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Abstract

Aberrant EGFR signaling strongly promotes glioma malignancy and treatment resistance. The
most prevalent mutation, AEGFR/EGFRVIII, is an in-frame deletion of the extracellular domain,
which occurs in more than 25% of glioblastomas and enhances growth and survival of tumor cells.
Paradoxically, the signaling of the potent oncogene AEGFR is of low intensity, raising the
question of whether it exhibits preferential signaling to key downstream targets. We have
observed levels of phosphorylation of STATS at position Y699 in cells expressing AEGFR that are
similar or higher than in cells that overexpress EGFR and are acutely stimulated with EGF,
prompting us to investigate the role of STATS activation in glioblastoma. Here, we show that in
human glioblastoma samples, pSTATS5 levels correlated positively with EGFR expression and
were associated with reduced survival. Interestingly, the activation of STAT5b downstream of
AEGFR was dependent on SFKs, while the signal from acutely EGF-stimulated EGFR to STAT5b
involved other kinases. Phosphorylated STAT5b and AEGFR associated in the nucleus, bound
DNA and were found on promoters known to be regulated by STATS including that of the Aurora
A gene. AEGFR cooperated with STAT5b to regulate the Bcl-XL promoter and knockdown of
STATSb suppressed anchorage independent growth, reduced the levels of Bcl-XL and sensitized
glioblastoma cells to cisplatin. Together these results delineate a novel association of nuclear
AEGFR with STAT5b, which promotes oncogenesis and treatment resistance in glioblastoma by
direct regulation of anti-apoptotic gene, Bcl-XL.
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Dysregulated signaling by receptor tyrosine kinases (RTK) is a major contributor to cancer,
including gliomas, and is an important target for therapy. Gene amplification and
consequent high-level expression of the epidermal growth factor receptor (EGFR) is
frequently observed in glioma and is often accompanied by DNA rearrangement.? The most
common of the rearrangements leads to the deletion of exons 2—-7 in the EGFR mRNA,
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causing an in-frame deletion of 801 bp in the extracellular domain23 and results in a protein,
deleted-(2-7) EGFR (also known as EGFRvIII, EGFR* and AEGFR). AEGFR
overexpression together with EGFR amplification has been shown to be a strong indicator of
poor survival.# Recent research has shown an unfavorable prognostic relationship between
EGFR amplification and overall survival in patients with GBM.> More recently, analyses of
over 600 patients identified AEGFR as one marker of a group of patients with poorer
outcomes.® This association with poorer outcomes in patients is reflected in AEGFR’s ability
to confer enhanced tumorigenicity on glioma cells /n vivo by reducing apoptosis and
increasing proliferation, as well as reducing sensitivity to several chemotherapeutics.’-8

Several characteristics associated with GBM malignancies including invasion, treatment
resistance and immunosuppression have recently been associated with signaling pathways
converging on a small number of transcription factors including the STAT (signal transducer
and activator of transcription) family. The role of STAT3 in glioma has been well
characterized by several laboratories. We recently identified STAT5b as another important
member of this family in glioblastoma, particularly in AEGFR expressing cells.? STAT5 is a
latent cytoplasmic protein, which comprises two highly homologous isoforms, STAT5a and
STATS5b, encoded by separate genes'9 and constitutive activation of STAT5 has been
reported to be associated with malignant transformation of hematological malignancies,
breast cancer and prostate cancer. 11-13 STAT5a and STATS5b proteins exert not only
overlapping but also distinct functions that can be attributed to cell-specific differences in
mRNA levels,14 slightly different DNA binding specificities,1® altered half life of pYSTAT5
isoforms, nucleo-cytoplasmic shuttling®:17 or differential activation by serine
phosphorylation.18 Furthermore, mammary-directed expression of only wild-type STAT5a
resulted in mammary tumors,1? and both isoforms have differential activities in association
with the ERa or ERB isoforms.15 In contrast, other tumors such as HCC or glioblastoma rely
on STATSb activation for tumor aggressiveness and increased cell invasion.2%-21 These
studies indicate that downstream factors controlled by distinct STATS isoforms may also
modulate organ specific oncogenic functions. However, the distinct roles of STAT5a and
STATS5b in human GBM have not been elucidated.

Here, we present data related to the function of STATS activation in glioblastoma. Analysis
of human tumors showed STAT5b as the predominant isoform in glioblastoma and
demonstrated a positive correlation between EGFR expression levels and STAT5b
phosphorylation at Y699 in glioblastoma. The presence of pY699-STAT5b was associated
with poor outcome in this disease. STAT5b interacted with AEGFR in the nucleus of glioma
cells, and this complex associated with promoter sequences and regulated gene expression.
Importantly, we found that STAT5b is a key regulator of Bcl-XL, long recognized as a
major effector of AEGFR’s ability to confer resistance to DNA-damaging chemotherapeutic
agents.22 Accordingly, knockdown of STATS5b suppressed transformation by AEGFR and
sensitized glioblastoma cells to cisplatin-induced apoptotic death.

Material and Methods

Cell culture, retrovirus infection, and transfection

The human glioblastoma cell lines, LNZ308 and LN428, were cultured as described earlier.?
STAT5a/b double knockout mouse embryo fibroblasts (MEFs) were purchased from St.
Jude’s Children’s Research Hospital and grown in DMEM medium as described earlier. Cell
lines were fingerprinted for identity using a PCR-based analysis (GenomeLab Human STR
Primer set from Beckman Coulter) (Supporting Information Table 7).
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Co-immunoprecipitation and immunoblotting assays

All primary antibodies used in this study were from Cell Signaling Technologies, except
anti-pEGFR pY845, which was from Upstate Biotechnology, and anti-STAT5, which was
from Santa Cruz Biotechnology, Inc. Secondary antibody used was goat-anti rabbit from
Pierce (Thermo Scientific).

For the co-immunoprecipitation assay, total lysates or nuclear extracts were incubated with
anti-EGFR antibodies We used a mix of two EGFR antibodies, 1 ug of anti-EGFR (AB-1,
mouse mAb528 from Calbiochem) and 2 ug of anti-EGFR (LA22, Upstate Biotechnology).
The immunoprecipitation complexes were resolved by NuPage gels and subjected to
immunoblotting analysis.

Plasmid construction and mutagenesis

To clone AEGFR into pENTR/TEV/D-TOPO vector (Invitrogen), we PCR-amplified the
gene from pcDNA 3.1/AEGFR using primers EGFR-F (5'-
CACCATGCGACCCTCCGGGACGGCC-3") & EGFR-R (5'-
TGCTCCAATAAATTCACTGCT-3"). The gene fragment was then TOPO-cloned into
PENTR/TEV/D-TOPO vector and sequence verified. Mutagenesis of the NLS (378RRR380
to 378AAA380) was performed using QuikChange mutagenesis kit (Stratagene) using
primers AEGFR-NLS1-F (5'-CGGCCTCTTCATGGCAGCGGCCCACATCGTTC-3") and
AEGFR-NLS1-R (5'-GAACGATGTGGGCCGCTGCCATGAAGAGGCCG- 3') as per
manufacturer’s instructions. Both AEGFR and AEGFR-NLS mutant were subcloned into
pcDNA-DEST47 via Gateway cloning technology (Invitrogen) to generate C-terminal GFP-
tagged protein.

Chromatin immunoprecipitation (ChlP)

ChIP in U87 and mouse astroctyes were performed as published before.23:24 For the
sequential ChIP assay, the DNA-protein complex was eluted from the protein A Sepharose
beads by incubating with elution buffer containing 10 mM DTT in 37°C for 30 min twice.
After 10-fold dilution with dilution buffer, the eluted mixture was used to perform the
second immunoprecipitation assay. For the ChIP real-time PCR, the resulting DNA from the
ChIP assay was used for PCR using SYBR Green Supermix, and each reaction was
performed in duplicate, and the experiment was done in triplicate. Specific sequences of the
human Aurora A promoter in the immunoprecipitates were detected by qPCR with forward
(5'-CTGTTGCTTCACCGATAAATGGC-3') and reverse (5'-
CTCTAGCTAGAAAGCCGATTGGC-3") primers. Sequences of the human Bcl-XL
promoter in the immunoprecipitates were detected with forward (5'-
CACTGGTGCTTTCGATTTGA-3") and reverse (5'-
GGGAGAGAAAGAGCTTCAGGA-3") primers.

Immunohistochemistry

Immunohistochemistry for phospho-STATS was performed using methods similar to those
previously described.?> A block with representative tumor tissue was chosen for study, and
5-um sections were placed on positively charged slides. Multiple serial sections from each
case were stored for later staining. An antibody from Cell Signaling against pSTAT5 (Y699)
was used at a concentration of 1:50. While some cytoplasmic staining was noted, staining
was predominately nuclear and scoring was based on nuclear expression. Scoring was
performed using a semi-quantitative system and divided into scores of 0 (no staining), 1
(light-moderate staining) or 2 (strong staining). Staining for EGFR was performed as
previously described.26
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Immunofluorescence

The cellular localization of GFP, GFP-tagged AEGFR and GFP-tagged AEGFR-NLS1 as
well as phospho-STAT5 was determined using confocal immunofluorescence. Cells grown
on coverslips were fixed in phosphate-buffered 4% paraformaldehyde and incubated with
anti-phospho-STATS antibody (Cell Signaling) followed by Alexa-546-labeled goat anti-
rabbit antibody (red color, Molecular Probes). Nucleus was localized using TOPRO3 (blue
color, Molecular Probes). Images were captured using the Olympus LSM 510 microscope
and a 60x objective. For calculating the percentage of cells with increased pSTATS5 signal,
at least 100 transfected cells were inspected manually for increased signal. To calculate the
signal intensity, pSTATS5 signal was quantified in transfected and non-transfected cells using
Image J software and the generated signal intensities were computed.

Promoter assay

Cells were transfected with wild type or mutated Aurora-A promoter (-968 + 124)
luciferase construct (pGL2-Aurora-A promoter) by LipofectAMINE 2000 (Invitrogen) as
described earlier.2” For investigating the transcriptional activity of STAT5b/mutants and
EGFR/AEGFR, we used the STAT5a/b MEFs and the Sp2.1 containing reporter plasmid that
is specific for Stat5h. Cells were transfected with either the His-STAT5b/mutants and/or the
EGFR expression vector-pcDNA3-EGFR/AEGFR along with the Renilla luciferase in 6-well
plates and subjected to luciferase assay as described earlier. The same method was followed
with respect to the Bcl-XL promoter assay.

DNA constructs and siRNA

pMX-puro-STAT5al1*6 and pMX-puro-STAT5b1*6 were a gift from Dr. Kitamura T
(University of Tokyo, Japan). Lentiviruses expressing ShRNA-GFP and -STAT5b were
obtained from the RNAi Consortium shRNA Library of the Broad Institute (Boston, MA).
STAT1 and STAT3 siRNAs were purchased from Santa Cruz Biotechonolgy (Santa Cruz,
CA).

Electrophoretic mobility shift assay (EMSA)

Results

Nuclear extracts were prepared and EMSASs were performed on 4% native polyacrylamide
gels. Complementary duplex B-casein probes (5'-AGATTTCTAGGAATTCAATTC-3') and
Bcl-XL probes (5'-TTCCGAGGAAGGCATTTCGGAGAAGACGGGG-3') were
synthesized and labeled with 5 pCi of [y-32P]ATP (PerkinElmer Life Sciences) using T4
polynucleotide kinase (Promega). For supershift experiments, extracts were preincubated
with Stat5b polyclonal antibody (Milliopore, Billerica, MA).

STATS5b is the predominant STAT5 isoform in GBM

A tyrosine-directed, mass spectrometry based screen identified phosphorylation of STAT5 at
Y694/9 as being elevated in LN428 and LNZ308 cells expressing AEGFR over the wild-
type receptor and acutely stimulated with EGF.? In cultured U87 cells, expression of
AEGFR at high levels also resulted in an increase in STATS5 phosphorylation at this residue
(Supporting Information Fig. 1). Phosphorylation at Y694/9 is an obligatory and dominant
activation step and is required for formation of the STATS dimer,28 suggesting that AEGFR
may functionally activate this transcription factor. We first determined which STAT5
isoform was present in human GBM, since previous studies have not distinguished the key
functional role of the STATS5 isoforms though there are reports implicating varied
expression patterns of STAT5a and STATS5b in cancer.1229 We analyzed a collection of
GBM tumor samples and cell lines by western blot analysis and found STAT5b to be the
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predominant STATS5 isoform expressed in eight clinical samples (Fig. 14), as well as in
several cell lines (Fig. 16). These observations are in line with an earlier report that showed
STATS5b to be the most predominant isoform in glioblastoma cells.?! Expression of AEGFR
led to a statistically significant increase in STAT5 phosphorylation in the cell lines used in
the initial phosphoproteomic analysis, LNZ308 and LN428, and a trend was observed in
U87 and U251 cells.? Hence we decided to use the LNZ308, LN428 and U87 cells for
further studies throughout this paper.

Phosphorylation of STATS5b is associated with elevated EGFR and poor outcome

To examine whether activation of STAT5b was related to either EGFR status or outcomes in
human tumors, we performed immunohistochemistry on a set of glioblastoma samples.
Staining was predominately nuclear, but similar to previous reports12 some cytoplasmic
staining was also seen (Fig. 1¢). We found a significant correlation (p value <0.001)
between pSTATS and EGFR expression (Fig. 1d) which is consistent with Fig. 1a showing
that pSTATS is positively correlated with EGFR expression in five of eight GBMS.
Furthermore, semi-quantitative scoring showed that patients whose tumors had detectable
pSTATS (moderate or strong staining, scores = 1 or 2) had a worse clinical outcome (p value
=0.018, log rank test) when compared with patients whose tumors had no detectable
pSTATS (no staining, score = 0) (Fig. 1e). It has been previously reported that STAT5b
expression is markedly increased in glioblastoma compared with normal cortex and diffuse
astrocytoma.?! These data suggest that increased EGFR signaling is associated with
STATSbD activation and that this activation is in turn prognostic of a worse clinical outcome
in glioblastoma.

Nuclear AEGFR associates directly with STAT5

The classical model of STAT activation proposes that the phosphorylation by RTK occurs
near the plasma membrane and results in an active, receptor-independent STAT dimer that
translocates to the nucleus to execute its function.28 In view of the growing evidence that
activated EGFR is capable of translocating to the nucleus3? and some indications that this
may also be true for AEGFR,31:24 we investigated whether AEGFR is found in the nucleus of
our cells, which could then prompt us to examine whether AEGFR and pSTATS5b interacted
there. As glioma cells express endogenous EGFR, confocal analysis to explore this required
the use of a tagged AEGFR and EGFR. GFP-fusion constructs of EGFR and AEGFR showed
nuclear localization in both CHO cells and U87 glioma cells (Figs. 2aand 25). Significantly,
a AEGFR-GFP fusion construct in which the nuclear localization signal32 had been mutated
(378RRR380 to 378AAA380) named AEGFR-NLS-GFP, failed to show any nuclear
translocation (Figs. 2aand 24), implying that nuclear localization is a process governed by
molecular recognition. Fractionation of lysates from glioma cell lines stably transfected with
AEGFR, AEGFR-ki (a kinase inactive mutant of AEGFR) or EGFR revealed that all forms of
the EGFR could be identified in the nucleus (Fig. 2¢, lysates). Interestingly, only in the
presence of AEGFR or with the stimulation of EGFR-overexpressing cells with EGF,
measurable elevation of nuclear pPSTAT5 was observed. These data suggested that nuclear
translocation of EGFR and AEGFR is a regulated process in glioma cells and raised the
possibility of interaction between the receptor and STAT5a/b in the nucleus. To investigate
this directly, we immunoprecipitated the EGFR from the nuclear and cytoplasmic extracts
shown in Figure 2¢ (lysates), revealing an association between pSTATS and EGFR in all
venues (Fig. 2¢, IP). Though both LN428 and LNZ308 glioma cell lines have a basal level
of endogenous EGFR, overexpression of AEGFR and EGFR led to an increase in the level of
pSTATS recovered in nuclear extract immunoprecipitates (Fig. 2¢, IP). Therefore, active
EGFR associates with phosphorylated STATS5 in the nucleus of glioma cells. To examine
whether the nucleus could be a site at which EGFR induces STATS5 phosphorylation, we
compared the impact on pSTATS5 staining of AEGFR-GFP with that of AEGFR-NLS-GFP,
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which has an inactive nuclear localization signal (Fig. 2a). When AEGFR-GFP was
transiently transfected into U87 cells, a small proportion of the AEGFR was found in the
nucleus, and in these green cells there was a visible increase in the pSTATS5 signal, when
compared wit nearby cells that were not transfected (Fig. 24, left). In contrast, when
AEGFR-NLS-GFP was transfected, no increase was detected in pSTATS5 signal in the green
cells (Fig. 24, right). These results were corroborated with quantification of the number of
cells demonstrating increased pSTATS5 signal in the AEGFR-GFP overexpressing cells over
their non-overexpressing neighbor (Supporting Information Fig. 24) as well as the intensity
of pSTATS5 signaling between the AEGFR and AEGFR-NLS cells (Supporting Information
Fig. 26). These findings suggest that an intact NLS and access to the nucleus is required for
AEGFR to mediate an increase in STATS phosphorylation. Interestingly, studies from our
laboratory show that reducing AEGFR-transport to the nucleus attenuates its oncogenic
signal, while promoting nuclear localization enhances this, including in 3D colony formation
and intracranial tumor growth assays (unpublished data). Together, these data raise the
possibility that nuclear signaling by AEGFR is a key element in its oncogenic signal and,
thus, provides new opportunities for therapeutic intervention.

AEGFR signals mainly through SFKs to phosphorylate STATS

Although the association of AEGFR or EGFR and STAT5 would allow for a direct
phosphorylation of STATS5 by the RTK, it does not preclude the involvement of other
kinases. Phosphorylation of the tyrosine residue Y699 in STAT5b appears to be achieved by
growth factor receptors as well as JAK and Src kinases, depending on the cell type and the
nature of the ligand/receptor interactions.28:33 The primary candidates for transmission of
the signal from EGFR to STATS5 are Src and Jak2,28:34 and so we tested its dependence on
these two kinases using inhibitors. LNZ308 and LN428 glioma cells were serum starved and
treated with the Src inhibitor PP2, the BCR/ABL and Src inhibitor Dasatinib or the Jak2
inhibitor WP1066. There are numerous reports corroborating the use of PP2 as an effective
Src inhibitor and of Dasatinib as a potent orally-active inhibitor of SFKs (Src Family
Kinases) and a less potent inhibitor of other tyrosine kinases, including PDGFR and BCR-
ABL.3%36 \WP1066 is a novel analogue of the Jak2 inhibitor AG490,37 which inhibited
phosphorylation of Jak2 and also blocked further downstream signaling of Jak2, including
STAT3. Assessment of pSTATS by western blot revealed a significant reduction in the
AEGFR-stimulated pSTATS levels in cells exposed to PP2 or Dasatinib, and to a lesser
extent with WP1066, in both cell lines (Fig. 3), implicating a predominantly Src-mediated
AEGFR phosphorylation of pSTATS. Interestingly, EGFR+EGF stimulated pSTAT5 was
not suppressed as efficiently by PP2 or Dasatinib, and also to a lesser extent with WP1066,
suggesting that other kinases maybe involved in this signaling. In parallel, phosphorylation
of STAT3 was significantly suppressed in the presence of Dasatinib and WP1066 in both
AEGFR and EGF-stimulated EGFR cells (as revealed by quantification, Supporting
Information Fig. 3). Src family kinases (SFKs) namely, Fyn and Src, have been shown to be
effectors of oncogenic EGFR signaling, enhancing invasion and tumor cell survival /n vivo,
while gene silencing of Fyn and Src limited EGFR and AEGFR dependent tumor cell
motility in GBM.38 As expected, genetic silencing of Fyn and Src by shRNA dramatically
reduced pSTATS levels in AEGFR cells (Supporting Information Fig. 44), while Jak2
shRNA effectively reduced pSTATS levels in the EGFR cells (Supporting Information Fig.
4p), corroborating our hypothesis of preferential reliance on SFKs for AEGFR signaling to
STATS5 in glioblastoma cells.

AEGFR induces pSTATS5 binding with DNA and regulates Aurora A

Next, we measured DNA binding of STAT5 complexes in AEGFR-expressing cells by
EMSA (Fig. 44) to determine whether AEGFR could mediate functional activation of
STATS in association with phosphorylation. U87 cells used for the EMSA show an
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increased pSTATS5 expression only in the AEGFR/EGFR+EGF overexpressing cells
(Supporting Information Fig. 5). STAT-DNA complexes were detected with a B-casein
probe that binds to STAT5b in U87 cells, and more importantly AEGFR and EGFR activity
induced STAT5b:STAT5b homodimer formation as demonstrated by an anti-STAT5
supershifted band (Fig. 44). The association of AEGFR and STATS5 in the nucleus raised the
possibility that this complex could be associated with DNA and specifically with promoters
regulated by STATS. We first analyzed the Aurora A promoter, as its regulation by STATS
and EGFR is characterized.2” We performed ChIP on cross-linked extracts of U87 cells and
detected recruitment of STAT5a/b on Aurora A promoter in cells overexpressing AEGFR or
EGFR acutely stimulated with EGF, thus confirming that activation of STAT5a/b by EGFR
drove its association with this promoter (Fig. 44). To confirm that these two proteins co-
associated on the Aurora A promoter, we performed sequential ChlP, by first recovering all
EGFR/AEGFR containing complexes, and then recovering the STAT5a/b containing
complexes from this mixture. Results from this experiment provided further evidence that
EGFR or AEGFR were found on the Aurora A promoter together with STAT5a/b (Fig. 40).

As association with the promoter is not direct evidence of activation, we next performed
reporter assays using the Aurora A promoter in glioma cells (Figs. 4cand 44). In addition to
the wild-type Aurora A promoter, we tested several mutant forms in which the STAT5
binding sites had been inactivated. In these experiments, the wild-type Aurora A promoter
responded positively to the co-transfection of AEGFR or the stimulation of EGFR-
transfected cells with EGF, but not under conditions of mutant promoters where STATS5 is
not able to bind (Figs. 4cand 4d4). Therefore, regulation of the Aurora A promoter by
AEGFR is dependent on the presence of functional STAT5-binding sites.

To examine the ability of AEGFR to act directly via STATS, we next combined various
EGFR states with wild-type and mutant STATS proteins in STAT5a/b null MEFs and
measured the activity of a STATS reporter plasmid. As stated earlier, the Y699 residue of
STATSb, which we identified in our phosphoproteomics screen, is tyrosine phosphorylated
in response to cytokine treatment and is a key regulator of dimerization, translocation, DNA
binding and transcriptional activation.14 Three additional EGF-induced tyrosine
phosphorylation sites, Y725, Y740 and Y743, have also been identified using metabolic
labeling studies in breast cancer cells.3° To test whether AEGFR regulates STATS-
responsive promoters in a activity dependent manner, we transfected wild-type STAT5b as
well as the Y699F mutant and a triple mutant (Y725F/Y740F/Y743F abbreviated as TM in
Fig. 46) alone and together into MEF cells to test their activity on a STAT5b-specific
reporter, Sp2.1. Transfection of STAT5b alone resulted in a measurable baseline of reporter
activity, and this level was used to normalize the experiments (Fig. 4¢). Cotransfection of
EGFR resulted in an increase of reporter activity, with AEGFR and with EGF-stimulated
EGFR resulting in higher levels than EGFR under serum starved condition. In contrast, the
Y699F and the other STAT5b mutants showed no transcriptional activity even when EGFR
or AEGFR were co-transfected, suggesting that these sites are important for EGFR and
AEGFR to activate STAT5b in these assays. In agreement with the observation that AEGFR
positively regulates the Aurora A promoter, we saw upregulation of Aurora A protein in the
U87 cell model where AEGFR is expressed at medium, high or super-high levels
(Supporting Information Fig. 1).

AEGFR activates Bcl-XL expression mediated by STAT5b activity

Next, we characterized the potential biological function of STAT5b in AEGFR-expressing
glioblastoma cells. To accomplish this, loss-of-function studies were performed with glioma
cells in which STAT5b expression was ablated by sShRNA-mediated silencing. Elimination
of STAT5Db significantly inhibited AEGFR-mediated colony formation in U87 cells in soft
agar (Fig. 5a), implying that STAT5b plays a necessary role in AEGFR-mediated cell
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transformation. However, overexpression of constitutively active STAT5 mutants
(STAT5al*6 or STAT5b1*6) was not able to substitute for AEGFR in transforming mouse
astrocytes (Fig. 56), suggesting that activation of STATS5 alone is not sufficient to rescue
transforming capabilities of AEGFR. We previously reported that a central component of
AEGFR’s oncogenic signal is mediated by the upregulation of Bcl-XL.22 Further, based on
the fact that Bcl-XL can be regulated by STATS5,40 we hypothesized that maybe AEGFR
modulates BcL-XL expression v/ia STAT5b in glioma cells. Knockdown of STATS5b but not
STATL or STAT3 dramatically decreased Bcl-XL protein expression in AEGFR expressing
U87 and LN229 cells (Fig. 5¢). Conversely, overexpression of STAT5al*6 or STAT5b1*6
led to an upregulation of Bcl-XL protein expression in mouse astrocytes (Fig. 5¢). Again,
the U87 cell model where AEGFR is expressed at medium, high and super-high levels also
showed a positive correlation between expression of the mutated receptor and Bcl-XL
(Supporting Information Fig. 1). One measurable consequence of AEGFR expression that is
mediated by positive regulation of Bcl-XL levels is increased resistance to cisplatin.22
Importantly, knockdown of STAT5Db significantly sensitized LN229-AEGFR and U87-
AEGFR cells to cisplatin treatment as demonstrated by WST-1 and colony formation assays
(Fig. 54d). Consistent with the /n vitro data, /n vivo experiments also showed sensitization of
U87-AEGFR-shSTAT5b cells to cisplatin treatment (Supporting Information Fig. 6).
Together these data suggests that AEGFR and STAT5b concomitantly confers resistance to
the chemotherapeutic drug cisplatin by increased expression of the anti-apoptotic gene, Bcl-
XL.

AEGFR regulates the Bcl-XL promoter via STAT5b

Finally, we examined the regulation of the Bcl-XL expression and promoter activity in
STAT5a/STATSb null MEFs (Fig. 64). Transfection of STAT5b alone caused a modest
increase in promoter activity. Co-transfection of STAT5b and EGFR resulted in a
measurable baseline of the Bcl-XL reporter activity when no growth factors were added.
Stimulation of EGFR-transfected cells with EGF caused a marked increase in promoter
activity, but transfection of AEGFR in the absence of EGF stimulation caused a nearly 20-
fold increase in Bcl- XL promoter activity (Fig. 68). Consistent with the reporter assay, ChlP
showed that nuclear AEGFR and nuclear STAT5 associate with the Bcl-XL gene promoter
(Fig. 64). Sequential ChIP analysis revealed that AEGFR/EGFR and STATS5 are co-recruited
to the Bcl-XL promoter (Fig. 64) suggesting their existence in the same complex. Western
blot analysis of the astrocytes used in the ChlP assay also showed an increase in Bcl-XL
protein expression only in the AEGFR or EGFR+EGF cells (Fig. 6¢). Furthermore, EMSA
using the Bcl-XL probe also showed that AEGFR and EGFR+EGF mediated direct binding
to STATS (Fig. 64). These results together support the conclusion that drug resistance long
associated with the AEGFR/Bcl-XL signaling axis in glioblastoma cells is regulated via
STATSb.

Discussion

AEGFR is a potent oncogene in glioblastoma exhibiting ligand-independent low-intensity
signaling, which does not involve prevalent or prolonged receptor dimerization. We recently
performed a tyrosine-directed search for signaling events downstream of AEGFR and
identified STATS phosphorylation at Y699 as a key event,® prompting us to investigate its
significance, the pathway that transmits the signal and the events that STAT5 mediates
downstream of AEGFR.

Although constitutive activation of STATS5 at residue Y694 has been implicated in prostate
and breast cancer, it was only recently reported that STATS5 regulates glioma cell invasion
and specifically that inhibiting STATSb suppresses tumor cell invasion in human GBM.21:41
Furthermore, immmunohistochemical staining showed that STAT5b expression is markedly
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increased in GBM when compared with normal cortex and diffuse astrocytoma implicating
its significant role in astrocytoma progression.2! Our analysis of human samples showed a
correlation between EGFR protein expression and pSTATS5 levels, and more importantly a
correlation between pSTATS5 and poorer survival, suggesting that this pathway is clinically
significant in glioblastoma. At the molecular level, we saw that STAT5b is phosphorylated
at Y699 in AEGFR-expressing cells, which given the relatively weaker activity of AEGFR
when compared with overexpressed, acutely activated EGFR, implies a strong coupling
between AEGFR and STATS5b. Interestingly, we observed direct interaction of STAT5a/b
with EGFR and AEGFR, including in the nucleus and on DNA. The association of AEGFR
with STAT5a/b in the nucleus is consistent with previous reports showing that activated
EGFR can be found in transcription factor complexes.2” Furthermore, when we expressed a
mutant of AEGFR that was incapable of entering the nucleus, we did not detect an increase
in pY699 signal on STATS5, suggesting that the activation event actually occurs in the
nucleus. Accumulating reports reveal a new mode of EGFR signaling involving direct
shuttling of activated EGFR into the nucleus. However, the nuclear functions of EGFR are
still being defined at the molecular level. Within the nucleus, EGFR serves as a
transcriptional co-activator for a series of tumor-promoting genes such as cyclin D1, iNOS,
B-myb, Aurora A and Cox-2.30 Consistent with this observation, our data showing that
AEGFR interacts with STAT5b and regulates the transcription of Aurora A and Bcl-XL
promoters is the first demonstration of a role for this pathway in glioma. Two recent studies
have shown that AEGFR also interacts with STAT3 in the nucleus of gliomas2431 and that
this is important for the AEGFR oncogenic signal, suggesting that multiple STAT family
members may be subject to a similar mechanism of activation by AEGFR.

It is well established that SFKs are necessary for full activation of EGFR. It has been
reported in breast cancer cells that Src kinase modulates STATS activation in at least two
ways: (/) by direct phosphorylation of STAT5b (at Tyr699) and (/) by phosphorylating
EGFR at Tyr845. Although overexpression of Src alone does not lead to the activation of
STATS, it has been shown that the kinase activity of Src is required for maximal tyrosine
phosphorylation of STATSb in response to EGF.22 It has been demonstrated that ER, c-Src,
and EGFR impinge on the STAT5b-signaling pathway in breast cancer cells.*2 Furthermore,
mutant EGFRs were constitutively associated with Src and STATS while EGFR bound to
JAK2 in the absence of added ligand in NSCLC.*3 Indeed, we found that the
phosphorylation of STAT5b at Y699 by AEGFR is largely dependent on SFKs, namely, Src
and Fyn, and much less so on Jak2 signaling. Interestingly, lida er a/** recently implicated
the SFKs Yes and Lyn in the nuclear translocation of EGFR, in agreement with our finding
that they influence the nuclear localization of the AEGFR-STAT5b complex. This suggests
that investigating the translational impact of suppressing SFK activity to sensitize glioma
cells to EGFR-targeted therapies is worthwhile.

AEGFR is associated with radioresistance and chemoresistance.#>48 An important
mechanism by which AEGFR confers this resistance is the upregulation of anti-apoptotic
proteins, with the clearest connection being to Bcl-XL.” More recently it was shown that
STATS also regulated the response to the chemotherapy agent, camptothecin (CAM), which
induced apoptosis and did so by regulating Bcl-XL expression in rat C6-glioma cells.*” We
found that the Bcl-XL promoter is regulated by AEGFR in a STAT5b-dependent manner,
and that knockdown of STAT5b reduces levels of Bel-XL and sensitizes glioblastoma cells
to cisplatin both /n vitro and /n vivo. Significantly we also observed a strong correlation
between the detection of pSTATS in glioblastoma patient samples and poor survival,
suggesting that treatment resistance promoted by STATS activity plays an important role in
clinical outcomes. These findings are consistent with two recent studies that showed that
nuclear EGFR contributes to resistance to cisplatin®® and Cetuximab.#® These results may
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have important clinical implications for the use of cisplatin in the treatment of those
malignant gliomas expressing AEGFR.

In summary, our results demonstrate for the first time that AEGFR activates STAT5b, forms
complexes with activated pSTAT5b on the promoters of genes including Bcl-XL, and
together directly increases Bcl-XL gene expression to promote tumor growth and treatment
resistance in glioblastoma. Ongoing studies are directed at these genes to gain further
insights into their role in the malignant biology of tumors with active AEGFR nuclear
pathways.
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Refer to Web version on PubMed Central for supplementary material.
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What's new?

EGFRVIII (AEGFR), characterized by deletion of exons 2-7 in the epidermal growth
factor receptor transcript, occurs in more than 25 percent of glioblastomas and is
associated with enhanced tumor growth and survival. In this study, EGFRvIII was found
to interact with the transcription factor STAT5b, forming a nuclear complex that
promoted oncogenesis and treatment resistance in glioblastoma through direct regulation
of the anti-apoptotic gene Bcl-XL. These findings may have important implications for
the treatment of glioblastoma.
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STATS5D is the predominant STAT5 molecule in gliomas and its phosphorylation is
associated with elevated EGFR and poor outcome (&) Western blot analysis of STAT5a,
STATSb, pSTATS and EGFR expression in GBM patients. N and T denote normal and
tumor tissue, respectively. (4) Western blot analysis of STAT5a, STAT5b, pSTATS and
EGFR in glioma cell lines. (¢) Representative photo-micrographs (x400 magnification) of
staining for pSTATS in glioblastoma, with examples showing (&, 4) strong staining in tumor
cells; (¢) moderate staining; and (@) no staining. (a@) Correlation of pSTATD5 staining with
EGFR expression, the spearman rank order correlation is 0.62 with a p value < 0.001. (&)
Kaplan Meier curve comparing outcomes of patients (total 7= 97) with glioblastoma whose
tumors showed no staining (upper curve) compared with moderate or strong staining (lower

curves) (pvalue = 0.018).
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AEGFR is a nuclear protein and associates directly with STATS5. (g, 6) Confocal microscope
images of cells transiently overexpressing GFP-tagged EGFR, AEGFR or AEGFR-NLS as
indicated in CHO (&) and U87 (b) cells showed that EGFR-GFP and AEGFR-GFP
translocated to the nucleus, while AEGFR-NLS-GFP did not. (¢) Cytoplasmic and nuclear
fractions of lysates from two glioma cell lines LNZ308, LN428 were analyzed by western
blot as indicated. Expression of AEGFR and stimulation of EGFR expressing cells with EGF
(EGFR + EGF) was associated with more pEGFR and more pSTATS5 (Y699) in the nucleus
(indicated by asterisk in the WB). Immunoprecipitates of EGFR from the lysates recovered
STATS and pSTATS, with the highest levels of pSTATS being found in complexes with
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AEGFR and EGFR+EGF. (@) Confocal analysis of U87 cells transiently transfected with
AEGFR-GFP or AEGFR-NLS-GFP and stained for pSTAT5 (Y699).
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Figure3.

AEGFR signals primarily through Src and not Jak2 to pSTATS. Glioma cell lines LNZ308
and LN428 expressing AEGFR, AEGFR-ki or EGFR were cultured in SS (serum free
medium (for 24 hrs) and treated with Src inhibitor PP2 (10 pM/ml for 24 hrs), BCR/ABL
and Src inhibitor Dasatinib (1 pM/ml for 4 hrs) or the Jak2 inhibitor WP1066 (10 pM/ml for
3 hrs). Dose choice of inhibitors was determined from previously published reports.
Phosphorylation of STATS and STAT3 as well as the drug targets Src and Jak2 were
monitored by western blot. Each experiment was done in triplicates and the densitometric
quantification of the western blots represented as pSTATS5 signal relative to the total STAT5
signal, shown as mean and SEM (*p < 0.05; **p < 0.01; ***p < 0.001; #test) are given
below the western blots of the respective cell lines.
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Figure4.

AEGFR and EGF-stimulated EGFR induce pSTATS binding to DNA and the regulation of
the Aurora A promoter () EMSA analysis of STAT5a and STAT5b binding activity in U87-
AEGFR and U87-EGFR cells using a p-casein probe (5) ChIP-gPCR assays were performed
on cultured cells using antibodies against STATS5 and EGFR, and the recovery of the Aurora
A promoter was monitored. Sequential ChlP assays were done using the anti-EGFR
antibody followed by the anti-STAT5a/b antibody (¢, d). Transcriptional activity of the
Aurora A promoter in U87 and LN428 glioma cells measured using a dual promoter assay
system is shown as relative units (RU). Glioma cells stably expressing vector, AEGFR,
AEGFR-ki, EGFR or EGFR and stimulated with EGF were transiently transfected with
reporter plasmids containing either the Aurora A promoter sequence mediating STAT5
responsiveness or ATRs mutants of this sequence which no longer respond to STAT5 (mt
1-2, mt 4, and the combination mt1-2/4). Promoter activity was measured by a dual assay
system. Data are form three independent triplicate experiments and are shown as mean +
SEM (*p < 0.05; ttest between data series as indicated). (€) Transcriptional activity of the
STATS specific promoter, sp2.1 in STAT5a/STAT5b null MEFs is shown relative to the
signal obtained in cells expressing wild-type STATS but no EGFR and serum starved (=1).
Empty vector control, AEGFR or EGFR were transfected with wt-STAT5b (wild-type),
Y699F STATSb (Y699F), Y725F/740F/743F STATSD triple mutant (TM) or Y699F/Y 725F/
740F/743F STATSb combination mutant (TM+Y699F). Data are from three individual
triplicate experiments.
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Figureb5.

AEGFR activates Bcl-XL expression mediated by STATS5 activity in glioma cells. (&) Left,
colony formation analysis in soft agar of U87-AEGFR cells expressing lentivirus ShRNA-
STATSb or shRNA-GFP (n= 4, *p< 0.05; #test). Right, Western blot analysis of EGFR,
STATS5b expression in the lentivirus infected U87--AEGFR cells. (B) Left, colony formation
analysis in soft agar of mouse astrocytes (Ink4a/Arf-/-) expressing constitutive mutants of
STAT5A1*6 or STAT5B1*6 (n=4, **p < 0.01; #test). Right, shown are the EMSA
analysis of mouse astrocytes (Ink4a/Arf-/-) expressing constitutive mutants of STAT5A1*6
or STAT5B1*6. (¢) Western blot analysis of Bcl-XL expression in AEGFR-expressing
glioma cells (U87-AEGFR and LN229-AEGFR) transduced with lentiviral SARNA-STAT5b
or control ShRNA-GFP (Upper left), in U87-AEGFR cells transduced with control siRNA,
SiIRNA-STAT1 or -STAT3 (Upper right), and in mouse astrocytes (Ink4a/Arf-/-) expressing
constitutive mutants of vector control, STAT5A1*6 or STAT5B1*6 (Bottom). () WST-1
and colony formation assays were performed with U87-AEGFR and LN229-AEGFR cells
transduced with lentiviral- STAT5b shRNA and treated with cisplatin for indicated
concentration either for 2 days (WST) or for 14 days (colony formation) (*p < 0.05; #test).
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Figure6.

AEGFR mediated by STATS regulates the Bcl-XL promoter. (&) Transcriptional activity of
the Bcl-XL promoter was measured in STAT5a/STAT5b knockdown MEFs. Empty vector
control, AEGFR or EGFR were transfected with STAT5b, the Bcl-XL promoter and with the
control Renilla luciferase as detailed in Methods. Data are mean and SEM from three,
triplicate experiments. (4) ChIP assays for Bcl-XL were performed on mouse astrocytes
(Inkda/Arf-/-) using EGFR and EGFR+STAT5a/b antibodies and analyzed by qPCR. (¢)
Western blot analysis of mouse astrocytes expressing AEGFR or EGFR stimulated with or
without EGF stimulation (100 ng/ml, 30 min). (&) EMSA analysis of Bcl-XL binding
activity in mouse astrocytes (Ink4a/arf-/-) expressing AEGFR and EGFR with or without
EGF stimulation (100 ng/ml, 30 min).
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