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Abstract 

Radiotherapy is an essential component of glioma standard treatment. Glioblastomas (GBM) 

however display an important radioresistance leading to tumor recurrence. To improve 

patient prognosis, there is a need to radiosensitize GBM cells and to circumvent the 

mechanisms of resistance due to interactions between tumor cells and their 

microenvironment. STAT3 has been identified as a therapeutic target in glioma because of its 

involvement in mechanisms sustaining tumor escape to both standard treatment and immune 

control. Here, we studied the role of STAT3 activation on tyrosine 705 (Y705) and serine 727 

(S727) in glioma radioresistance. This study explored STAT3 phosphorylation on Y705 

(pSTAT3-Y705) and S727 (pSTAT3-S727) in glioma cell lines and in clinical samples. 

Radiosensitizing effect of STAT3 activation down-modulation by Gö6976 was explored. In a 

panel of 15 human glioma cell lines, we found that the level of pSTAT3-S727 was correlated 

to intrinsic radioresistance. Moreover, treating GBM cells with Gö6976 resulted in a highly 

significant radiosensitization associated to a concomitant pSTAT3-S727 down-modulation 

only in GBM cell lines that exhibited no or weak pSTAT3-Y705.  We report the constitutive 

activation of STAT3-S727 in all GBM clinical samples. Targeting pSTAT3-S727 mainly in 

pSTAT3-Y705 negative GBM could be a relevant approach to improve radiation therapy. 

 

Keywords: Glioma, STAT3, radiotherapy, resistance, Gö6976 
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Introduction 

Gliomas are the most common primary tumors of the central nervous system. Among 

them, the most frequent and malignant type is glioblastoma multiforme (GBM). GBM 

displays an outstanding resistance to anticancer therapies. Despite the gold standard treatment 

that encompasses surgery and radiotherapy with temozolomide-based concurrent and 

adjuvant chemotherapy, the median survival of selected GBM patients is almost 14.6 months 

(52). Since the tumor recurrence usually occurs within the treated volume (13, 35),
 

radioresistance of glioma cells is involved in treatment failure. Tumor resistance to radiation 

involves radioresistance of tumor cells themselves i.e. intrinsic radioresistance, as well as 

interactions between tumor cells and their microenvironment (2, 4).
 
Understanding the 

molecular mechanisms involved in GBM radioresistance might help improve GBM treatment 

effectiveness.  

Concordant studies have reported Signal Transducer and Activator of Transcription 3 

(STAT3) as a potential therapeutic target in glioma because of its functions at a focal point of 

multiple converging signaling pathways involved in cancer aggressiveness (6). There are 

several isoforms of STAT3 including alpha (α) and beta (β), which are generated by 

alternative mRNA splicing of a single gene transcript STAT3 (11, 12, 47) or by proteolytic 

cleavage (12). Some of them are c-terminal truncated proteins that act as dominant negatives 

of the corresponding full-length protein.  Early studies revealed that activation of STAT3 

functions requires phosphorylation of its tyrosine (pSTAT3-Y705) residue (46, 65). However 

it has been shown that besides Y705 and independently of gp130/JAK pathway, STAT3 can 

be phosphorylated also on serine 727 (pSTAT3-S727) residue (43). The canonical Y705 

activation can be induced by the binding of the Interleukin 6-family cytokine receptors to the 

gp130 receptor and the consecutive Janus kinase 2 (JAK2) activation (25). The pSTAT3-
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Y705 then form homodimers or heterodimers with partner proteins such as STAT1 and NF-

κB (p65) (29). Those dimers translocate into the nucleus where they regulate expression of 

target-genes (5). pSTAT3-Y705 inhibits apoptosis through upregulation of Survivin (38), 

Mcl-1 (28), BCL-XL (5, 9, 28) and promotes cell proliferation by upregulating c-myc (5, 9).
 

Through increased VEGF expression, pSTAT3-Y705 stimulates angiogenesis (39). It also 

supports cell migration by augmenting MMP9 (51) and ICAM-1  (29) expression. It has been 

also shown that pSTAT3-Y705 activation in tumor cells participates in locally blocking 

immune cell maturation and activation by modifying tumor secretome (48). Moreover, 

pSTAT3-Y705 expression in glioma tumors has been positively correlated to tumor grade as 

well as to a worse patient prognosis (1, 37). Those findings suggested that STAT3 activation 

is involved in glioma tumorigenesis and tumor aggressiveness. Furthermore, in vivo study of 

glioma molecular response to ionizing radiation showed a time-dependent increase in 

pSTAT3-Y705 expressing tumor cells in a spontaneous GBM model generated in mice (23). 

Irradiation also induced a dose-dependent increase in pSTAT3-Y705 nuclear accumulation in 

glioma xenografts (29). The above published data suggest that STAT3 activation might 

participate in influencing glioma sensitivity to radiotherapy. However, using JSI-124, a 

JAK/STAT3 inhibitor or specific gp130 blocking antibodies, we showed that down-

regulating pSTAT3-Y705 level in GBM cells did not impact cell intrinsic radioresistance 

(15).  

In most studies, STAT3 pathway activation has been assessed through Y705 residue 

phosphorylation. In contrast to Y705 activation, upstream regulating events and downstream 

consequence of pSTAT3-S727 are not clearly understood. In T98G and MO59K human 

glioma cell lines, pSTAT3-S727 activation depends in part on PKCε (3). In GBM stem cells, 

pSTAT3-S727 is influenced by the NOTCH pathway since inhibiting NOTCH by GSI-18 

impairs pSTAT3-S727 accumulation (20). Some early studies reported that pSTAT3-S727 
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might have a critical biological role in GBM. It has been shown that pSTAT3-S727 was 

accumulated in GBM tumors (7) and was correlated with  malignancy (49). Other studies 

reported that pSTAT3-S727 and pSTAT3-Y705 are independent bad prognosis markers in 

GBM and their co-expression was associated to a worse patient clinical outcome (36, 37). 

These findings were consistent with others which reported that pSTAT3-S727 and pSTAT3-

Y705 were playing a critical role in GBM stem cells, since disrupting STAT3 both 

dimerization and binding to DNA resulted in apoptosis (55), decreased cell proliferation and 

reduced tumorigenic capacity (50, 55). Nevertheless, it remains a crucial need of a specific 

inhibitor of pSTAT3-S727 to help decipher the role of STAT3 in malignancy. In addition to 

Y705 and S727 phosphorylation, it has been reported that lysine acetylation (42, 44, 63) and 

methylation (61) are involved in STAT3 functional regulation. Furthermore, STAT proteins 

lacking phosphorylation on Y705 or mutated at this position, can still form dimers and induce 

transcription (8, 32-34, 60). To date, little is known about the relationship between the glioma 

response to radiation and the phosphorylation status of STAT3 on both S727 and Y705. 

In this study, we evaluated by western blotting STAT3 pathway activation in a panel 

of 15 glioma cell lines. We found a correlation between pSTAT3-S727 accumulation and 

intrinsic radioresistance. Moreover Gö6976, a chemical multiple kinase inhibitor, reduced 

pSTAT3-S727 level in GBM cell lines that exhibited no or weak levels of pSTAT3-Y705. 

Interestingly, this decrease in pSTAT3-S727 was accompanied by a highly significant 

radiosensitization. Immunohistochemical analyses confirmed that pSTAT3-S727 is a 

common feature in GBM clinical samples, strengthening that it might be a relevant 

therapeutic target. 
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Materials and Methods 

Cell culture – SF763, SF767, U87MG and U251MG human glioma cell lines were 

kindly provided by Dr C. Delmas (Centre Claudius Regaud, Toulouse, France). SW1783, 

SNB19, and U373MG human glioma cell lines were given by N. Auger (Institut Curie, Paris, 

France). T98G, U118MG and CB193 cell lines were given by G. Pennarun (CEA, Grenoble, 

France). M059K, MO59J, CCF, LN229 and U138MG cell lines were given by N. Foray 

(Centre Léon Bérard, Lyon, France). All culture reagents were purchased from GIBCO 

(Invitrogen, Cergy-Pontoise, France). Gö6976 (No 365250), a cell-permeable, reversible, and 

ATP-competitive inhibitor of protein kinase C, was purchased from Merck Millipore 

(Nottingham, United Kingdom). Cells were grown in DMEM (with 4500mg/l glucose and L-

glutamine) supplemented with Sodium Pyruvate 1%, Non-Essential Amino Acids 1%, 

Gentamicin 10µg/ml and 10% Fetal Calf Serum (20% for U138MG and CCF) in a 

humidified incubator containing 5% CO2 at 37°C.  

Antibodies – For Western blot, immunofluorescence and immunohistochemistry, anti-

pSTAT3-Y705 monoclonal antibody (mAb, No 9145) was purchased from Ozyme (Saint-

Quentin-en-Yvelines, France) and anti-pSTAT3-S727 mAb (No 1121-1) from Euromedex 

(Souffelweyersheim, France). For Western blot, rabbit anti-STAT3 mAb (No 4904) was 

purchased from Ozyme and anti-β-actin polyclonal antibodies (pAbs, No A2066) from Sigma 

(Saint-Quentin-Fallavier, France). Anti-phospho-JAK2-Y1007/1008 pAbs (No 3771) and 

anti-JAK2 mAb (No 3230) were purchased from Ozyme. Anti-EGFR pAbs (No RB-1417-P1) 

were purchased from Fisher Scientific (Illkirch, France) and anti-phospho-EGFR-Y1068 

mAb (No 1138-S) from Euromedex. Anti-PKCα pAbs (No 06-870) and anti-phospho-PKCα-

S657/Y658 pAbs (No 07-790) were purchased from Millipore (Molsheim, France). Anti-

rabbit conjugated to horseradish peroxidase was from P.A.R.I.S. (Compiègne, France). For 
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immunofluorescence Cy3-conjugated goat anti-rabbit pAbs (No 111-165-144) were 

purchased from Interchim (Montluçon, France). 

Western blotting – Cells in exponential phase of growth were harvested and whole 

cell extract prepared with Buffer C supplemented with NP-40, phosphatase inhibitors (NaF, 

Na3VO4) and cOmplete Protease Inhibitor Cocktail (Roche Diagnostics, Meylan, France) and 

subjected to SDS-PAGE as previously reported (15). Protein accumulation was normalized to 

β-actin appropriate loading control. Phosphorylation of STAT3 was normalized to the 

corresponding total STAT3. Signal detection was performed using ECL Immobilon system 

(Millipore, Saint-Quentin-en-Yvelines, France). Three independent experiments were used 

for analysis with Quantity One (BioRad). 

 Immunofluorescence – Glioblastoma cell lines were seeded in 9 cm² slide-flasks. 6h 

after plating, they were treated with Gö6976. Fixation was done with methanol after 24h or 

with PFA 4% after 72h, respectively for pSTAT3-Y705 and pSTAT3-S727 detection. Fixed 

cells were then permeabilized with PBS-triton 0.5% and incubated with antibody in PBS-

BSA 0.5% before image acquisition and analysis. All images were acquired by a Leïca SPE 

microscope with a 40X/1.15 oil immersion objective. Signal analysis was performed by 

ImageJ software. Nuclei were selected in DAPI channel as region of interest (ROI). 

Threshold of fluorescence intensity was applied in Cy3 channel and fluorescence intensity of 

all ROI was measured by the plugin “Measure”. Results were corrected by a factor which 

integrated the background and the area of each ROI according to the formula: Corrected total 

cell fluorescence (CTCF) = Integrated Density – (Area of selected cell X Mean fluorescence 

of background). A mean of 100 cells in each condition was analyzed. 

Cell growth assay – Global cell growth was assessed using the colorimetric MTT 

(3[4, 5-dimethylthiazol-2-yl]-diphenyltetrazolium bromide) assay (Sigma-Aldrich, Saint-

Quentin-Fallavier, France). Cells were seeded in 96-well plates at a density adjusted to cell 
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lines. Gö6976 was added 6h after seeding and remained in culture medium until the 

experiment ended. At 24-hour incubation with Gö6976, irradiation was performed at room 

temperature as single exposure doses delivered by an Elekta SL18  linear accelerator with a 

nominal energy of 6 MV at a dose rate of about 400 cGy.min
-1

. Doses ranging from 2 to 10 

Gy were calculated using a dedicated treatment planning system to a depth of water of 1.5 

cm.  Intensity was collected at 490 nm using a Bio-Rad 11885 spectrophotometer.  Cell 

growth was calculated as following: (ODtest sample−ODblank/ODcontrol−ODblank) ×100. 

Each experimental condition was analyzed at least in triplicate. Three independent 

experiments were used for analysis.  

Clonogenic cell survival assay – Clonogenic cell survival assay was performed as 

previously reported (15). Briefly, cells were seeded at a density of 1 000 to 6 000 per 25-cm
2 

flask. Gö6976 was added in growth medium 6h after seeding, for 72-hour incubation before 

irradiation. Irradiation was performed as described in the preceding chapter. Gö6976 

containing medium was replaced by growth medium 24h after irradiation. The Plating 

Efficiency (PE) represents the percentage of seeded cells that grew into colonies. Colonies 

with more than 50 cells were counted by microscopic inspection, and PE as well as the 

radiation-surviving fraction (PE of experimental group/PE of control group) was determined. 

Each experimental condition was performed in triplicate. Survival curves were obtained with 

data from three independent experiments in accordance with linear-quadratic model 

(KaleidaGraph Software 4.0). 

Glioblastoma clinical samples – GBM samples (Biobank N° DC-2012-1584) were 

taken from the material of surgical resection during the course of standard diagnosis 

procedure. Thirty tumors, classified as GBM (grade IV, WHO, 2007), according to 

histological diagnosis and grading criteria were used in this study. Patients were treated by 
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surgery followed by radiotherapy and concomitant temozolomide followed by at least six 

monthly cycles of adjuvant temozolomide (52). 

Immunohistochemistry – Immunostaining of pSTAT3-Y705 and pSTAT3-S727 was 

performed with a Benchmark XT immunostainer (Ventana, Illkirch, France) on 5-µm paraffin 

sections. After deparaffinization, antigen retrieval was carried out in CCI buffer. Antibodies 

were incubated at 37°C and the revelation was made with the Ultraview detection kit 

(Ventana). Sections were semiquantitatively scored by light microscopy by two pathologists. 

Cytoplasmic and nuclear staining, percentage of stained tumor cells and staining intensity 

(no, weak, moderate, strong) for each localization were specified. 

Statistical analysis – Statistical analysis was performed using Stata 13 software 

(StataCorp LP, College Station, US). The tests were two-sided, with a Type I error set at α = 

0.05. Quantitative data were presented as mean ± standard-error of mean. Comparisons 

between groups were realized using ANOVA or the Kruskal-Wallis test (assumption of 

normality assessed using the Shapiro–Wilk test and homoscedasticity verified by Bartlett 

test) followed, when appropriate, by Dunnett’s test (multiple comparison procedure to 

compare each of a number of treatments with a single control). In case of non-multiple 

comparison and due to sample size, Mann-Whitney’s test was proposed. The study of relation 

between quantitative parameters was explored by correlation coefficients (Pearson or 

Spearman according to statistical distribution, noted r). Finally, correlated repeated data were 

analyzed using random-effects models which allow taking into account between and within 

subject variability and to study fixed effects: groups, dose and their interaction. The 

normality of residuals was verified for each considered model. For each of pSTAT-Y705 and 

pSTAT3-S727 staining, the percentage of stained tumor cells was multiplied by the intensity 

(1, 2, or 3) and added to get a score between 0 and 300. Survival rates were estimated by the 

Kaplan Meier method. The study of pSTAT3-Y705 and pSTAT3-S727 (considered as 
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quantitative parameters) staining impact on survival rate was considered, in first time, with 

Cox model. These parameters were then categorized according to the statistical distribution 

(rank indicators). Then, survival rates were compared by groups with log-rank test.  

 

Results 

Serine 727 phosphorylated STAT3 correlates with intrinsic radioresistance – By 

western blots, we assessed STAT3 phosphorylation status in 15 human glioma cell lines that 

were grown in basal conditions. Levels of protein activation were calculated by the phospho-

protein/total protein expression ratio. All cell lines harbored variable level of pSTAT3-S727. 

By contrast, pSTAT-Y705 is not found in all cell lines because it was hardly or not detectable 

in SF767, U87MG, U118MG and U138MG (Figure 1, Table 1). There was no correlation 

between amounts of accumulated pSTAT3-S727, pSTAT3-Y705 and total STAT3. 

Previously described intrinsic radioresistance determination by standard clonogenic cell 

survival assay (15) was then extended to the selected glioma cell lines. Statistical analysis 

revealed that pSTAT3-S727 levels, but neither pSTAT3-Y705 nor total STAT3, were 

correlated (Spearman, r=0.57, p<0.05) with the surviving fractions at 2 Gy (SF2). We 

observed that in human glioma, STAT3 pathway was differently activated in vitro and that 

pSTAT3-S727 and intrinsic radioresistance positively correlated. 

Gö6976 reduces in vitro growth of human glioblastoma – Since STAT3 is 

differently activated in glioma cell lines, we hypothesized that glioma might respond 

differently to STAT3 pathway inhibition. We tested Gö6976, a multiple kinase inhibitor that 

was previously reported to inhibit in diverse cell types upstream regulators of STAT3 

activation such as PKCs and JAK (3, 17, 22). We selected 3 GBM cell lines that displayed 

both pSTAT3-S727 and pSTAT3-Y705 activation (SF763, U251MG and T98G) and 3 others 

that did not exhibit detectable pSTAT3-Y705 (SF767, U118MG and U87MG). 90-hour 
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incubation with Gö6976 resulted in a dose-dependent growth inhibition, regardless of STAT3 

activation status (Figure 2). However the cell lines displayed different sensitivity to Gö6976 

as shown by estimated relative IC50 ranging from 73 to 209 nM.  

Gö6976 radiosensitizes pSTAT3-Y705 negative human glioblastoma cells –We 

further explored effect of Gö6976 on intrinsic radioresistance of GBM. MTT tests were done 

on cells treated with Gö6976, at 72h after 4-Gy irradiation. Data were normalized to controls 

(cells treated with Gö6976 without irradiation) to exclude the effect of Gö6976 alone on cell 

growth. Incubation with Gö6976 significantly enhanced growth inhibiting effect of 

irradiation only on the three pSTAT3-Y705 negative cell lines (Mann-Whitney test, p<0.05, 

Figure 3A-F). Thus, Gö6976 radiosensitized at 4 Gy GBM cells depending on the activation 

status of STAT3.  

To confirm these results, we performed standard clonogenic cell survival assay on 

SF763, SF767 and U118MG cell lines. In order to reveal radiosensitizing effect of Gö6976, 

we used doses reducing only slightly cell plating efficiency (PE). We first tested Gö6976 

effect on PE and observed less than 25% decrease of SF763 PE with 1000 nM whereas 200 

nM induced 43% decrease on SF767 (Figure 3G and H). Because 150 nM of Gö6976 did not 

reduce the PE of U118MG cells, we increased the drug concentration to 1000 nM that 

reduced 32% of cell PE (Figure 3I). Treating SF767 cells with Gö6976 before irradiation at 

doses ranging from 2 to 10 Gy resulted in a highly significant radiosensitization even at 

lowest doses, in comparison to untreated irradiated controls (random-effects model, p<0.001, 

Figure 3K). For U118MG cell line, we had to increase cell density at plating in order to 

obtain enough colonies after treatment with Gö6976 combined to radiation. As previously 

reported (10, 14), heightening cell density at plating increased resistance to irradiation alone 

(SF of 0.8 vs 0.4, Figure 3I and table 1). When U118MG cells were irradiated at doses higher 

than 6 Gy no colony was observed. Irradiation of Gö6976-pretreated U118MG cells resulted 
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in a significant radiosensitization (random-effects model, p<0.001, Figure 3L). These results 

confirmed that Gö6976 radiosensitized SF767 and U118MG cell lines that are pSTAT3-Y705 

negative. However, SF763 cells that were pSTAT3-Y705 positive were not radiosensitized 

by Gö6976 treatment (Figure 3J).  

Gö6976 down-modulates pSTAT3-S727 only in pSTAT3-Y705 negative cells – To 

investigate the mechanisms involved in the effects of Gö6976, we explored STAT3 pathway 

activation in cells treated with Gö6976. As shown in Figure 4, treatment with Gö6976 

resulted in a decrease of pSTAT3-Y705 in SF763, T98G and U251MG after 72-hour 

incubation and earlier (24h, data not shown). Both pSTAT3-S727 and total STAT3 levels 

were unaffected in those cells. By contrast, pSTAT3-Y705 negative cells showed decreased 

levels of pSTAT3-S727 with no change in total STAT3. To confirm western blot results and 

examine the subcellular distribution of pSTAT3-S727 and pSTAT3-Y705 following Gö6976-

treatment, we performed immunofluorescence assay. Analysis confirmed that, in untreated 

cells, pSTAT3-S727 and pSTAT3-Y705 were distributed in cytoplasm and nuclei with a 

strong predominance in nuclei (Figure 5). The pSTAT3-S727 signal was observed in all cell 

lines but pSTAT3-Y705 was not detectable in SF767, U118MG and U87MG (data not 

shown). 72-hour incubation of cells with Gö6976 resulted in a decreased pSTAT3-S727 

specific signal in the pSTAT3-Y705 negative cell lines (Figure 5A). Treatment with Gö6976 

also reduced early (at 24h) STAT3-Y705 phopshorylation in SF763, T98G and U251MG 

(Figure 5B). Moreover, Gö6976 did not induce any change in subcellular location of neither 

pSTAT3-S727 nor pSTAT3-Y705. Nuclear pSTAT3-S727 and pSTAT3-Y705 signal 

quantification confirmed these observations (Figure 5, histograms). These results confirmed 

that Gö6976 down-modulated pSTAT3-Y705 in GBM cells and also reduced pSTAT3-S727 

only in the pSTAT3-Y705 negative cell lines.   
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Gö6976-induced pSTAT3-S727 down-modulation remains 24h after irradiation –

Gö6976 effects on GBM cells have been investigated also in irradiated conditions (Figure 6). 

Cells were incubated in Gö6976 for 72h, then irradiated at 4 Gy and harvested 24h later. 

After irradiation, a decrease of total STAT3 is described in Gö6976-pretreated (compared to 

only irradiated) in SF767 and T98G cells but not in the other cell lines. We also observed a 

radio-induction of pSTAT3-Y705 in U118MG and U87MG cells without Gö6976 treatment 

but not in SF767 cells. We still detected pSTAT3-Y705 in U251, SF763 and T98G cells 

following irradiation. The Gö6976-induced pSTAT3-Y705 inhibition (in not irradiated cells, 

Figure 4) still remained in SF763 after irradiation (Figure 6). Moreover, Gö6976 impeded the 

radio-induced pSTAT3-Y705 phosphorylation in Gö6976-pretreated and irradiated U118MG 

and U87MG cells. However, Gö6976 failed to maintain pSTAT3-Y705 inhibition after 

irradiation in Gö6976-pretreated U251MG and T98G cells. For all cell lines, pSTAT3-S727 

was still detected in cells untreated with Gö6976 and irradiated. But after irradiation, the 

Gö6976-induced down-modulation of pSTAT3-S727 remained 24h following 4-Gy 

irradiation. We concluded that 4-Gy irradiation did not affect the Gö6976-induced pSTAT3-

S727 down-modulation in pSTAT3-Y705 negative GBM cells.  

STAT3 pathway activation in glioblastoma clinical samples – To confirm clinical 

relevance of targeting the STAT3 pathway in glioma patients, we assessed the activation 

level of pSTAT3-Y705 and pSTAT3-S727 in human GBM paraffin-embedded sections 

(Figure 7). The calculated staining score for pSTAT3-Y705 ranged from 0 to 150. In the 

positively stained GBM cells, pSTAT3-Y705 was located mainly in the nuclei (Figure 7B-D) 

whereas cytoplasm was no or weakly stained.The pSTAT3-Y705 positive staining was found 

in 24/30 patients (Table 2). In these positive specimens, pSTAT3-Y705 was accumulated in 

38% of total GBM cells. Staining intensity was variable; the majority (45%) of GBM cells 

showed a moderate staining. Interestingly, in pSTAT3-Y705 positive samples, we observed 
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pSTAT3-Y705 staining of some blood vessel endothelial cells.   Like in tumor cells, staining 

intensity was variable and mainly located in the nuclei (Figure 7C and D). We did not find 

any pSTAT3-Y705 stained stromal cell in the tumor sections that did not display pSTAT3-

Y705 stained GBM cells (Figure 7A). In the vicinity of vessels, we found few lymphocytes 

and histiocytes that were negative for pSTAT3-Y705 staining. The pSTAT3-S727 staining 

was found in GBM cells of all specimens (Table 2) with a score ranging from 180-300. The 

majority of GBM cells displayed a moderate or a high intensity of positive pSTAT3-S727 

staining (Table 2). The pSTAT3-S727 staining was located in cytoplasm and nuclei but, 

nuclei were more intensely stained than cytoplasm (Figure 7F-H). Moreover, all GBM cells 

of all tumor specimens were positively stained for pSTAT3-S727. However, Figure 7E shows 

one transitional zone with invasive stained malignant cells among non-stained non-neoplastic 

brain cells. Thus, unlike pSTAT3-Y705, pSTAT3-S727 is accumulated by all GBM cells in 

all GBM specimens of our cohort. Interestingly, blood vessel endothelial cells were highly 

positive for pSTAT3-S727 staining (Figure 7G). In case of capillary proliferation, endothelial 

cells also displayed intense pSTAT3-S727 staining (Figure 7H). Like for pSTAT3-Y705, the 

rare lymphocytes and histiocytes were negative for pSTAT3-S727 staining. We further 

explored the relationship between pSTAT3-S727 and pSTAT3-Y705 expression and overall 

survival. Neither pSTAT3-Y705 (p = 0.34) nor pSTAT3-S727 staining (p = 0.42) were 

associated with patient overall survival. 

 

Discussion 

Radiotherapy is a main part of the gold standard treatment of GBM patients despite a 

demonstrated tumor radioresistance (52). GBM cells release, in vitro and in vivo, cytokines 

such as IL-6, which modulate their environment to support their growth. IL-6 and STAT3 are 

involved together in a same vicious regulatory loop in glioma since IL-6 initiates STAT3 
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activation via the complex gp130/IL-6Rα (25) and activated STAT3 in turn induces IL-6 

secretion (58). The role of IL-6 in mediating immune system inactivation through activation 

of STAT3 in GBM and glioma stromal cells is established (48, 59, 64)
 
but it does not explain 

all the bad clinical outcome of neither IL-6 nor STAT3 activation in GBM cells. Inhibition of 

gp130/pSTAT3-Y705 signaling axis failed to radiosensitize glioma despite evidence that 

STAT3 pathway activation supports several hallmarks of glioma, including resistance to 

irradiation and to cell death induction (5, 23, 29, 31).
 
Since STAT3 functions might be at 

least in part driven by pSTAT3-S727 as reported in other malignancies including prostate 

cancer (43), colorectal cancer (16), chronic lymphocytic leukemia (24) and mouse 

hepatocarcinoma (41), we postulated that pSTAT3-S727 might be involved in glioma 

intrinsic radioresistance. 

In this study, we found that STAT3 pathway was differently activated in cell lines, 

since, on one hand, some clearly exhibited variable levels of pSTAT3-Y705 while the others 

did not (Figure 1 and Table 1). On the other hand, pSTAT3-S727 was expressed in a large-

amplitude scale in all 15 glioma cell-lines. Interestingly, we reported for the first time that 

pSTAT3-S727 correlated with intrinsic radioresistance. Those analyses have been achieved 

before the American Type Culture Collection (ATCC) revealed that U251MG, U373MG and 

SNB19 originated from a same cell line. However, they are grown in different laboratories 

worldwide and they express phenotypic variations such as IL-6 secretion (data not shown). 

We further hypothesized that targeting pSTAT3-S727 would affect glioma radiosensitivity. 

 To our knowledge, to date, there is no reported specific inhibitor of pSTAT3-S727 

capable of discriminating pSTAT3-Y705 and pSTAT3-S727 (40, 53). Because pSTAT3-

S727 regulation involved several pathways depending on cell types, broad-spectrum kinase 

inhibitors are useful in exploring STAT3 pathway activation. Western blots and 

immunofluorescence analyses showed that Gö6976 significantly decreased pSTAT3-Y705 
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level in cells. Interestingly, Gö6976 reduced pSTAT3-S727 level only in pSTAT3-Y705 

negative cell lines. The subcellular location of both phosphorylated STAT3 was unaffected 

by Gö6976. The discrimination in pSTAT3-S727 inhibition depending on STAT3 status 

strengthened the relevance of testing Gö6976 on glioma cells.  STAT3 pathway activation by 

Y705 and/or S727 phosphorylation has been reported to play a critical role on cell growth by 

stimulating proliferation, blocking cell death induction and supporting cell survival (5, 9, 27, 

31, 43). We tested Gö6976 on GBM cell growth, choosing three cell lines that displayed 

pSTAT3-Y705 and three others that did not. Unlike a previous study that used lower doses of 

Gö6976 on U251MG (19), we report here that treating cells with Gö6976 resulted in a dose-

dependent decrease of cell growth regardless of STAT3 activation status.  Confirming growth 

inhibition, Gö6976 reduced SF763 and SF767 cell PE. Impact of Gö6976 on cell growth 

should not be attributed to inhibition of the one rather than the other of pSTAT3-S727 and 

pSTAT3-Y705 because each of them has been reported to sustain cell growth (20, 28, 55). 

Since Gö6976 is an inhibitor of multiple kinases including Chk1 and the T790M mutant 

EGFR (17, 21, 54), Gö6976-induced cell growth decrease might also be due to another 

property. It remains unclear how Gö6976 did act in down-modulating pSTAT3-S727. 

Inhibition of pSTAT3-Y705 was clear as earlier as 6-hour incubation (data not shown), 

whereas the decrease in pSTAT3-S727 was not obvious before 72h. This latency regarding 

pSTAT3-S727 is compatible with an effect on any long-lasting activated pathway such as 

PKCs (17, 30). However diverse mechanisms have been attributed to Gö6976 in different 

cancers. Gö6976 abrogated Chk1 activity and abolished DNA-damage induced intra-S and 

G2/M cell cycle checkpoints in nasopharyngeal carcinoma and breast cancer cells (21, 30). 

Checkpoint abolition by Gö6976 resulted in sensitizing in vitro and in vivo nasopharyngeal 

carcinoma to irradiation or cisplatin treatment (21). Gö6976 also inhibited the T790M mutant 

EGFR activation when reducing growth of xenografted non-small cell lung cancers (54). 
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Thus, Gö6976 might interfere with several signaling pathways in radiosensitizing human 

glioma. Further investigation should help understand the mechanism of STAT3 pathway 

modulation in the GBM cell response to Gö6976.   

Consistent with our hypothesis, a single dose of Gö6976 radiosensitized at a 4-Gy 

irradiation the three pSTAT3-Y705 negative cell lines concomitantly with pSTAT3-S727 

down-regulation. This is strengthened by the persistence of Gö6976-induced pSTAT3-S727 

down-modulation in the 24h following irradiation of Gö6976-pretreated pSTAT3-Y705-

negative cells. Radiosensitization was confirmed on SF767 and U118MG by clonogenic cell 

survival assay. Radiosensitizing effect of Gö6976 was irradiation-dose-dependent. Gö6976 

was a potent radiosensitizer even at the lowest irradiation dose. More interestingly, Gö6976 

failed to radiosensitize pSTAT3-Y705 positive cell lines. This observation suggests that 

radiosensitization was a result of pSTAT3-S727 inhibition. Moreover, these results might be 

influenced by genetic background of GBM tumors. It has been shown that STAT3 may play 

in some tumors, a pro- or an anti-oncogenic role, depending on the mutational status of PTEN 

(18). We showed here that, STAT3 status in turn can influence tumor responsiveness to a 

chemical treatment (Gö6976) and to irradiation. STAT3 activation status is more likely 

independent on the mutational status of PTEN, TP53, p16, p14
ARF

or EGFR according to 

genetic data compiled from different laboratories (26, 56, 62). Moreover, we did not find any 

variation in PKCα, JAK2 and EGFR signaling, confirming that the down-modulation of both 

pSTAT3-S727 and cell radioresistance by Gö6976 may not be mediated through those 

pathways (supplementary Figure S1).   

 To confirm the relevance of targeting the STAT3 pathway in GBM, we assessed 

pSTAT3-Y705 and pSTAT3-S727 accumulation in GBM clinical specimens collected in our 

tumor bank. All specimens exhibited variable level of pSTAT3-S727 in all neoplastic cells as 

well as in some stromal cells, while some samples were pSTAT3-Y705 negative. Our 
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description of pSTAT3-S727 and pSTAT3-Y705 in GBM is consistent with other previous 

reports (36). Some reported that stem-like cells in tumors can differentiate into endothelial 

cells, thereby generating the tumor vasculature (45, 57). Here, we found that endothelial cells 

in tumor specimens displayed the similar staining in pSTAT3-S727 and pSTAT3-Y705 as 

GBM cells. However we did not find any correlation between pSTAT3-Y705 and pSTAT3-

S727. We did not also find any correlation linking neither pSTAT3-S727 nor pSTAT3-Y705 

with patient overall survival as it has been recently reported (36, 37). The size of the cohort, 

the constitutive activation of S727 in all samples, the sensitivity of immunostaining and 

clinical data heterogeneity might explain such discrepancies. As far as pSTAT3-S727 is 

constitutively accumulated in all GBM cell lines and clinical samples, it might drive 

oncogenesis (41) and furthermore support constant radioresistance. However, targeting 

pSTAT3-Y705 in glioma also remains a pertinent strategy at least in part because of its 

critical role, in relation with IL-6, in modulating tumor microenvironment (48, 59, 64).  

In conclusion, our description of STAT3 pathway activation in vitro was consistent 

with our findings in clinical samples. We identified that pSTAT3-S727 is involved in 

intrinsic radioresistance and unphosphorylated STAT3-Y705 is a predicting marker of glioma 

response to Gö6976 as a radiosensitizer. Altogether, our results suggest that 

unphosphorylated STAT3-Y705 might be also in vivo a predictive biomarker of 

radiosensitization by Gö6976 or its related compounds.  They also strengthen the need of a 

specific inhibitor to neutralize pSTAT3-S727 that could be a relevant target to overcome 

glioma resistance.   
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 Figure captions 

Figure 1: STAT3 serine 727 and tyrosine 705 phosphorylation in human malignant 

glioma cell lines – Cells were harvested during exponential growth phase. Thirty micrograms 

of total cell lysate were loaded per lane and electrophoresed by SDS-PAGE. Transfer 

membranes were immunoblotted with anti-STAT3, anti-pSTAT3-Y705 and anti-pSTAT3-

S727 specific antibodies. To ensure equal protein loading, β-actin was used as control. One 

representative immunoblot is shown. Three independent experiments were achieved for 

densitometric analyses. 

Figure 2: Gö6976 reduces in vitro growth of human glioblastoma – Cells were seeded 

at 7500 per well of 96-well plates. Indicated quantity of Gö6976 has been added to growth 

medium 6h after seeding. Cells were then grown 90h before MTT assay. Results represent 

mean values ± SEM of relative cell growth normalized to untreated cells from three 

independent experiments done in triplicate; relative IC50 are specified;  * significantly 

different from the control, Dunnett’s test. 

Figure 3: Gö6976 radiosensitizes pSTAT3-Y705 negative human glioblastoma cells – 

A-F: cells were seeded at a density of 5000 per well of 96-well plates. 6h later, Gö6976 was 

added to growth medium. Single 4-Gy dose irradiation was performed at 24-hour time course 

incubation with Gö6976. After 90h of cell growth in Gö6976, cell number was estimated by 

MTT assay. Results represent mean values ± SEM of relative cell normalized to untreated 

cells (n=5, * p < 0.05, Mann-Whitney test). G, H and I: SF763, SF767 or U118MG cells 

were incubated 60h in different concentrations of Gö6976 and PE efficiency was determined 

10 days after seeding. J, K and L: for clonogenic survival assay, SF763 and U118MG cells 

were treated with 1000 nM of Gö6976 and 200 nM for SF767. After 72h of incubation, cells 

were irradiated and the surviving fraction was compared with that of control. Data are fitted 

to linear-quadratic model. They were represented by their mean ± SEM of values of three 
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independent experiments, each condition performed in triplicate (random-effects model). 

Y705
- 
: pSTAT3-Y705 negative. 

Figure 4: Gö6976 down-modulates pSTAT3-S727 only in pSTAT3-Y705 negative 

human glioblastoma cells – Cells were grown 72h in indicated concentration of Gö6976 or 

DMSO (control) before harvest. Thirty micrograms of total proteins were loaded per lane and 

electrophoresed by SDS-PAGE. Transfer membranes were immunoblotted with anti-STAT3, 

anti-pSTAT3-Y705 and anti-pSTAT3-S727 specific antibodies. To ensure equal protein 

loading, β-actin was used as control.  

Figure 5: Subcellular distribution of phosphorylated STAT3 in human glioblastoma 

cell lines treated by Gö6976 – Cells were treated with Gö6976 or DMSO (control) and fixed 

at 24- and 72-hour incubation with Gö6976 respectively for pSTAT3-Y705 and pSTAT3-

S727 detection. Anti-pSTAT3-Y705 and anti-pSTAT3-Y705 antibodies were used. DAPI 

and Cy3-conjugated secondary goat anti-rabbit antibody were used. Histograms represent the 

mean observed intensity of fluorescence in each condition. (Scale bars are equal to 20 µm, 

40X/1.15). 

Figure 6: Gö6976 effects after irradiation – Cells were grown 72h in growth medium 

with indicated concentration of Gö6976 or DMSO (control) prior to 4-Gy irradiation. Cells 

were then harvested 24h later. Thirty micrograms of total proteins were loaded per lane and 

electrophoresed by SDS-PAGE. Transfer membranes were immunoblotted with anti-STAT3, 

anti-pSTAT3-Y705 and anti-pSTAT3-S727 specific antibodies. To ensure equal protein 

loading, β-actin was used as control.  

Figure 7: STAT3 activation in glioblastoma clinical samples – Immunostaining of 

pSTAT3-S727 was performed on paraffin-embedded sections. A: negative pSTAT3-Y705 

stained section (x40). B and C: positive pSTAT3-Y705 staining of GBM and vascular 

endothelial cells (x20). D: heterogeneous pSTAT3-Y705 staining of endothelial cells (x40).  
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E: pSTAT3-S727 staining of a transitional zone in a tumor periphery, displaying positively 

stained GBM cells and unstained non-neoplastic glial cells (x 20). F: pSTAT3-S727 staining 

of GBM cells (x20). G: pSTAT3-S727 staining of vascular endothelial cells (x40). H: 

pSTAT3-S727 staining in case of capillary endothelial cell proliferation (x40). 

Table 1: STAT3 pathway activation and intrinsic radioresistance of human malignant 

glioma cell lines – Densitometic analyses of the blots are presented as relative ratio of 

phosphoprotein/total protein. Data are presented as mean values ± standard error of triplicate 

determinations (arbitrary units). SF2 : Surviving Fraction at 2Gy, N.D. : Not Determined ,  # 

Previously published (15). 

Table 2: STAT3 activation in glioblastoma clinical samples – Percentage of stained 

tumor cells and staining intensity is presented for pSTAT3-Y705 and pSTAT3-S727. 

Negative: no staining; positive +: weak staining; positive ++:  moderate staining; positive 

+++: strong staining. 

Figure S1: Effect of Gö6976 on PCKα, JAK2 and EGFR pathways in human 

glioblastoma cell lines – Cells were grown 72h in indicated concentration of Gö6976 or 

DMSO (control) before harvest. Thirty micrograms of total proteins were loaded per lane and 

electrophoresed by SDS-PAGE. Transfer membranes were immunoblotted with anti-PKCα, 

anti-pPKCα, anti-JAK2, anti-pJAK2, anti-EGFR or anti-pEGFR specific antibodies. To 

ensure equal protein loading, β-actin was used as control. 
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Table 1 

 STAT3 pathway activation and intrinsic radioresistance of human 

malignant glioma cell lines 

  

Western Blot 

SF2 

Cell line origin 

pSTAT3-

Y705/STAT3    

pSTAT3-

S727/STAT3  

SF763 glioblastoma 8.46 ± 4.83 

 

1.55 ± 0.96 

 

0.84 
#
 

SF767 glioblastoma 0 

   

1.18 ± 0.46 

 

0.68 
#
 

U87MG glioblastoma 0 

   

1.08 ± 0.51 

 

0.46 

 U118MG glioblastoma 0 

   

0.46 ± 0.09 

 

0.44 

 U251MG glioblastoma 1.33 ± 0.96 

 

0.6 ± 0.24 

 

0.58 
#
 

T98G glioblastoma 1.8 ± 0.86 

 

0.79 ± 0.23 

 

0.64 
#
 

SW1783 

astrocytoma grade 

III 2.22 ± 2.08 

 

0.92 ± 0.33 

 

0.46 
#
 

CB193 glioma grade III 1.25 ± 1.13 

 

1.68 ± 0.8 

 

0.52 
#
 

SNB19 glioblastoma 0.95 ± 0.64 

 

1.05 ± 0.48 

 

0.5 
#
 

U373MG glioblastoma 1.65 ± 0.98 

 

1.11 ± 0.67 

 

0.58 
#
 

U138MG glioblastoma 0.08 ± 0.08 

 

0.26 ± 0.08 

 

0.39 

 LN229 glioblastoma 5.31 ± 0.4 

 

0.3 ± 0.04 

 

0.52 

 MO59K glioblastoma 1.48 ± 0.2 

 

0.17 ± 0.02 

 

N.D. 

 MO59J glioblastoma 0.58 ± 0.14 

 

0.27 ± 0.06 

 

0.02 

 CCF glioblastoma 7.96 ± 0.84 

 

0.27 ± 0.02 

 

0.53 
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Table 2 

STAT3 activation in glioblastoma clinical samples 

 

 

 

 

 

 

 

 

 

 

 

 

positive 

specimens 

  cell staining intensity 

in positive specimens   

pSTAT3-

Y705  
24/30 

 
positive +++ 11% 

 
positive ++ 17% 

 
positive + 10% 

  negative 62% 

pSTAT3-

S727 
30/30 

 
positive +++ 55% 

 
positive ++ 41% 

 
positive + 4% 

  negative 0% 


