


















Our data showed that the SILAC ratios of 734 unique phos-
phopeptides from 419 phosphoproteins were altered more
than twofold and the proteins related to developmental pro-
cess were found to be statistically over-represented by the
GO categorization, which reflected the overall effects of the
serum-induced alteration on the phosphoproteome of GB2
cells.

In canonical pathway analyses using KeyMolnet and IPA,
the phosphoproteins differentially regulated in serum cultured
GB2 cells were found to be significantly associated with “In-

termediate filament signaling,” “Signaling by Rho family
GTPases,” and “Integrin signaling.” These cellular signaling
pathways were all involved with cellular assembly and orga-
nization, such as cytoskeleton organization, adhesion junc-
tion, and morphogenesis, which was consistent with the GO
classification. Notably, we found significant changes regard-
ing functional phosphorylation sites on several key molecules
in the Signaling by Rho family GTPases (Fig. 5B). The IPA-
based description showed that the functional phosphoryla-
tion sites on RAC1 guanine nucleotide exchange factor 7

FIG. 5. Network analysis of the regulated phosphoproteome by IPA. A, Canonical pathway analysis by IPA. The top ten canonical
pathways relevant to the regulated phosphoproteome are shown with the corresponding score (�log [p value]). B, “Signaling by Rho family
GTPases” depicted by IPA. Red indicates increased phosphorylation in serum-free cultured GB2 cells, whereas green shows increased
phosphorylation in serum cultured cells. The proteins corresponding to the unregulated phosphopeptides are shown in gray.
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FIG. 6. Upstream kinase/regulator analyses based on the regulated phosphoproteome data. A, Heatmap of the over-representation p
values calculated for each predicted kinase using PhosphoSiteAnalyzer. The subset “serum (�)” indicates SILAC ratio � 2.0, whereas “serum
(�)” shows SILAC ratio � 0.5. TGFBR2 and ACVR2A/B-specific phosphorylation sites were predicted to be significantly enriched in the “serum
(�)” subset (adjusted p value � 0.05). B, Upstream regulator analysis by IPA. The top ten upstream regulators relevant to the regulated
phosphoproteome are shown with the corresponding score (�log [p value]). C, IPA-based description of TGF-�1 and the target molecules in
our phosphoproteome data. Red indicates increased phosphorylation in serum-free cultured GB2 cells, whereas green shows increased
phosphorylation in serum cultured cells. Dashed lines represent indirect interactions caused by TGF-�1.
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(ARHGEF7), brain-specific angiogenesis inhibitor1-associ-
ated protein 2 (BAIAP2), cofilin-1, and vimentin were up-
regulated in serum-free cultured GB2 cells. The calcium/cal-
modulin-dependent protein kinase type-1 (CAMK1)-mediated
Ser516 phosphorylation of ARHGEF7 is known to promote
synapse formation during neuronal development and in struc-
tural plasticity (37). BAIAP2 is an adaptor protein that links
membrane-bound small G-proteins to cytoplasmic effector
proteins. The phosphorylation of Thr340 and Thr360 on BAIAP2

promotes the binding to 14-3-3 protein, which act as a regu-
lator of lamellipodia (38). The Ser3 phosphorylation of cofilin-1
is known to decrease its actin depolymerization activity,
which leads to inhibition of cytoskeletal rearrangement asso-
ciated with breakage of neural sphere during NSC develop-
ment (39). Among the 29 phosphorylation sites on vimentin,
Ser39 and Thr361 were regulated in serum-induced alteration
of GB2 cells (Table II). The phosphorylation of vimentin at
Ser39 by serine/threonine protein kinase AKT1 is known to

FIG. 7. Experimental investigation of TGFBR signaling pathways involved in glioblastoma stem cell regulation. A, Clonal sphere
formation capacity of GB2 cells after treatment with TGFBR1/2 dual inhibitor (LY2109761) or TGFBR1-specific inhibitor (SB431542). The cells
were cultured on 96-well plates at the indicated cell densities. After 3 weeks cultivation, the numbers of spheres (� 50 �m) were independently
counted using a phase-contrast microscope. The error bars represent the standard deviations (n � 8) and the p values were calculated by a
two-sided Student’s t test (*: p � 0.05). B, Photomicrographs of serum-free cultured GB2 cells treated with each 20 �M inhibitor. Scale bar
shows 500 �m. C, Western blot analysis of serum cultured GB2 cells treated with each 20 �M inhibitor. The representative Western blot is
shown for each protein and the bar charts represent the quantified values (mean 	 s.d.) of three replicates. The fold changes were normalized
by the relative densities regarding �-Tubulin.
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promote in vivo growth and metastasis of soft-tissue sarcoma
cells (40). On the other hand, the functional phosphorylation
sites on integrin alpha-4 (ITGA4) and myosin regulatory light
chain 12A (MYL12A) were up-regulated in serum cultured
GB2 cells. ITGA4 pairs with either of integrin-�1 or �7 to form
the receptors for fibronectin or vascular cell adhesion pro-
tein-1. The protein kinase A (PKA)-mediated phosphorylation
of Ser1021 on ITGA4 leads to block the binding with paxillin,
resulting in enhancement of cell spreading (41). The increase
of Ser19 phosphorylation on MYL12A by adhesion stimulation
are correlated with recruitment of myosin IIA and IIB and
expand lamellipodium of spreading cells (42). These results
suggest that the phosphorylation status in the Signaling of
Rho family GTPases should contribute to cellular assembly
and organization in the serum-induced alteration process of
GB2 cells. Further functional analysis is necessary to clarify
the relation between these phosphorylation events and loss of
glioblastoma stem cell properties in each context.

Our phosphoproteomics-based network analysis high-
lighted Fyn and MAPK1/3 as functionally important kinases in
correlation with the regulation of serum-induced phosphopro-
teome dynamics in GB2 cells. Regarding the tyrosine kinase
Fyn, a member of the Src family kinases, Yeo et al. reported
that phosphorylation of Ser21 within the PKA recognition site
and subsequent autophosphorylation of Tyr420 were critical
for adhesion-mediated signaling (43). Our phosphoproteomic
result indicated that the phosphorylation levels at Ser21 and
Tyr420 were elevated in serum-free cultured GB2 cells, which
reflected the previous evidence that the high phosphorylation
level of Tyr420 on Fyn was observed in clinical samples from
glioblastoma patients (44). In serum cultured GB2 cells, the
functional sites for the kinase activity of MAPK1 (Thr185/
Tyr187) and MAPK3 (Tyr204) were also highly phosphorylated
in agreement with the previous study regarding glioblastoma
stem cells (14).

The association of TGFBR2-mediated TGF-� signaling with
serum-dependent alteration of GB2 cells was statistically ex-
tracted by the NetworKIN-based kinase prediction as well as
the IPA-guided upstream regulator determination, which was
experimentally validated by signaling perturbation using the
corresponding inhibitors. There are several previous reports
that TGF-� signaling plays an important role in the regulation
of proliferation, migration, and apoptosis regarding glioblas-
toma (45). High activity of TGF-�-SMAD signaling was ob-
served in aggressive glioblastomas and conferred poor prog-
nosis in the patients (46). Besides the SMAD-dependent
pathways, SMAD-independent signaling via MAPK1/3 was
reported to be involved with high expression of Nodal and cell
proliferation in glioblastoma (47). Regarding glioblastoma
stem cells, autocrine production of TGF-� maintains their
stem cell-like properties through the expression of Sox2 (48),
whereas TGF-� is also reported to dominantly induce altera-
tion of glioblastoma stem cells into pericytes to support tumor
vessel function and growth (49). These different responses to

TGF-� might contribute to the emergence of tumor heteroge-
neity in cancer stem cells (50). Our result indicated that inac-
tivation of TGFBR2 led to increased self-renewal property in
GB2 cells, which is in accordance with the previous report
that the capacity of sphere formation and self-renewal was
increased in TGFBR2-ablation mutant of neural stem cells
(51). Because sphere formation does not necessarily equate
to stem cell characteristics, in vivo dilution experiment will be
needed to prove the alterations in stem cell properties. Al-
though inhibition of TGFBR1 were reported to potentiate ra-
diation responses in glioblastoma stem cells (52), our study
revealed that TGFBR2 might also be a novel regulator of
glioblastoma stem cell properties. The extensive analysis of
the cell lines established from other patients will be required
to clarify whether the results are generalizable to other
tumors.

In this study, the integration of network analysis with quan-
titative phosphoproteomics unveiled the key signaling path-
ways/molecules involved in the serum-induced dynamics in
glioblastoma stem cells. Notably, the combination of phos-
phorylation site-oriented kinase prediction and protein inter-
action-based upstream regulator description highlighted the
association of TGFBR2-mediated signaling with alterations in
stem cell-like characteristics. Our result indicated that the
integrated bioinformatic analysis based on the quantitative
phosphoproteome data led to systematic identification of
the glioblastoma stem cell fate regulators from a statistical
point of view. Further analysis of the time-resolved phos-
phoproteome regarding loss of glioblastoma stem cell prop-
erties will uncover multiple key signaling molecules at dif-
ferent stages of stem cell regulation for effective treatment
against glioblastoma.
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