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ABSTRACT DNA repair pathways are aberrant in cancer, enabling tumor cells to sur-
vive standard therapies—chemotherapy and radiotherapy. Our group previously re-
ported that, upon irradiation, the membrane-bound tyrosine kinase receptor TIE2 trans-
locates into the nucleus and phosphorylates histone H4 at Tyr51, recruiting ABL1 to the
DNA repair complexes that participate in the nonhomologous end-joining pathway.
However, no specific molecular mechanisms of TIE2 endocytosis have been reported.
Here, we show that irradiation or ligand-induced TIE2 trafficking is dependent on
caveolin-1, the main component of caveolae. Subcellular fractionation and confocal mi-
croscopy demonstrated TIE2/caveolin-1 complexes in the nucleus, and using inhibitor or
small interfering RNAs (siRNAs) against caveolin-1 or Tie2 inhibited their trafficking. TIE2
was found in caveolae and directly phosphorylated caveolin-1 at Tyr14 in vitro and in
vivo. This modification regulated the generation of TIE2/caveolin-1 complexes and was
essential for TIE2/caveolin-1 nuclear translocation. Our data further demonstrate that the
combination of TIE2 and caveolin-1 inhibitors resulted in significant radiosensitization of
malignant glioma cells, which will guide the development of combinatorial treatment
with radiotherapy for patients with glioblastoma.
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TIE2 is a membrane-bound receptor tyrosine kinase (RTK) that is expressed in
endothelial cells and hematological systems, and it was unexpectedly found in

several cancers, including malignant gliomas (1). The function of TIE2 in endothelial
cells has been reported to be related to kinase signaling transduction regulating cell
survival and vessel integrity and permeability (1, 2). Specifically in cancer, TIE2 activity
is associated with multicompartment cross talk, tumor invasion, and multidrug resis-
tance (1, 3–5). Recently, we described cell membrane-to-nucleus trafficking of TIE2
upon irradiation (IR) that involves secretion of Ang1, its agonist ligand. In the nucleus,
TIE2 phosphorylates histone H4 at Tyr51, recruiting the ABL1 proto-oncogene to the
DNA repair protein complex, resulting in a radioresistant phenotype (3).

The mechanisms of RTK trafficking are of major significance, as they regulate
signaling, receptor organization, and degradation (6, 7). Nuclear RTKs function as
transcription factors (8), and interestingly, recent reports have indicated a relationship
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between nuclear RTKs and epigenetic modifications (3, 9). Several studies have shown
that RTK internalization is dependent on ligand binding and that, upon stimulation,
RTKs translocate from the membrane to cytoplasmic vesicles (7, 10, 11). The internal-
ization of RTKs might result in a positive or negative effect in receptor signaling,
degradation, and recycling (12). Clathrin-coated and caveola pits are the most studied
specialized domains in the plasma membrane, related to endocytosis and modulation
of cell signaling, the clathrin-dependent endocytosis being a main internalization
pathway for ligand-occupied RTKs, such as epidermal growth factor receptor (EGFR),
RET, MET, insulin receptor, and NRTK1 (6, 13). The main integral protein of caveolae,
caveolin-1 (14, 15), has been reported to be associated with several RTKS, such as
Vascular endothelial growth factor receptor 2 (VEGFR2), EGFR, PDGR, EphR, and insulin
receptor (13, 16, 17), although the role of this molecular association is generally related
to enhancing or negatively regulating receptor signaling (13). Interestingly, endocytosis
and trafficking seem to be bidirectionally linked, and several mechanisms by which
signaling regulates endocytosis have been reported (7), including Src kinase activity
downstream of RTK being involved in phosphorylating the clathrin heavy chain (7) or
caveolin-1 (15). Studies of TIE2 trafficking have been limited to its internalization and
degradation pathways. Thus, activation of TIE2 by Ang1 results in colocalization of the
receptor with the clathrin heavy chain at the endothelial cell membranes, resulting in
internalization and degradation (18, 19) and suggesting a mechanism that attenuates
receptor activity and signaling (7). However, no specific molecular regulatory mecha-
nisms of TIE2 endocytosis have been reported.

Our research group previously described Ang1-mediated cell membrane-to-nucleus
TIE2 trafficking following IR, a pathway that is essential in conferring radioresistance to
cancer and endothelial cells (3). Here, we identified the mechanism that underlies the
TIE2 nuclear translocation observed upon IR and ligand upregulation. TIE2 is actively
involved in regulating its cell membrane-to-nucleus movement by associating with
caveolae and phosphorylating caveolin-1 at the Tyr14 residue, which regulates the
generation of TIE2/caveolin-1 complexes. Of further interest, the combined inhibition of
TIE2 and caveolin-1 resulted in the radiosensitization of glioma cells, suggesting that
the tightly regulated membrane trafficking of TIE2 might be a useful target for
developing radiosensitizers or neutralizing the aberrant DNA repair mechanisms in-
volved in the resistance of brain tumors to therapy.

RESULTS
Caveolin-1 is expressed in GB cells. To elucidate the mechanisms underlying TIE2

trafficking, we first explored the involvement of caveolin-1, an essential component of
caveolae (14, 15). We previously defined TIE2 as a tyrosine kinase receptor that is
expressed in malignant gliomas and glioma stem cells (GSCs) (4). In this study, we first
screened caveolin-1 expression levels in a panel of GSCs and observed that the
caveolin-1 transcript was present in 78.6% of the GSCs analyzed (11 of 14) (Fig. 1A). An
analysis of levels of caveolin-1 and other main components of caveolae in surgical
specimens showed that caveolin-1 was overexpressed in human glioblastoma (GB)
specimens (n � 528) compared to nontumoral tissues (n � 10; P � 0.001; data from the
TCGA research network) (Fig. 1B). An analysis of other two proteins targeted to lipid
rafts revealed that PTRF (cavin1) (15) but not CD36 (platelet glycoprotein 4) expression
levels follow a similar expression pattern (Fig. 1B). Similar data were obtained by
analyzing caveolin-1, PTRF, and CD36 protein levels by Western blot analysis in a panel
of surgical human GBs. Caveolin-1 and PTRF were expressed at higher levels than in
normal brain in most of the material examined, and CD36 was detected in only 4 of
them, at low levels of expression (Fig. 1C). These data demonstrate the overexpression
of two essential proteins in the functional caveolae in malignant gliomas.

TIE2 nuclear translocation is caveolin-1 dependent. To analyze the putative
relationship between TIE2 nuclear translocation and caveolin-1, we first examined the
trafficking of caveolin-1 after IR. We found caveolin-1 expression in the nuclear fraction
of IR-treated cells, and as expected (3), we observed the presence of TIE2 in the nucleus
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after IR exposure (Fig. 2A; see also Fig. S1A in the supplemental material). As reported,
Ang1 ligand exposure also resulted in TIE2 nuclear translocation (Fig. 2B; see also Fig.
S1B in the supplemental material). To test the role of caveolin-1 in TIE2 nuclear
translocation, we inhibited caveolin-1 expression using pharmacological and biological
strategies. First, we treated the cells with a chemical inhibitor of caveolin-1, filipin,
known to bind cholesterol in the plasma membrane and impair caveola invagination
and internalization (20), and we observed that both TIE2 and caveolin-1 nuclear
translocations were inhibited when cells were treated with filipin (Fig. 2B; see also Fig.
S1B in the supplemental material). These results were corroborated using two different
small interfering RNAs (siRNAs) against caveolin-1 (Fig. 2C; see also Fig. S2A and S3A in
the supplemental material). Of note, the detection of caveolin-1 in the nuclear fraction
after Ang1 exposure was jeopardized by using two different siRNAs against Tie2
(Fig. 2D; see also Fig. S2B and S3B in the supplemental material). Collectively, these data
demonstrate that nuclear translocation of TIE2, as observed upon IR or Ang1 exposure,
is caveolin-1 dependent; they also suggest a mechanistic link between the two mole-
cules.

The results of our previous study clearly show that nuclear, not cytoplasmic or cell
membrane-bound, TIE2 is related to radioresistance by regulating the nonhomologous
end-joining (NHEJ) DNA repair pathway (3) and that decreasing TIE2 expression levels
or jeopardizing the nuclear entry of RTK elicits radiosensitivity to previously radiore-
sistant cultures (3). Since the nuclear translocation of TIE2 is caveolin-1 dependent, we
investigated the role of caveolin-1 in TIE2-mediated radioresistance. To this end, we

FIG 1 Caveola-related proteins are overexpressed in glioblastomas. (A) Analysis of the expression of caveolin-1
mRNA in a panel of GSCs, U251 glioma cells, and human umbilical vein endothelial cells was performed by reverse
transcription-PCR (RT-PCR). In brief, cDNA was generated and subjected to RT-PCR, as described previously (3).
GAPDH mRNA levels of expression were used as a control. The primers used for this project are listed in Table S2
in the supplemental material. NT, no template. (B) mRNA levels of caveolin-1, PTRF, and CD36 in normal tissue and
glioblastomas, analyzed using the publicly available TCGA_GBM data set with the HG-U133A platform (TCGA
Research Network, http://gliovis.bioinfo.cnio.es). P values were calculated using two-tailed Student’s t test. (C)
Protein levels of caveolin-1, PTRF, and CD36 analyzed by Western blotting of normal brain tissue (NB) and surgical
human glioblastoma (GB). Tubulin expression was used as a loading control.
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pharmacologically inhibited TIE2 and caveolin-1 using a TIE2 inhibitor, Tie2-13, or the
caveolin-1 inhibitor, filipin. First, we determined the effect of Tie2-13 inhibition on TIE2
expression and nuclear translocation upon Ang1; after subcellular fractionation, we
observed that Tie2-13 decreased the levels of nuclear TIE2 in a dose-dependent manner

FIG 2 TIE2 nuclear translocation is caveolin-1 dependent. (A) U251.Tie2 cells were IR treated (137Cs; 10 Gy) for
the indicated time periods, and nuclear and cytoplasmic protein extraction was performed by subcellular
fractionation, as previously described (3). Proteins were analyzed by Western blotting, as reported previously
(3), to assess TIE2 and caveolin-1 (CAV1) expression levels. LaminB and tubulin expression levels were used as
nuclear and cytoplasmic protein loading controls, respectively. �H2AX expression levels were used as an
indicator of DNA damage after IR. (B) U251.Tie2 cells were serum starved for 24 h in serum-free medium and
then incubated in fresh serum-free medium containing the caveolin-1 inhibitor filipin (5 �g/ml; Sigma-Aldrich);
60 min later, Ang1 (400 ng/ml; R&D Systems) was added for 30 min. Proteins were extracted after nuclear and
cytoplasmic fractionation, as previously reported (3), and levels of TIE2 and caveolin-1 expression were assessed
by Western blotting. DMSO was used as the vehicle (Veh.). LaminB and tubulin expression levels were used as
nuclear and cytoplasmic protein loading controls, respectively. (C) siRNA against caveolin-1 was transfected
into U251.Tie2 cells, and 48 h later, cytoplasmic and nuclear TIE2 and caveolin-1 were analyzed by Western
blotting after Ang1 exposure (400 ng/ml; 30 min). Bovine serum albumin (0.1% in phosphate-buffered saline)
was used as the vehicle/control in Ang1(�)-treated samples. siRNAs were transfected into cells using the
INTERFERin transfection reagent (PolyPlus Transfection) at concentrations of 10 nM; after 48 h, subcellular
fractions of nuclear and cytoplasmic proteins were analyzed by Western blotting. Nontargeted siRNA (siCon)
was used as the control. (D) Western blot analysis with cytoplasmic and nuclear extract from U251.Tie2 cells
after transfection of siRNA against Tie2 (10 nM) and Ang1 stimulus, as explained for panel C. The antibodies and
working dilutions are listed in Table S3. The siRNA sequences used are listed in Table S1. (E) U251.Tie2 cells were
plated in a 96-well plate at subconfluent density and treated with Tie2-13 (5 �M) and filipin (2 �g/ml) (36),
alone or in combination; 24 h later, they were irradiated (15 Gy) and kept in an incubator for an additional 48 h
at 37°C. Cell viability was assessed using the CellTitre-Blue cell viability assay (Promega) according to the
manufacturer’s instructions. Data represent means � standard deviations (SD) from three independent
experiments. P values were calculated using Welch’s modified t test; ***, P � 0.001. (F) GSC-20 cells were treated
as described for panel B with Tie2-13 (5 �M) and filipin (1 �g/ml), alone or in combination for 1 h, and then
irradiated (20 Gy) and kept in an incubator for an additional 72 h at 37°C. Data represent means � SD from
three independent experiments. P values were calculated using Welch’s modified t test; ***, P � 0.001.
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(see Fig. S4A in the supplemental material). We treated TIE2-expressing U251.Tie2
glioma cells with Tie2-13 and filipin, alone or in combination, and compared their
sensitivity to IR by analyzing cell viability. TIE2-expressing cells exhibited radioresis-
tance (3), and the inhibition of TIE2 or caveolin-1 resulted in radiosensitization of these
cultures. Of interest, U251.Tie2 cells were significantly more sensitive to IR when treated
with both inhibitors (Fig. 2E; see also Fig. S4B and C in the supplemental material).
These results were corroborated by analyzing the radioresistance of GSC20, a GSC line
that expresses endogenous TIE2 (3) (Fig. 2F). These results suggest that TIE2 or
caveolin-1 inhibitors counter the aberrant DNA repair pathways that are present in
gliomas and place caveolin-1 as a putative mediator of TIE2-mediated radioresistance.

TIE2 associates with caveolin-1 in caveolae. To further analyze the relationship
between TIE2 and caveolin-1 during the nuclear translocation of TIE2, we examined a
possible association between TIE2 and caveolin-1. It has been reported that the
caveolin-1 scaffolding domain interacts with proteins such as G-protein, Src-like kinases,
and several receptor kinases by specifically binding the aromatic-rich caveolin-1 bind-
ing motif (�X�XXXX�, where � represents aromatic amino acids [W, F, or Y]) (21). We
found that TIE2 protein contains a caveolin-1 binding motif located in amino acids (aa)
1020 to 1031, DVWSYGVLLWEI (Fig. 3A). To explore a TIE2/caveolin-1 interaction, we
coimmunoprecipitated the TIE2 complexes that are present in Ang1-treated U251.TIE2
glioma cells and HUVEC cells, which express endogenous TIE2 (3), and we detected
caveolin-1 in TIE2 complexes in both cell lines (Fig. 3B). To further confirm the
interaction between TIE2 and caveolin-1, we generated stable transfected HEK293 cells
that expressed Tie2-myc (3) or caveolin-1–GFP (where GFP is green fluorescent protein)
and determined the association between TIE2 and caveolin-1 in each of the two cell
lines after the transient transfection of Cav1-GFP plasmid (plCav1-GFP) or Tie2-myc
plasmid (plTie2-myc), respectively. Immunoprecipitation of the tracking proteins (myc
and GFP) revealed the presence of TIE2/caveolin-1 complexes (Fig. 3C).

Since caveolin-1 is associated with PTRF in the functional caveola structures, while
noncaveolar caveolin-1 is free from PTRF complexes (22), we investigated whether the
association between TIE2 and caveolin-1 occurs in caveola structures. To this end, we
coimmunoprecipitated cell lysates from cultures treated with Ang1 or IR with both
anti-TIE2 and anti-caveolin-1 antibodies, and we detected the presence of PTRF in both
TIE2 and caveolin-1 complexes, suggesting that these proteins interact in caveola
structures (Fig. 3D). To further visualize the TIE2–caveolin-1 interaction, we performed
immunofluorescence of HEK293 cells expressing TIE2 and caveolin-1, which showed
that after Ang1 stimulus, both TIE2 and caveolin-1 colocalized in the nucleus (Fig. 3E).
These data suggest that TIE2 and caveolin-1 associate in the caveolae and further
confirm that upon exposure to Ang1 ligand, both proteins translocate to the nucleus.

TIE2 phosphorylates caveolin-1 at Tyr14 in vitro and in vivo. Caveolin-1 phos-
phorylation plays important roles in caveola formation, caveola-mediated mechano-
sensing, and endocytosis (14, 23). To determine whether TIE2 regulates caveolin-1
phosphorylation, we performed a mass spectrometry (MS) analysis using samples from
an in vitro kinase assay. A total ion chromatogram of tryptic peptide from recombinant
caveolin-1 showed a phosphorylated peptide, YVDSEGHLpyTVPIR (Fig. 4A; see also Fig.
S5A to C in the supplemental material), identifying the phosphorylation of Tyr14 in
caveolin-1 in the presence of active TIE2. The data also showed that additional Tyr
residues of calveolin-1 were not phosphorylated by TIE2 (Fig. S5C in the supplemental
meterial). To validate these data, we incubated recombinant TIE2 (rTIE2) protein with
several doses of recombinant caveolin-1 (rCAV1) protein, followed by a Western blot
analysis with a specific antibody against phospho-caveolin-1 (pY14). In this dose-
dependent experiment, we found that TIE2 specifically phosphorylated caveolin-1 at
the Tyr14 residue (Fig. 4B). Caveolin-1 phosphorylation by TIE2 was validated using a
Phos-tag gel analysis that clearly separated the unphosphorylated from the phosphor-
ylated caveolin-1 forms (3), with the latter identified as caveolin-1-pY14 using a
standard Western blot analysis (Fig. 4C). The use of alkaline phosphatase treatment
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FIG 3 TIE2 is associated with caveolin-1 in caveolae. (A) Description of a putative binding motif (21) of
TIE2 to caveolin-1. Note that the motif is common to other RTKs. (B) Coimmunoprecipitation was
performed as previously described (3), with anti-TIE2 antibody, in U251.EV, U251.Tie2, and HUVEC
cultures in Ang1-containing medium. The presence of caveolin-1 in TIE2 complexes was analyzed by
Western blotting. WCL, whole-cell lysates. (C) HEK293.Tie2-myc and HEK293.Cav1-GFP cells that consti-
tutively expressed TIE2 and caveolin-1, respectively, were transfected with plCav1-GFP and plTie2-myc
plasmids using the X-tremeGENE HP DNA transfection reagent (Roche Applied Science) according to the
manufacturer’s protocol. Forty-eight hours later, Ang1 (400 ng/ml; 30 min) was added and immunopre-
cipitation was performed with anti-myc tag or anti-GFP antibodies, followed by a Western blot analysis
of TIE2/caveolin-1 complexes. (D) U251.Tie2-myc cells were treated with Ang1 (400 ng/ml; 30 min) or IR
(10 Gy; 60 min), and immunoprecipitation was performed with anti-caveolin-1 or anti-TIE2 antibodies.
Levels of TIE2, caveolin-1, and PTRF were analyzed by Western blotting. U251.EV cells were used as a
control. �H2AX expression levels were used as an indicator of DNA damage after IR. (E) HEK293.Tie2-myc
cells were transfected with plCav1-GFP plasmid as explained for panel C, and 48 h later, cells were
transferred to chamber slides (Lab-Tek) with 60% to 70% confluence. One day after being plated, cells
were serum starved for 4 h and treated with Ang1 (400 ng/ml) for 30 min. Cell fixation and immuno-
fluorescence studies were performed as previously described (3), with anti-myc tag antibody (red
fluorescence). Green fluorescence from the GFP signal was used as a reporter for caveolin-1 expression.
DAPI was used for nuclear staining. Merged images are provided for visualization of TIE2/caveolin-1
nuclear complexes. Images were captured using a confocal microscope (Olympus FluoView FV1000). Bar,
10 �m. A list of antibodies and working dilutions is provided in Table S3.
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showed a decrease in this phosphorylation, confirming that TIE2 was responsible for
the phosphorylation of caveolin-1 at the Tyr14 residue (Fig. 4C). To analyze the
specificity of this regulation, we constructed two mutant forms of caveolin-1 (Y14F and
Y42F) (see Fig. S6 in the supplemental material) and exposed them to rTIE2 in an in vitro
kinase assay, followed by a Western blot analysis in standard gel or Phos-tag gel. The

FIG 4 TIE2 phosphorylates caveolin-1 at Tyr-14 residue in vitro. (A) Tyr14 phosphorylation of caveolin-1 by TIE2 was
detected by mass spectrometry. In vitro kinase assays were conducted with purified GST-tagged TIE2 active protein
(200 ng; no. TEK-7296H; Creative Biomart) and recombinant wild-type caveolin-1 (500 ng; no. H00000857-P01;
Novus Biologicals), as previously reported (3). The resulting caveolin-1 band was subjected to nano-LC/MS/MS
analysis, as previously reported (3), which detected a tryptic fragment at an m/z mass/charge ratio of 864.90,
matched to the doubly charged phosphopeptide YVDSEGHLpyTVPIR, suggesting that Y9 was phosphorylated.
Mascot ion score was 40, with an expectation value of 0.0014 MS/MS. (B) TIE2-mediated caveolin-1 phosphorylation
was analyzed after in vitro kinase assays with different concentrations of recombinant caveolin-1. Immunoblots for
p-caveolin-1 (pY14), total caveolin-1, and TIE2 are shown. (C) TIE2-mediated phosphorylation of caveolin-1 was
analyzed by an in vitro kinase assay and caveolin-1 detection in a SuperSep Phos-tag (Wako Pure Chemicals
Industries, Ltd.) gel, as previously reported (3), and by standard Western blot analysis using a specific antibody
against p-caveolin-1 at the Y14 site. Alkaline phosphatase (Apase; 2 U; Roche) was used for 1 h at 37°C. (D, E) In
vitro kinase assays of TIE2 and recombinant wild-type and mutant caveolin-1 proteins, followed by standard
Western blot (WB) analysis to analyze the caveolin-1, pY14 caveolin-1, and TIE2 levels of expression (D) or
immunoblot using a SuperSep Phos-tag gel to detect unphosphorylated and phosphorylated forms of caveolin-1
(E). Lower panels, standard immunoblotting with indicated antibodies.
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results showed that TIE2 specifically phosphorylated caveolin-1 at residue Tyr14 (Fig. 4D
and E).

We also validated caveolin-1 phosphorylation at Tyr14 in vivo by transfecting
wild-type and Y14F and Y42F mutant caveolin-1 into HEK293 and HEK293.Tie2 cells and
determining caveolin-1 pY14 phosphorylation levels (Fig. 5A). Further proving the role
of TIE2 in phosphorylating caveolin-1 in vivo, we genetically impaired the correspond-
ing catalytic kinase domain of TIE2 protein. We transfected both wild-type Tie2 and Tie2
harboring a deleted kinase domain (Tie2dKD) together with caveolin-1-expressing
plasmid into HEK293 cells. We found that wild-type TIE2 phosphorylated caveolin-1 at
Tyr14 but the death kinase mutant did not. Of note, we detected caveolin-1 phosphor-
ylation in rescue experiments by transfecting wild-type Tie2 (Fig. 5B). Our results
showed that upon ligand stimulus, TIE2 directly phosphorylates caveolin-1 at the Tyr14
residue.

To further study the functional importance of caveolin-1-Y14 phosphorylation in
TIE2 trafficking, we first examined the binding status of caveolin-1 with TIE2, by
transfecting several mutant forms of caveolin-1 (phosphodefective Y14F, phosphomim-
icking Y14D, and a phosphodefective Y42F for specificity) followed by coimmunopre-
cipitation with TIE2 antibody and Western blot analysis. The results showed that
phosphorylation at Tyr14 is, at least partially, required for the generation of TIE2/
caveolin-1 complexes (Fig. 5C). We then determined the role of TIE2-mediated caveolin-
1-Y14 phosphorylation in nuclear TIE2 translocation by analyzing the expression of TIE2
and caveolin-1 in nuclear and cytoplasmic fractions of cells exposed to Ang1. We found
that TIE2 nuclear translocation was challenged when cells expressed the Y14F mutant
caveolin-1 (Fig. 5D). In addition, the lack of Y14 phosphorylation jeopardized the
nuclear translocation of caveolin-1 and the TIE2/caveolin-1 complexes (Fig. 5D and E).
These results show that TIE2 phosphorylates caveolin-1 at Tyr14, both in vitro and in
vivo, and that this modification is essential for the formation of TIE2/caveolin-1 com-
plexes and the nuclear translocation of TIE2.

DISCUSSION

In previous studies, we uncovered an important role of the RTK TIE2 in cancer
radioresistance, i.e., its participation in the epigenetic regulation and DNA repair
mechanisms (3). Here we extend the scope of our investigations to include detailed
molecular-level characterization of the cellular trafficking of TIE2. Our results showed
that Ang1 stimulus or ionizing radiation led to the localization of TIE2 in caveola
structures and to the trafficking of TIE2/caveolin-1 complexes into the nucleus. TIE2
phosphorylates caveolin-1 at Tyr-14, and this modification is essential for the complex
trafficking into the nucleus.

Clathrin-dependent endocytosis is considered the main internalization pathway for
ligand-occupied RTKs (6, 13, 24). In fact, previous reports showed that TIE2 colocalizes
with the clathrin heavy chain, resulting in internalization and degradation (18, 19). This
mechanism is in accordance with the prevailing consensus that endocytosis is related
to signaling attenuation (7, 12). Our data, however, showed that upon IR stress or Ang1
stimulus, TIE2 internalized into the nucleus after associating with and phosphorylating
caveolin-1 (Fig. 6). Caveolin-1 phosphorylation at Tyr-14 is reported to be associated
with endocytosis and trafficking of caveolae by changing the spatial conformation of
caveolae (25). In this study, TIE2 phosphorylated caveolin-1 at Tyr-14, facilitating the
formation of TIE2/caveolin-1 complexes and their nuclear translocation. Further studies
will be necessary to understand which factors govern the TIE2 sorting to the clathrin or
caveola internalization pathways (Fig. 6).

While RTK trafficking has been associated in some instances to caveolin-1, the
pathway described here differs in several aspects from those previously reported.
Under oxidative stress, EGFR is colocalized with caveolin-1 and is sorted to a perinuclear
compartment, escaping from degradation and remaining active (16). Interestingly,
ligand-induced phosphorylation of EGFR has been reported to induce dissociation of
EGFR from caveolae as a mechanism of autoregulation of EGF signaling (26). VEGF
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FIG 5 TIE2 phosphorylation of caveolin-1 at Tyr14 is essential for TIE2/caveolin-1 nuclear translocation. (A)
In vivo detection of Tyr14 phosphorylation in caveolin-1 by TIE2 was analyzed using cell lysates from HEK293 and
HEK293.Tie2-myc cells transfected with wild-type or mutant Y14F or Y42F caveolin-1 plasmids and exposed to
Ang1 (400 ng/ml; 30 min). Immunoblots for the presence of caveolin-1, phospho-caveolin-1, and TIE2 levels are
shown. (B) TIE2 catalytic function is essential for caveolin-1-Tyr14 phosphorylation, as shown by performing
kinase assays followed by transfecting HEK293 cells with wild-type Tie2 or a mutant harboring a deleted kinase
domain (TIE2dKD), together with a transfection of a plasmid expressing caveolin-1. Cells were exposed to Ang1
(400 ng/ml) for 30 min. Immunoblots for the presence of caveolin-1, phospho-caveolin-1, TIE2, and tubulin levels
are shown. (C) HEK293.Tie2-myc cells were transfected with Flag-Cav1 wild type (WT), Flag-Cav1 Y14F, Flag-Cav1
Y14D, and Flag-Cav1 Y42F, and 36 h later cells were exposed to Ang1 (400 ng/ml; 30 min); coimmunoprecipi-
tation with TIE2 antibody was performed. Caveolin-1 and TIE2 protein were detected with anti-Flag tag and
anti-myc tag antibody, respectively. (D) HeLa cells were transfected with Tie2 expression plasmids; 16 h later,
they were cotransfected with wild-type or mutant Flag-tagged caveolin-1 plasmids. Forty-eight hours later,
cultures were exposed to Ang1 (400 ng/ml; 30 min) and cytoplasmic and nuclear proteins, obtained by
subcellular fractionation, were subjected to Western blot analysis using the indicated antibodies. Bovine serum
albumin (0.1% in phosphate-buffered saline) was used as a vehicle/control in Ang1(�)-treated samples. LaminB
and tubulin expression levels were used as nuclear and cytoplasmic protein loading controls, respectively. EV,
empty vector. (E) HEK293.Tie2-myc cells were transfected with Flag-Cav1 WT, Flag-Cav1 Y14F, or Flag-Cav1 Y42F,
and 36 h later cells were serum starved for 4 h before treatment with Ang1 (400 ng/ml; 30 min). Cell fixation
and immunofluorescence studies were performed as previously described (3), using anti-myc tag antibody (red
fluorescence). Green fluorescence from the GFP signal was used as a reporter for caveolin-1 expression. DAPI
was used for nuclear staining. Merged images are provided for visualization of TIE2/caveolin-1 colocalization.
Images were captured using a confocal microscope (Olympus FluoView FV1000). The antibodies and working
dilutions are listed in Table S3.
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ligand stimulus of endothelial cells induces caveolin-1 nuclear translocation, together
with VEGFR2 and endothelial NO synthase (eNOS), downmodulating VEGFR2 activity
(17, 27). In addition, although caveolin-1 was found to be phosphorylated at Tyr 14 in
VEGFR and EGFR signaling pathways, it seems to be, in both cases, Src kinase mediated
(17, 28), differing from the pathway described here, in which TIE2 directly phosphoryl-
ates caveolin-1, regulating its own cellular trafficking.

The role of caveolin-1 Tyr14 in binding protein partners has been described previ-
ously. Thus, Src-dependent caveolin-1 Tyr14 phosphorylation is involved in the gener-
ation of eNOS/caveolin-1, which promoted eNOS inhibition as part of a feedback
regulation (29). Further describing the mechanism underlying TIE2 cellular trafficking,
our results showed that TIE2-mediated caveolin-1 Tyr14 phosphorylation is regulating
the generation of TIE2/caveolin-1 complexes, which in turn will regulate TIE2/caveolin-1
nuclear translocation.

Caveolin-1 expression seems to be dependent on tumor type, and while it has been
found to be overexpressed in breast, prostate, and lung cancer, it is downregulated in
colon and ovarian carcinomas (15). A study using nonquantitative immunohistochem-

FIG 6 Schematic model for proposed TIE2 internalization pathways. Here we depict the model for TIE2
cellular trafficking. A previous internalization model of TIE2 upon Ang1 stimulus described the localiza-
tion of TIE2 to clathrin-coated pits and degradation. Following ionizing radiation and subsequent Ang1
upregulation, TIE2 localizes to caveola structures and phosphorylates caveolin-1 at Tyr 14, regulating
their nuclear trafficking. In the nucleus, TIE2 binds chromatin and DNA repair complexes, directly
phosphorylating histone H4 at Tyr51, which is read by the ABL1 proto-oncogene. This pathway is
involved in enhancing a nonhomologous end-joining mechanism resulting in radioresistance of cancer
cells. The specific signals involved in the sorting of TIE2 toward clathrin-coated pits or caveola structures
are not known. Shown are possible avenues for inhibition of the described process.
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istry detected caveolin-1 expression in a cohort of 20 glioblastomas (30). Our results
show for the first time the quantitative expression of caveolin-1 and PTRF in a large set
of glioblastomas and the expression of caveolin-1 in brain tumor stem cells. Further-
more, our data suggest a positive relationship between gliomas and two essential
proteins in the functional caveolae, caveolin-1 and PTRF.

Reports describing the localization of caveolin-1 in the nuclear compartment are
scarce, limited to the report of exogenously expressed caveolin-1 in SKOV3 and IGtC3
ovarian carcinoma cells (31) and upon VEGF ligand stimulus of endothelial cells (17, 27).
Moreover, there is a lack of description of the mechanisms underlying such transloca-
tion into the nucleus. Thus, our report uncovers a new protein-trafficking regulation
involving both the RTK TIE2 and the major player in functional caveolae, caveolin-1.

Our results might complement reports that show that caveolin-1 may play a role in
the radioresistant phenotype of various tumors, such as nonsmall cell lung carcinoma
and prostate, pancreas, and breast cancers (32). It has been reported that caveolin-1
expression increases after IR in several cancer cell lines and that its expression confers
resistance to DNA damage by modulating homologous recombination and NHEJ
systems (33). We propose that this role of caveolin-1 might be related to its effects on
RTK trafficking to the nucleus. However, further studies are required to determine
whether caveolin-1 has any additional role in the nucleus after cotranslocating with
TIE2, such as transcription regulation (31). Of interest, caveolin-1 is a substrate for ABL1,
and we have previously reported the role of ABL1 in reading the TIE2-mediated
modification of histone 4 at Tyr51 (3); however, a link between ABL1 and nuclear
caveolin-1 has not yet been described.

In summary, after ligand Ang1 binding or irradiation, the tyrosine kinase receptor
TIE2 routes to the caveola vesicles and phosphorylates caveolin-1 at Tyr14, which
facilitates the translocation of both membrane proteins to the nucleus. We previously
showed that nuclear TIE2 phosphorylates histone H4Y51 and recruits DNA repair
proteins to the DNA damage site (3). Because TIE2 has been found to be expressed in
several cancers, including gliomas (1), our research provides evidence that targeting
this molecular mechanism of translocation might be an effective strategy to prevent
radioresistance of brain tumor and other malignant tumors.

MATERIALS AND METHODS
Cell culture conditions. U251 human glioma cells were maintained in Dulbecco’s modified Eagle

medium (DMEM)–F-12, supplemented with 10% (vol/vol) fetal bovine serum and 1% penicillin and
streptomycin. Human umbilical vein endothelial cells (HUVEC) were maintained in EGM-2 Bullet kit
medium (Lonza). Glioma stem cell cultures were characterized as previously reported (34) and main-
tained in DMEM–F-12, supplemented with B27 (Life Technologies), epidermal growth factor (EGF), and
basic fibroblast growth factor (20 ng/ml each; Sigma-Aldrich). HEK293 and HeLa cells were cultured in
DMEM supplemented with 10% fetal bovine serum (vol/vol) and 1% penicillin-streptomycin. U251.EV,
U251.Tie2, U251.Tie2-myc, HEK293.EV, and HEK293.Tie2-myc cell lines were maintained in the presence
of 300 �g/ml G418 (Corning).

RNA interference. siRNAs were transfected into cells using the INTERFERin transfection reagent
(Polyplus transfection) at concentrations of 10 nM or otherwise indicated; after 48 h of transfection, the
knockdown efficiency was evaluated by determining the protein levels in whole-cell lysates. The siRNA
sequences used are listed in Table S1 in the supplemental material.

Reverse transcription-PCR analysis. Total RNA was extracted with TRIzol (Invitrogen), and 2 �g of
RNA was reverse transcribed to cDNA with the High Capacity RNA-to-cDNA kit (Applied Biosystems). For
reverse transcription-PCR expression, cDNA was subjected to a PCR cycle analyzer with a Kapa PCR
master mixture (Kapa Biosystems) using the following PCR conditions: 95°C for 2 min, 95°C for 15 s, 64°C
for 15 s, and 72°C for 15 s for 32 cycles, with a final extension at 72°C for 10 min and holding at 4°C.
Primer sequences are provided in Table S2 in the supplemental material.

Lysate preparation, immunoprecipitation, and Western blot analysis. Cells were treated with
ANG1 or radiation. After the indicated time periods at 37°C, cells were washed with phosphate-buffered
saline (PBS), collected with a cell scraper, and lysed with IPH buffer (50 mM Tris-HCl [pH 8.0], 150 mM
NaCl, 1 mM EDTA, 5% glycerol, 0.2% NP-40, 1 mM Na3VO4 containing phosphatase, and protease
inhibitor cocktails). After incubation on ice for 15 min, the lysates were subjected to sonication with 30�
amplitude for 10 s for three cycles (total, 30 s) in a Qsonica sonicator (VWR). The supernatant was cleaned
by centrifugation at 14,000 rpm for 10 min at 4°C to obtain total cell lysates. The lysate was subjected
to immunoprecipitation with the specific antibody overnight at 4°C. The resulting mixture was incubated
with protein A-agarose (for rabbit host) (Millipore) or protein G-agarose (for mouse host) (Millipore) for
30 min, washed, and separated by 4 to 20% SDS-PAGE. The proteins were transferred to a polyvinylidene
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difluoride (PVDF) membrane, and Western blot analysis was conducted with the indicated antibodies;
representative results of 2 or 3 independent experiments are shown. To isolate proteins from brain tumor
tissue, 0.1 g to 0.2 g tissue was resuspended with 400 to 600 �l of IPH buffer containing 0.2% SDS and
sonicated for 30 s. The supernatant was cleaned by centrifugation (14,000 rpm; 10 min; 4°C) to obtain
total protein lysates. Forty micrograms of protein lysates was used for Western blot analysis. Normal
human brain tissue lysate was purchased from Abcam (catalog number ab29466). Restore PLUS Western
blot stripping buffer (Thermo Scientific) was used to reblot the membranes as recommended by the
manufacturer. The antibodies used are listed in Table S3 in the supplemental material.

Subcellular fractionation. Cells were washed with ice-cold PBS, harvested by scraping or trypsiniza-
tion, and collected in a hypotonic lysis buffer (20 mM HEPES [pH 7.0], 10 mM KCl, 2 mM MgCl2, 0.5%
NP-40, 1 mM Na3VO4, 10 mM NaF, 1 mM phenylmethylsulfonyl fluoride, and aprotinin [2 mg/ml]) for 10
min on ice. Cells were then homogenized by 20 strokes in a tight-fitting Dounce homogenizer (Kontes
disposable pestle with microtubes; Fisher Scientific). After centrifugation at 4,500 rpm for 5 min to
sediment the nuclei, the supernatant was transferred to a new tube and centrifuged at 14,000 rpm for
20 min. The resulting supernatant was collected as a cytoplasmic fraction and transferred to a prechilled
tube. The nuclear pellet was washed three times with hypotonic lysis buffer, resuspended, and period-
ically vortexed in nuclear extraction buffer (20 mM HEPES [pH 7.9], 400 mM NaCl, 1 mM EDTA [pH 8.0],
1 mM EGTA [pH 7.0], phosphatase inhibitor cocktails 2 and 3 [Sigma-Aldrich], and a protease inhibitor
cocktail [Sigma-Aldrich]) on ice for 30 min. After centrifugation at 14,000 rpm for 10 min at 4°C, the
nuclear lysates were collected in prechilled tubes.

Cell viability and clonogenic assays. Cells were plated at subconfluent density with TIE2-13 (TIE2
inhibitor, 1 �M in dimethyl sulfoxide [DMSO]) (35) and filipin (a caveolin-1 inhibitor, 1 to 2 �g/ml in
DMSO) (36) in a 96-well plate, and 24 h later they were irradiated (15 Gy) and kept in an incubator for
an additional 48 to 72 h at 37°C. A CellTitre-Blue cell viability assay (Promega) was used according to the
manufacturer’s instructions. When indicated, cells were stained with crystal violet solution (0.1% crystal
violet and 20% methanol) for 15 min at room temperature (RT), and the results were imaged. To perform
a clonogenic assay, 25 cells were plated per well in six-well plates, treated with the indicated inhibitors
for 24 h, and then irradiated (2.5 Gy). Cells were incubated for 14 days, and the visible colonies were
counted after crystal violet staining, as described above.

Plasmid construction, transfection, and primers. The pcDNA3-Tie2, which contains full-length
human Tie2 cDNA, pcDNA3.1-Tie2-myc, and pcDNA3.1-Tie2dKD-myc plasmids, has been previously
described (37, 38). pcDNA3.1-Flag, pcDNA3.1-Flag-Cav1WT, pcDNA3.1-Flag-Cav1Y14F, pcDNA3.1-
Flag-Cav1Y14D, pcDNA3.1-Flag-Cav1Y42F, pET32a-EV, pET32a-Cav1WT, pET32a-Cav1Y14F, pET32a-
Cav1Y42F, pEGFP-N1, pEGFP-Cav1WT, pEGFP-Cav1Y14F, and pEGFP-Cav1Y42F were constructed
using the QuikChange II site-directed mutagenesis kit (Agilent Technologies) according to the
manufacturer’s recommended protocol. Cells were transfected using the X-tremeGENE HP DNA
transfection reagent (Roche Applied Science) according to the manufacturer’s protocol. The primers
used are listed in Table S2.

Immunofluorescence microscopy. Cells were seeded in chamber slides (Lab-Tek), and after the
indicated treatments, they were washed with PBS, fixed with 4% paraformaldehyde, permeabilized for 30
min with 0.2% Triton X-100 in PBS, and blocked for 30 min in a blocking buffer (3% bovine serum albumin
[BSA] and 2% horse serum) at RT. After incubation with the indicated primary antibodies in blocking
buffer overnight at 4°C, the cells were incubated with secondary fluorescent antibodies for 60 min at RT.
After a final washing, Vectashield mounting medium with 4=,6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories) was added. Images were captured using a confocal microscope (Olympus FluoView
FV1000).

Mass spectrometry analysis. In vitro kinase assays were performed with active TIE2 and recombi-
nant CAV1 protein, after a gel-run caveolin-1 band was cut and sent for mass spectrometry analysis.
Nano-liquid chromatography/tandem mass spectrometry (nano-LC-MS/MS) was performed on a Thermo
Finnigan LTQ Orbitrap Velos (Thermo Scientific), coupled with an Eksigent NanoLC Ultra nano-HPLC (AB
SCIEX). The sample was injected onto a nano-trap column (100-mm inner diameter by 1 cm, C18

PepMap100) with an autosampler and then passed down a C18 reversed-phase home-packed column
(SB-C18, Zorbax, 5 mm; Agilent). The flow rate was 400 nl/min with a 60-min LC gradient, and the mobile
phases were as follows: A, 5% acetonitrile (ACN) and 0.1% formic acid (FA); B, 100% ACN and 0.1% FA.
Eluted peptides were sprayed through a charged emitter tip (PicoTip emitter, 10 � 1 mm; New Objective)
into the mass spectrometer. Parameters included the following: spray voltage at �2.0 kV, Fourier
transform MS mode for MS acquisition of precursor ions (60,000 resolution); ion trap MS mode for
subsequent MS/MS of top six precursors selected; and fragmentation accomplished via collision-induced
dissociation. Proteome Discoverer version 1.2 (Thermo Scientific) was used for protein identification and
modification analysis. Parameters included the following: selection of the enzyme as trypsin; maximum
missed cleavages, 2; variable modifications included oxidation (M) and tyrosine phosphorylation; pre-
cursor ion tolerance was at 0.02 Da; and MS/MS fragment tolerance was at 0.6 Da. The significance of a
peptide match was based on expectation values (P � 0.05).

In vitro kinase assay. In vitro kinase assays were conducted with 200 ng of purified glutathione
S-transferase (GST)-tagged TIE2 active protein (no. TEK-7296H; Creative Biomart) in kinase buffer con-
sisting of 25 mM MOPS (morpholinepropanesulfonic acid) (pH 7.2), 12.5 mM �-glycerol phosphate, 20
mM MgCl2, 12.5 mM MnCl2, 2 mM EDTA (pH 8.0), 5 mM EGTA (pH 7.0), and 0.25 mM dithiothreitol (DTT)
with the addition of 20 mM ATP. The substrate, recombinant caveolin-1 protein (catalog no. H00000857-
P01; Novus Biologicals), was added to the reaction mixture, which was incubated at 37°C for 30 min. The
kinase reaction was stopped by the addition of 4� protein sample buffer (Invitrogen), and the mixture
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was boiled for 5 min, followed by SDS-PAGE (4 to 20%) analyses. Phosphorylated caveolin-1 protein was
detected by Western blotting.

Phos-tag gel analysis. SuperSep Phos-tag (50 mM) 12.5%, 13-well gels (Wako Pure Chemicals
Industries Ltd.) were used to detect phosphorylated proteins by SDS-PAGE using an analogous Phos-tag
complex with two manganese (II) ions, Mn2�-Phos-tag. To analyze the phosphoproteins, an in vitro kinase
assay was performed, and the samples were then loaded onto a Phos-tag gel; the proteins were
transferred to PVDF membranes according to the manufacturer’s protocol. Western blot analyses were
conducted using specific antibodies. Alkaline phosphatase (Roche) was used to dephosphorylate the
proteins after the in vitro kinase assay for 1 h at 37°C.

Purification of caveolin-1 recombinant proteins. Full-length human CAV1 cDNA was cloned into
the pET-32a(�) vector (no. 69015-3; Novagen) between BamHI and XhoI sites. Cav1 wild-type and two
other mutant (Cav1Y14F and Cav1Y42F) plasmids were used as the template to generate protein in a
cell-free protein system (AccuRapid cell-free protein expression kit, no. K7250; Bioneer) according to the
manufacturer’s protocol. Caveolin-1 protein expression was confirmed by colloidal blue staining (Invit-
rogen) in addition to Western blotting using antibodies against caveolin-1.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/MCB
.00142-17.
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