Highlights:
e Nox4-derived ROS mediate the growth and migration of glioblastoma cells.
e Nox4 transmits growth-and migration-regulating signals via PTP1B.

e Tyrosine-phosphorylated coronin-1C is identified as a novel substrate of PTP1B.
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Abstract

Glioblastoma multiforme is a common primary brain tumor in adults and one of the
most devastating human cancers. Reactive oxygen species (ROS) generated by
NADPH oxidase (Nox) 4 have recently been a focus of attention in the study of
glioblastomas, but the molecular mechanisms underlying the actions of Nox4 remain
elusive. In this study, we demonstrated that silencing of Nox4 expression by
Nox4-targeted siRNA suppressed cell growth and motility of glioblastoma U&7 cells,
indicating the involvement of Nox4. Furthermore, Nox4-derived ROS oxidized and
inactivated protein tyrosine phosphatase (PTP):1B: PTP1B in its active form
downregulates cell proliferation and migration. By affinity purification with the
substrate-trapping mutant of PTP1B, tyrosine-phosphorylated coronin-1C was identified
as a substrate of PTP1B. Its tyrosine phosphorylation level was suppressed by Nox4
inhibition, suggesting that tyrosine-phosphorylation of coronin-1C is regulated by the
Nox4-PTP1B pathway. Finally, ablation of coronin-1C attenuated the proliferative and
migratory activity of the cells. Collectively, these findings reveal that Nox4-mediated
redox regulation of PTP1B serves as a modulator, in part through coronin-1C, of the
growth and migration of glioblastoma cells, and provide new insight into the

mechanistic aspect of glioblastoma malignancy.
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Introduction

Although oxidative stress is related to cytotoxicity in general, there is now a growing
body of evidence that reactive oxygen species (ROS) generated by the NADPH oxidase
(Nox) family are involved in signal transduction in normal physiological processes such
as host defense, vascularity, apoptosis, and cell growth [1]. Their catalytic subunits
constitute seven isoforms of transmembrane proteins Nox1~5 and Duox1 and 2, each of
which has a different regulatory mode and tissue distribution and displays similar but
distinct structural and functional characteristics [2]. Nox isoforms catalyze the
reduction of molecular oxygen by NADPH to generate superoxide and its metabolite,
hydrogen peroxide. Among them, Nox4 appears to be a constitutively active enzyme
that is regulated at the transcriptional level [2].  Nox4 proteins are localized not only
in perinuclear regions and the endoplasmic reticulum [ER] but also in the plasma
membrane and focal adhesions, and associated with mitochondria [3-7]. Although
initially considered kidney-specific [8], Nox4 is also expressed in other tissues,
including the blood vessel, heart, liver, and neurons [1,2]. It exerts mediating roles in
various cellular functions, such as angiotensin Il-induced vascularization [9] and
insulin-triggered glucose uptake [10]. In contrast, aberrant control of Nox4 could
contribute to human diseases, including cancer. Upregulated expression of Nox4 has
been implicated in neoplastic transformation and tumor growth. For example,
increased Nox4-derived ROS are required for the survival of pancreatic cancer cells
[11,12] and contribute to the cell proliferation of melanoma cells [13] as well as von

Hippel-Lindau-deficient renal cell carcinoma [14].



Malignant glioblastoma is the most aggressive tumor in the central nervous system;
it is characterized by its rapid growth and high invasivity and has a very poor prognosis
[15]. It is necessary to better understand the molecular pathogenesis of gliomas in
order to provide a framework for improved treatment. Studies on the biology of
gliomas have revealed multiple alterations in both gene expression and intracellular
signalings.  These include activation of PI3K/AKT anti-apoptotic and growth
pathways due to genetic loss of phosphatase and tensin homologue (PTEN) [16-18] and
dysregulation of Ras and PI3K/AKT pathways caused by overexpression or
gain-of-function mutations in receptor tyrosine kinases such as the EGF receptor and
PDGF receptor [19,20]. While these studies have greatly extended our understanding
of the molecular basis of gliomagenesis, the function of ROS in the development of
gliomas is less understood. With respect to the involvement of Nox isoform-derived
ROS in gliomas, Nox4 overexpression has been specifically detected in glioblastoma
cell lines [21] and patient glioma samples [22], and Nox4 was suggested to play
mediating roles in the proliferation and survival activity of glioma cells [22] and in
tumor growth via hypoxia inducing factor (HIF)-1 activation under hypoxia [23].
However, the detailed signaling mechanism for Nox4 action in glioblastoma cells is still
undefined, mostly owing to a lack of information about downstream effectors for Nox4.
In this study, we report characterization of the regulation and function of the Nox4
redox signaling pathway via tyrosine phosphatase PTP1B and describe that PTP1B
utilizes coronin-1C, whose expression and activity were previously implicated in the

malignancy of glioblastomas, as a physiological substrate [24].



Materials and Methods

Cell culture, reagents and plasmid

U87 cells were obtained from American Type Cell Collection (Rockville, MD, USA).
SF188 and HUG31 cells were provided by Dr. T. Takeshita. All cell lines were
maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum. 5’-iodoacetamide fluorescein (IAF) and anti-fluorescein antibodies
were purchased from Molecular Probes (Eugene, OR, USA). Luminol and horseradish
peroxidase were obtained from Sigma-Aldrich (St. Louis, MO, USA). The
pMT2-PTP1B and pMT2-PTP1B C215A plasmids were described [25]. The human
wild type pCN-HA-PTP1B and mutant pCN-HA-PTP1B-D181A plasmids [26] were
kindly provided by Dr. Z-Y Zhang.

RT-PCR and siRNA constructs

RT-PCR was performed as described previously [27]. The Nox primers used were
described previously [28]. pSilencer human Nox4 siRNA and scrambled siRNA were
described previously [27]. Nox4 siRNA duplexes (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) were also used. siRNA molecules were designed as follows:
5’ -UGACCAUAGUCGGAUUAAATT-3’ and 5’ -UUUAAUCCGACUAUGGUCATT-3'
for PTP1B RNAi.  Coronin-1C siRNA and control siRNA duplexes were purchased
from Santa Cruz Biotechnology.

Transfection

Transfection with plasmid DNAs and siRNAs was performed by using

Lipofectamine-2000 and Oligofectamine (Invitrogen, Carlsbad, CA, USA) or SCB



system (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Cells were harvested
36-48h after transfection.

Immunoprecipitation and immunoblotting Cells were lysed in buffer A (25mM
Tris-HCI, pH 7.5, 50mM NaCl, 0.5% Nonidet P-40, ImM PMSF) or RIPA buffer with
phosphatase inhibitors cocktail, and lysates were subjected to immunoprecipitation and
immunoblotting as described [29]. The following antibodies were used: rabbit-anti
Nox4 provided by Dr. A. Shah, mouse-anti HA, mouse-anti p21 and B-actin from
Sigma-Aldrich, mouse-anti Rho from Cell Signaling (Lake Placid, NY, USA),
rabbit-anti PTP1B and mouse-anti phosphotyrosine (clone 4G10) from Millipore
(Temecula, CA, USA), and mouse-anti coronin-1C from Santa Cruz Biotechnology.
5’-1AF labeling

Cells were lysed in the lysis buffer (50mM MES-NaOH pH6.5, 0.5% TritonX-100,
ImM PMSF, 1pg/ml leupeptin, 1pg/ml aprotinin), and the lysates were incubated with
12uM 5°-1AF for 1h at 4°C under anaerobic condition [30,31]. Unbound 5’-IAF was
removed by dialysis against PBS.  The labeled proteins were subjected to
immunoprecipitation with anti-fluorescein antibodies, followed by SDS-PAGE.
Purification of HA-tagged protein complexes

UR87 cells were transfected with control vectors, HA-wtPTP1B and HA-PTP1B-D181A ,
and the cell lysates were prepared in buffer A with phosphatase inhibitor cocktail.
Then, cell lysates were incubated in the spin column containing anti-HA bead
suspension (Medical & Biological Laboratories, Nagoya, Japan) for 1 h at 4°C. The

column was washed, and bound proteins were eluted with HA-peptides. The eluted



proteins were analyzed by immunoblotting.

GST-PTP1B pull down assay and MS analysis

PTPIB cDNA was subcloned into pGEX-6p-1 at BamHI and Xhol sites. GST and
GST-PTP1B fusion proteins were expressed in JM109 cells and immobilized to
glutathione-S-transferase beads according to the company’s protocol (Amersham
Pharmacia Biotechnology, Piscataway, NJ, USA). U87 cell lysates were prepared in
buffer A with phosphatase inhibitor cocktail and incubated with GST- or
GST-PTP1B-coupled beads at 4° for 3h. Proteins retained to the resins were analyzed
by CBB staining and immunoblotting. Affinity-purified proteins were digested by
trypsin and the peptides were fractionated by using a nanoscale RPC column (ZORBAX
C18, 3mm, 100A, 75mm, i.d.; Agilent Technologies, Santa Clara, CA, USA). Peptide
fragments were subjected to LC-MS/MS analysis by using a QSTAR quadrupole-TOF
mass spectrometer (Applied Biosystems/MDS SCIEX, Concord, Ontario, Canada).
Growth assay

The numbers of cells that were not stained by trypan blue was counted.

Cell migration assay

Migration was assayed by using Boyden chambers (Nalge Nunc, Rochester, NY).
Cells (1 10* were plated to the upper well of the chambers in serum-free DMEM,
while the lower well was filled with DMEM containing 5% FBS as a cue. After 20h
of incubation, migrating cells were counted.

Measurement of ROS generation

ROS generation was measured by using luminol according to the published method [32].



Cells (2.5 X 10%) were suspended in Hank’s buffer supplemented with
calcium/magnesium (HBCM). Cells were mixed with 200 x M luminol and 0.8unit
horseradish peroxidase in 500 x 1 HBCM and incubated at room temperature for 20min.
Luminescence was quantified by a luminometer Lumart LB9507 (Berthold, Bad
Wildbad, Germany).

Measurement of the Rho activity

GST-Rho binding domain-coupled glutathione S-transferase resins were prepared as
described previously [31]. Cells were lysed in buffer A supplemented with SmM
MgCl, and phosphatase inhibitors cocktail, and the lysates were incubated with the
resins for 3h at 4°C. The active Rho * GTP retained to the resins were analyzed by
immunoblotting with anti-Rho antibodies.

Statistics

Differences or correlations between two groups were assessed by Student’s t test.
Differences with values p<0.05 were considered to be statistically significant.

Results

Nox4 mediates cell proliferation and migration of glioma cells

We first examined the expression of Nox isozymes in a subset of human glioma cell
lines. Consistent with the previous reports [21], RT-PCR analysis showed that Nox4
mRNA was prominently expressed in the U87, SF188, and HUG31 cell lines, whereas
little or no expression was detected with other Nox isozymes (Fig.1A). To investigate
the bioactivity of Nox4 in glioma cells, we therefore introduced either pSilencer-Nox4

siRNAs or Nox4 siRNA duplex mixtures into the cells. RT-PCR and immunoblotting



analyses verified that different origin of Nox4 siRNAs effectively suppressed the
expression of endogenous Nox4 in US87 cells, ensuring the specificity of Nox4
knockdown (Fig.1B). Furthermore, spontaneous ROS production in the cells was
significantly inhibited by the transduction of Nox4 siRNAs suggesting that Nox4 is
involved in ROS generation in glioma cells (Fig.1C). When the biological effect of
Nox4 silencing was examined, Nox4 siRNAs exhibited an inhibitory effect on cell
proliferation compared with scrambled siRNAs (Fig.2A), which is consistent with the
previous report [22]. In order to give more specificity to this observation, the
expression level of the cell cycle inhibitor p21 was examined. Nox4 knockdown
resulted in a significant increase in the level of p21 expression, supporting the
mitogenic effect of Nox4 (Fig.2B). In addition, we found that the strong migratory
activity characteristic of glioblastoma cells was also repressed by Nox4 knockdown, as
determined by Boyden chamber migration assay (Fig.2C). We then examined whether
Nox4 affects the activity of small G-protein Rho, a key regulator of cytoskeletal
contractility. GST-Rho-binding domain pull down assay demonstrated that the level of
active Rho + GTP complexes was increased following transfection of Nox4 siRNAs
(Fig.2D). This is consistent with the idea that Nox4-derived ROS promote cell
motility by down-regulating the Rho activity, as in the case of Nox1-mediated migration
in Ras transformed cells and colon cancer cells [33]. Taken together, these data
suggest that Nox4 participates in the control of cell proliferation and migration in
glioma cells. While Nox4 regulation of growth in glioblastoma cells was previously

suggested [22], no study has reported the involvement of Nox4 in their motility.



PTP1B is involved in glioma cell growth and biochemically links to Nox4

We next intended to dissect the pathway downstream of Nox4 redox signaling involved
in the bioactivities of glioma cells. We focused on PTPIB, because it has been
suggested to participate in EGF signaling [34] and negatively regulate cell growth by
acting as a target of Nox4-produced H,O, upon EGF receptor tyrosine kinase activation
[3]. To this end, the endogenous PTP1B expression level was manipulated by RNA..
RNAi-mediated suppression of PTP1B significantly increased the proliferation of U87
cells (Fig.2E), implicating that PTP1B, as a negative regulator, participates in the
signaling involved in glioblastoma cell proliferation.

To examine whether there is a biochemical link between PTP1B and Nox4 in glioma
cells, the oxidation state of PTP1B was analyzed by 5’-iodoacetamide fluorescein (IAF)
labeling. Because it is a redox-sensitive nucleophile, the cysteine-215 residue located
in the phosphate-binding motif of PTP1B [35] is attacked by 5’-IAF through
competition with intracellular H,O,.  U87 cells were transfected with Nox4 siRNAs,
the cell lysates were incubated with 5’-IAF, and the extent of 5’-IAF labeling of PTP1B
was evaluated by immunoprecipitation with anti-fluorescein antibodies. Nox4 siRNA
transfection increased the level of the labeled PTP1B compared with scrambled siRNA
transfection (Fig.3A), implying that Nox4 modulates PTP1B via oxidation. Since the
PTP1B protein contains 10 cysteine residues including Cys215, which to varying degree
may be labeled by IAF, we examined modification of this specific catalytic cysteine by
using the C215A mutant of PTP1B. wtPTP1B or PTP1B-C215A was overexpressed in

HEK?293 cells together with exogenous Nox4 and subjected to 5’-IAF labeling. The
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data indicated that the labeling of PTP1B-C215A was remarkably down-regulated
compared with wtPTP1B, suggesting that Cys215 is preferentially attacked by IAF
(Fig.3B). Taken together, the data support the notion that Nox4 biochemically links to
PTP1B, and that the Nox4-PTP1B axis plays an important role in the signal
transduction controlling the bioactivities of glioma cells.

Identification of the substrates of Nox4-regulated PTP1B

It remains to be determined which phosphoproteins are dephosphorylated by PTP1B in
response to Nox4 redox signaling. To identify substrates of PTP1B, we used a
substrate-trapping PTP1B-D181A mutant that irreversibly binds to the substrate [36].
U&7 cells were transfected with HA-tagged wt PTP1B or PTP1B-D181A, cell lysates
were immunoprecipitated with anti-HA antibodies, and the immunoprecipitates were
probed by immunoblotting using anti-pTyr antibodies. In cells overexpressing the
DI181A mutant, tyrosine-phosphorylated p52 was prominently coprecipitated with the
mutant PTP1B, whereas little or no p52 was precipitated with the wild type enzymes in
cells overexpressing wild type PTP1B (Fig.4A). To further assess the above data, we
took an alternative approach using HA-immobilized resins, because
immunoprecipitation with antibodies is not always efficient for the recovery of
interacting  proteins. Lysates  prepared from HA-wt PTPIB- or
HA-PTP1B-D181A-transfected U87 cells were incubated with HA-conjugated resins,
and the bound proteins were subjected to immunoblotting with anti-pTyr antibodies.
In addition to the prominent p52, the pTyr-containing proteins p180, p130, p120, p70

and p58 were detected at low levels in cells overexpressing the trapping mutant
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compared with the control vector or wt PTP1B transfectants (Fig.4B). The data
suggest that the PTP1B mutant binds to these tyrosine-phosphorylated proteins more
readily than to its wild type counterpart and protects them from dephosphorylation by
endogenous PTPIB. Previous studies [3,36] have shown that the PTP1B-DI181A
mutant efficiently traps the EGF receptor, which has a molecular mass of ~180KDa, in
response to EGF stimulation. Furthermore, the EGF receptor is frequently amplified
in those glioblastomas that include U87 cells [37], and our study indicates that the
electrophoretic migration pattern of pl80 coincides with that of the highly
tyrosine-phosphorylated EGF receptor in EGF receptor-abundant epidermoidcarcinoma
A431 cells (Fig.4B). Thus, the p180 band likely represents the EGF receptor.
Identification of p52 as coronin-1C

Since p52 is a prominent substrate of PTP1B in U87 cells, it was partially purified for
further characterization. To this end, PTP1B-D181A fused to GST was immobilized to
glutathione-Sepharose beads, and p52 proteins were affinity-purified by incubating the
resins with lysates of U87 cells (Fig. 5A). Trypsin digests of p52 were fractionated by
HPLC, and their primary structures were obtained by LC-MS/MS analysis. The amino
acid sequences of three peptide peaks, peptides no.#1, #2, and #3, were found to be
identical with residues 132-143, 408-419, and 462-471 of coronin-1C (Fig.5B).
Immunoblotting analysis demonstrated that purified p52 is recognized by the antibody
directed to the NH,-terminus of coronin-1C (Fig.5C). From these observations, we
conclude that p52 is identical to coronin-1C. Furthermore, coronin-1C was found to

be tyrosine-phosphorylated (Fig.5C). This was detected not only in U87 cells but also
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in HUG31 cells, which suggests that it is not a particular characteristic of U87 cells
but rather common in glioblastoma cells (Fig.5D). To our knowledge, this is the first
evidence that coronin-1C is a tyrosine-phosphorylated protein and a substrate of PTP1B.
Coronin-1C (coronin3), which consists of 474 amino acids, is enriched at the leading
edge of lamellipodia and also present in the cytosol [38,39]. The protein belongs to the
coronin family, members of which are implicated in a variety of cellular processes,
including signal transduction, transcriptional regulation, and remodeling of the
cytoskeleton [40].

Nox4 redox regulation of coronin-1C tyrosine phosphorylation

To investigate the functional relationships between coronin-1C and Nox4 signaling, we
first examined whether tyrosine-phosphorylation of coronin-1C is regulated by Nox4.
U87 cells were transfected with Nox4 siRNAs, and tyrosine phosphorylation levels of
endogenous coronin-1C bound to GST-PTP1B-D181A-affinity resins were evaluated.
Overexpression of Nox4 siRNAs supressed coronin-1C tyrosine phosphorylation
compared with that of scrambled siRNAs (Fig.5E). It is likely that depletion of
Nox4-derived ROS restores the active state of PTPIB, thereby dephosphorylating
tyrosine-phosphorylated coronin-1C. Thus, the data suggest that Nox4-generated ROS
control the phosphorylation status of coronin-1C through oxidation of PTPIB.
Because Nox4 siRNA-inhibited growth/migratory activities (Fig. 2A and 2C) is
correlated with Nox4 siRNA-inhibited tryrosine phosphorylation of coronin-1C
(Fig.5E), we believe that phosphorylation status of coronin-1C is critical for

proliferation and migration of glioma cells.
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Coronin-1C mediates proliferation and migration of glioma cells

If coronin-1C is an integral component of the Nox4-PTP1B signaling pathway, one
might expect that, like Nox4 and PTP1B, coronin-1C also participates in regulation of
the proliferation and migration of glioma cells. To test this possibility, the effect of
coronin-1C siRNAs on these biological activities was examined with U87 cells.
Ablation of coronin-1C suppressed the growth of U87 cells (Fig.6A). Likewise, cell
migration was attenuated by coronin-1C knockdown (Fig.6B). Immunoblotting
confirmed the inhibition of the expression of coronin-1C by coronin-1C siRNAs
(Fig.6C). The data indicate that coronin-1C modulates the proliferation and motility of
glioma cells, which is in agreement with the previous observation [24].

Discussion

Glioblastoma is the most aggressive tumor in the central nervous system and is characterized by rapid cell
proliferation and high-level invasiveness. Nox4 expression was previously reported to be upregulated in
glioblastoma cells and considered to play a role in cellular functions related to the malignant phenotype
[22, 23], but its regulatory mechanism is largely unknown. Here, we show that Nox4-derived
ROS signaling mediates cell proliferation and migration in glioblastoma cells via
PTP1B as a ROS sensor, suggesting a critical role of Nox4 in the maintenance of
glioblastoma malignancy.  Furthermore, our studies reveal that coronin-1C is
tyrosine-phosphorylated and acts as a substrate for PTP1B, thereby mediating signal
transmission by the Nox4-PTP1B axis involved in the regulation of cell proliferation
and migration. To our knowledge, this is the first evidence that Nox4-dependent

redox-regulation of PTP1B is biochemically linked to tyrosine-phosphorylated
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coronin-1C (see the model in Fig.7).

In Nox isoform-mediated cellular signal transduction, Noxl-derived ROS are
believed to utilize protein tyrosine phosphatases as signal transducers. These include
PTP1B, PTEN, Src-homology region 2 domain-containing phosphatasel, and
low-molecular-weight protein tyrosine phosphatase [41]. The catalytic domain of
these phosphatases contains nucleophilic, redox-sensitive cysteine-SH residues that
undergo H,O;-caused oxidation, which results in impaired catalytic activity [35, 42].
As for Nox4, it has been described that PTP1B acts to terminate EGF receptor tyrosine
kinase-dependent signaling, and that Nox4-dependent oxidative inactivation of PTP1B
in the ER promotes autophosphorylation of the EGF receptor, maintaining EGF
signaling [3]. Selective targeting of PTP1B has also been detected with ROS
generated during EGF receptor-mediated fibroblast cell proliferation [34]. Consistent
with these observations, our data indicated that Nox4-derived ROS regulate cell
proliferation and motility of glioblastoma cells via PTP1B, which reinforces the
importance of the Nox4-PTPIB pathway in cellular redox signaling. Despite
numerous characterizations of the biochemical links between Nox isozymes and PTPs,
the nature of the substrates for these PTPs is poorly understood. To help clarify this
issue, substrate-trapping mutants have been developed and have proven to be very
useful for isolating PTPIB substrates, as illustrated by identification of the EGF
receptor tyrosine kinase in A431 cells [35, 36]. We have applied this strategy to
identification of physiological PTP1B substrates in glioblastoma cells and demonstrated

that tyrosine-phosphorylated coronin-1C is an as-yet-unidentified substrate of PTP1B.
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Coronin-1C is an F-actin-binding protein that crosslinks and bundles actin filaments
[38-40, 43]. Since the actin cytoskeleton dynamics is critically involved in cell
division and migration of both normal and tumor cells, coronin-1C is expected to
influence these biological events. Indeed, it has recently been shown that coronin-1C
expression correlates with the grade of malignancy of diffuse gliomas, and that
knockdown of coronin-1C results in a reduced level of cell proliferation, cell motility
and invasion of glioblastoma cells in vitro [24], which was also confirmed in the present
study.  This suggests the close association of coronin-1C with the malignancy of
glioblastomas. However, much of the biochemical mechanism of coronin-1C activity
has remained to be determined. In this context, the current finding of coronin-1C as a
pTyr-containing, PTP1B substrate has significant implications. The available data
suggest that tyrosine phosphorylation of coronin-1C could promote cell proliferation
and motility, although direct evidence for this is needed.

Tyrosine phosphorylation levels of coronin-1C can be controlled through the balance
between phosphorylation by tyrosine kinases and dephosphorylation by PTP1B. Since
coronin-1C is abundant at the leading edge of lamellipodia, receptor and nonreceptor
tyrosine kinases such as the EGF receptor, FAK, and Src, which are enriched in the
vicinity of the membrane compartments, may modulate coronin-1C. Thus, in a future
study, it would be of great interest to define a tyrosine kinase (s) responsible for
phosphorylation of coronin-1C.

Amplification and activation mutation of receptor kinases, including the EGF

receptor, are frequently observed, leading to the activation of downstream Ras [19, 20].
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Our results suggested that, in addition to coronin-1C, PTP1B likely recognizes the EGF
receptor as a substrate (Fig.4B). Given these observations and the involvement of
Nox4 in EGF receptor signaling [3], the Nox4-PTP1B axis may modulate the EGF
receptor as well as coronin-1C-dependent pathways in glioblastoma cells (see the model
in Fig.7).

In summary, our study highlights a novel link between Nox4-dependent redox
regulation of PTPIB and tyrosine-phosphorylated coronin-1C. Furthermore, Nox4
seems to exert biological effects in glioblastoma cells by regulating
tyrosine-phosphorylation of coronin-1C whose expression and function are closely
associated with the malignant phenotype of glioblastomas. Thus, the discovery
suggests a critical mediating role of Nox4 redox signaling in gliomagenesis. Nox4
may serve as a potential molecular target in the development of therapeutic agents for
malignant gliomas.
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Figure Legends

Figure 1. mRNA expression of Nox family members in glioma cells and
suppression of both Nox4 expression and ROS generation by Nox4 siRNAs. A.
Total RNAs were extracted from three glioma cell lines, and mRNA expression of Nox
family members were analyzed by RT-PCR with EF1a as an internal control. B. U&7
cells were transfected with pSilencer Nox4 siRNAs or scrambled siRNAs (SC), and 48h
later, total RNAs were extracted from transfected cells, and RT-PCR with EFla as a
control was performed to analyze expression of endogenous Nox4 mRNAs.
Alternatively, after transfection with Nox4 siRNA duplex mixtures, lysates were
prepared and subjected to immunoblotting with rabbit anti-Nox4 antibodies. [-actin is
a loading control. C. U87 cells were transfected with Nox4 siRNAs or scrambled
siRNAs for 48h. ROS levels were measured by luminol assay. The data represent
mean £ S. D. (n=3).

Figure 2. Involvement of Nox4 and PTP1B in cell growth and migration of U87
cells. Aand B. U87 cells were transfected with Nox4 siRNA or scrambled siRNA
duplex mixtures and cultured for 3d. The number of cells was counted (A) or the
expression level of p21 cell cycle inhibitor was evaluated by immunoblotting with
anti-p21 antibodies (B). C. U87 cells were transfected with Nox4 siRNAs or
scrambled siRNAs as in A and 48h later, replated into Boyden chambers. After 20h
incubation, the number of migrated cells was counted. D. U87 cells were transfected
with Nox4 siRNA or scrambled siRNA duplex mixtures, and cell lysates were subjected

to the Rho activity assay. The level of endogenous Rho was monitored by anti-Rho
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antibodies. E. U87 cells were transfected with PTP1B siRNAs or scrambled siRNAs
and cultured for 3d. The number of cells was counted. The suppression of PTP1B
expression with PTP1B siRNAs was examined by immunoblotting anti-PTP1B
antibodies. The histograms represent mean + S. D. (n=3) in A, C and E. B-actin is a
loading control in B and E.

Figure 3. Nox4 mediates oxidation of PTP1B. A. U87 cells were co-transfected with
HA-wtPTP1B, Nox4 siRNAs, or scrambled siRNAs. The cells were subjected to
5’-IAF labeling, and labeled PTP1B was detected as described in Materials and
Methods. Expression of transfected PTP1B proteins was monitored by
immunoblotting with anti-HA antibodies. Histograms represent relative intensity of
labeled PTP1B bands (mean + S. D., n=3). B. HEK293 cells were transfected with
pMT2-wtPTP1B or pMT2-PTP1B-C215A (CA) together with pcDNA3.0-Nox4 and
subjected to 5’-IAF labeling. Expression of transfected wtPTP1B and PTP1B-C215A
was monitored by immunoblotting with anti-PTP1B antibodies.

Figure 4. Precipitation of PTP1B substrates by the PTP1B substrate-trapping
mutant. A. U&7 cells were transfected with HA-wtPTP1B, HA-PTP1B-D181A, and
control vectors. Lysates were prepared and immunoprecipitated with anti-HA
antibodies, and the immunoprecipitates were probed with anti-phosphotyrosine
antibodies. Expression of transfected proteins was monitored by immunoblotting with
anti-HA antibodies. B. U87 cells were transfected with wild type and mutant PTP1Bs
as described in A. Lysates were prepared and incubated with HA-immobilized resins.

The bound proteins were eluted and analyzed by immunoblotting with
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anti-phosphotyrosine  antibodies. Quality control (QC) for IB indicates
EGF-stimulated A431 cell lysates. The heavily phosphorylated protein band with a
molecular mass of 180KDa represents EGF receptor. Expression of transfected
proteins was monitored as in A. In A and B, an asterisk and arrowheads indicate p52
and other protein bands trapped by PTP1B, respectively.

Figure 5. Purification and identification of tyrosine-phosphorylated p52 as
coronin-1C. A. GST-PTP1B-D181A was constructed, produced, and purified as
described in Materials and Methods. US87 cell lysates were prepared and incubated
with GST-PTP1B-D181A-immobilized glutathione agarose beads. The bound proteins
were eluted and resolved by SDS-PAGE, followed by Coomassie Brilliant Blue (CBB)
staining. An asterisk and an arrowhead indicate p52 and GST-PTPIB-DI8IA,
respectively.  B. MS analysis of p52 protein. p52 proteins purified as in A were
digested by trypsin, and the peptides were separated and subjected to MS analysis.
Amino acid sequences obtained from peptide peaks #1, #2, and #3 are compared to
those of  coronin-1C  peptides. C. p52 proteins eluted from
GST-PTP1B-D181A-coupled resins were subjected to immunoblotting with
anti-phosphotyrosine antibodies and anti-coronin-1C antibodies. D. Cell lysates from
U87 and HUG31 cells were immunoprecipitated with anti-pTyr antibodies, and the
immunoprecipitates were probed with anti-coronin-1C antibodies. E. Inhibition of
Nox4 suppresses tyrosine-phosphorylation of coronin-1C. US87 cells were transfected
with Nox4 siRNAs or scrambled siRNAs for 48h. Cell lysates were prepared and

incubated with GST-PTP1B-D181A-immobilized resins. Coronin-1C bound to resins

24



was eluted and subjected to immunoblotting with anti-phosphotyrosine and
anti-coronin-1C  antibodies. Histograms  show  relative intensity  of
tyrosine-phosphorylated coronin-1C bands (mean + S. D., n=3).

Figure 6. Coronin-1C inhibition blocks cell proliferation and migration.

A. U87 cells were transfected with coronin-1C siRNAs or scrambled siRNAs, cultured
for 3d, and the number of cells were counted. The data represent mean = S. D. (n=3).
B. U87 cells were transfected with coronin-1C siRNAs or scrambled siRNAs as in A.
48h later, cells were replated into Boyden chambers, and the number of migrated cells
were determined. The data represent mean £ S. D. (n=3). C. U&7 cells were
transfected with coronin-1C siRNAs as in A, and cell lysates were subjected to
immunoblotting with anti-coronin-1C antibodies. B-actin is a loading control.

Figure 7. Schematic model for the role of Nox4-PTP1B signaling in glioblastoma
cells.

Nox4 expression is upregulated and Nox4-generated ROS are increased in glioblastoma
cells. Coronin-1C is tyrosine-phosphorylated by a certain tyrosine kinase (TK). An
increase in Nox4-derived ROS may aid the maintenance of maximal tyrosine
phosphorylation of coronin-1C by oxidizing and inactivating of PTP1B and thereby, at
least in part, contribute to cell proliferation and migration of glioblastoma cells. In

addition, the Nox4-PTP1B axis may also modulate EGF receptor signaling pathway.
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Figure 5
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