at
Thr308, inducing cellular growth and enhancing motility of
glioma cells (15). Another study on NSCLC has proved that the
enhanced phosphorylation of Akt at residue Thr308 is crucial
for cell survival (16). The present study showed that increased
Cripto-1 expression enhanced the phosphorylation of Akt at
Thr308. Taken together, these results all indicate that Cripto-1
may phosphorylate Akt at Thr308 to mediate cell growth,
survival and motility by activating one of following pathways,
i.e.,either by Src/PI3k/Akt signalling, FAK/PI3K/Akt signalling
or through Ca?*-permeable AMPA receptors/the Akt signalling
pathway. It has also been discovered in SKOV cervical cancer
cells that Akt phosphorylation at Thr308 is dependent on the
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phosphorylation of Tyr474 for its activation (17). In the present
work, it was found that Cripto-1 enhances the phosphorylation
of Akt at the Tyr474 site, which may control Thr308 phos-
phorylation in the abovementioned pathways.

The present study found that Cripto-1 overexpression
was responsible for phosphorylation of the EGFR at Ser1070.
Phosphorylation of the Serl070 residue via the MAPK signal-
ling pathway has been shown to have a key regulatory role
in sustaining GBM cell growth, disperse invasion and metas-
tasis (6,18). It has been documented that dephosphorylation of
EGFR at Serl070 in glioma cells results in substantial inhibi-
tion of proliferation and invasion, and is accompanied by Src
and FAK dephosphorylation (18).

The phosphorylation of FGFR-1 at Tyr654 has also been
reported as central to cellular proliferation. It is important for
MAP kinase signalling and also phosphorylates its substrate
PLCGI (PLCy) (19). The findings of the present study showed
that upregulation of Cripto-1 induces the phosphorylation of
FGFRI at Tyr654. FGFRI1 activates PLCy through tyrosine
binding, with PLCy phosphorylation at Tyr783 responsible for
breast cancer cell invasion and metastasis; it is implied that
PLCy uses PI3K signalling to mediate these processes (20).
This study found that overexpression of Cripto-1 in glioma
cells led to increased phosphorylation of PLCy at Tyr783.

In the present study, VEGFR?2 displayed enhanced phosphor-
ylation at Tyr1054 as a consequence of Cripto-1 over-expression
in U87 glioma cells. The phosphorylation of this particular site
has been implicated in multiple cellular processes. Tyr 1054 phos-
phorylation has been reported to enhance astrocytoma growth
and radioresistance through the PI3K/Akt, c-Raf/MAPK and
PLCy1/PKC signalling pathways (21). VEGFR2 phosphoryla-
tion at Tyr1054 has a regulatory function in maintaining tumour
angiogenesis via the ephrin-B2/PDZ signalling pathway (22).
It also sustains the proliferation and migration of lymphatic
endothelial cells through ERK1/2, PI3-K/Akt signalling (23). Its
signalling via the VEGF/VEGFR2/NRP1 pathway is crucial for
viable self-renewal and tumorigenicity of GSCs (24). VEGFR2
active phosphorylation at Tyrl054 has also been reported to
be crucial for endothelial proliferation motility and survival,
which proceeds through the signalling VEGFR-2/PLCy1/Akt
pathway (25). It can be clearly seen that Cripto-1 may play
multiple roles by inducing phosphorylation of the Ser1054
residue of VEGFR?2.

Active CREB-2 (ATF4) phosphorylation at Ser245 is an
indicator of breast cancer development and progression (26),
with signalling through the PERK-ATF4 pathway. Furthermore,
ATF4 has been found to be essential for VEGFR-mediated
neovascularisation (27). CREB has also been implicated in the
growth and proliferation of several cancers (28). The present
study found that Cripto-1 phosphorylates the Ser245 site of the
ATF4 molecule.

KEGG pathway analysis of Cripto-1 dependent phosphory-
lated proteins showed that c-Jun is a downstream protein of
the ErbB1 (EGFR) pathway, that JNK enhances its phosphory-
lation at Ser63 and, as a result, induces angiogenesis. This
finding was confirmed in a study conducted on glioma cells
that showed the phosphorylation of c-Jun at Ser63 to induce
cellular invasion and neovascularisation (29) (Table II).

Phosphorylation of Cav-1 (Caveolin-1) at Tyrl4 has been
reported to sustain migration of glioma cells. Additionally, it
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contributes to FA pathway-mediated maintenance of cellular
survival (30). Enhanced Cripto-1 expression was found in the
present study to induce Cav-1 phosphorylation at Tyrl4. This
suggests that Cripto-1 is an essential modulator of the FA pathway.

Cripto-1 overexpression in U87 glioma cells enhanced
BCL2 phosphorylation at Thr69. It has been reported that
Thr69 phosphorylation is important for sustaining the
anti-apoptotic role of Bcl2 (31). This suggests that Cripto-1
induced Bcl2 Thr69 phosphorylation may be required for
glioma cell survival. A novel anti-apoptotic feature has also
been confirmed by the enhanced phosphorylation of PEA-15,
which mediated cellular survival (32). In the present study, a
3.27-fold increase in PEA-15 (phospho-Serl16) phosphory-
lation occurred after Cripto-1 overexpression. It has been
reported that PEA-15 increased phosphorylation at Serl16
augments glioma cell survival (33).

In conclusion, the findings previously reported (1) on the
mechanisms of Cripto-1 control of different cellular process
in GBM cells are consistent with those revealed by the
in silico analysis of the effect of Cripto-1 on phosphoryla-
tion. More specifically, the stemness feature of maintaining
tumour growth by surviving harsh environmental conditions
was supported by the enhanced phosphorylation of protein
residues required for sustaining GBM cell survival. Notably,
enhanced phosphorylation of members of the FA molecules
FAK (Tyr397), SRC (Tyr418), pI130CAS (Tyr410) and PXN
(Tyr118) have strengthened the functional cellular data. This
includes the finding that Cripto-1 influences GBM mediated
cell survival, boosts proliferation and enhances invasion
and migration. Lastly, active phosphorylation of VEGFR-2
(Tyrl054) and c-Jun (Ser63) has also supported the proposed
role of Cripto-1 in mediating neovascularisation formation.
Further studies on different GBM cell lines and GBM tissues
are needed to confirm our results.
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