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Abstract

Purpose—Curative therapy for childhood glioma presents challenges when complete resection is 

not possible. Patients with recurrent low-grade tumors or anaplastic astrocytoma may receive 

radiation treatment, however, the long-term sequellae from radiation treatment can be severe. As 

many childhood gliomas are associated with activation of BRAF, we have explored the 

combination of ionizing radiation with MEK inhibition in a model of BRAF-mutant anaplastic 

astrocytoma.

Experimental Design—The regulation of TORC1 signaling by BRAF was examined in BT-40 

(BRAF mutant) and BT-35 (BRAF wild type) xenografts, in a cell line derived from the BT-40 

xenograft and two adult BRAF mutant glioblastoma cell lines. The effect of MEK inhibition 

(selumetinib), XRT (total dose10 Gy as 2 Gy daily fractions), or the combination of selumetinib 

and XRT was evaluated in subcutaneous BT-40 xenografts.

Results—Inhibition of MEK signaling by selumetinib, suppressed TORC1 signaling only in the 

context of the BRAF-mutant both in vitro and in vivo. Inhibition of MEK signaling in BT-40 cells 

or in xenografts lead to a complete suppression of FANCD2 and conferred hypersensitivity to 

XRT in BT-40 xenografts without increasing local skin toxicity.
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Conclusions—Selumetinib suppressed TORC1 signaling in the context of BRAF mutation. 

Selumetinib caused a rapid downregulation of FANCD2 and markedly potentiated the effect of 

XRT. These data suggest the possibility of potentiating the effect of XRT selectively in tumor 

cells by MEK inhibition in the context of mutant BRAF or maintaining tumor control at lower 

doses of XRT that would decrease long-term sequelae.
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Introduction

Low-grade gliomas, are the most common tumors of the central nervous system in children, 

[1]. Classified as grade I and II by the World Health Organization (WHO), they are a 

histologically diverse group of tumors which include pilocytic astrocytomas (most 

common), fibrillary astrocytomas and less commonly, pilomyxoid astrocytoma, 

gangliogliomas, pleomorphic xanthroastrocytomas, and oligodendrogliomas, among others 

[2]. Although outcome for children with low-grade gliomas is, in general, excellent, with a 

reported 5-year overall survival of approximately 90%, extent of resection, histology, tumor 

location and age are important prognostic factors [2,3]. reference In children where tumor is 

accessible, surgical resection is the standard therapy, with a gross total resection considered 

to be curative [4]; however, a significant percentage of tumors are not resectable due to 

involvement of midline structures such as the diencephalon, optic pathway and brainstem. In 

such cases,adjuvant chemotherapy is warranted in younger patients. Five-year EFS with the 

most common upfront chemotherapy regimen (carboplatin and vincristine) is 39±4% 

demonstrating the chronic and intermittently progressive course of these tumors [5]. In older 

patients and those who have failed chemotherapy regimens, radiotherapy is considered 

standard [6]. As a result, many patients with LGGs experience significant treatment and 

tumor-related morbidity, such as neuroendocrine-cognitive deficits, visual deficits, 

vasculopathy and secondary tumors [7,8]. Moreover, a small subgroup of patients 

experience metastatic disease and malignant transformation to a high-grade astrocytoma 

[9,10].

Considerable advances have been made in defining subsets of pediatric tumors through use 

of genotyping and expression profiling [11–13]. Low-grade gliomas are primarily associated 

with activation of BRAF through a tandem duplication that results in the KIAA1549-BRAF 

fusion [14] leading to constitutively activated BRAF or through an activating point mutation 

of BRAF (predominantly V600E), leading to activation of the MAP kinase pathway. The 

KIAA1549-BRAF fusion is largely restricted to juvenile pilocytic astrocytoma (65- 80%) 

[14–16] whereas BRAFV600E occurs more frequently in other LGG such as, pleomorphic 

xanthoastrocytomas (60%) [17], gangliogliomas (20–40%) [18,19], diffuse firbrillary 

astrocytomas (8%) [16]and in approximately 10% of high grade astrocytomas [20]. Thus, 

activating mutation of BRAF appears to be the most common lesion in intermediate grade 

astrocytoma. Homozygous deletion of the CDKN2A locus is frequent (~70%) in tumors 

harboring the BRAFV600E mutation [21]. Recently, Mistry et al reported that low-grade 

gliomas that harbor BRAFV600E mutations and CDKN2A deletions are at a higher risk of 
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transforming to high-grade gliomas and represent a distinct subtype of secondary high-grade 

gliomas in children [22]. Findings for BRAF mutation, similar to other tumors with 

activated BRAF (e.g. melanoma), suggest that activated BRAF may provide a potential drug 

target [23].

Fanconi anemia (FA) is primarily an autosomal recessive genetic disorder. The FA gene 

products form a complex that is essential for some forms of DNA damage repair. As a 

result, the majority of FA patients develop cancer, most often acute myelogenous leukemia, 

and 90% develop bone marrow failure by age 40. Because of the genetic defect in DNA 

repair, cells from people with FA are sensitive to cancer chemotherapeutic agents that cause 

DNA crosslinking, such as mitomycin C. The Fanconi anemia Complementation Group D2 

protein (FANCD2) is monoubiquitinated in response to DNA damage, resulting in its 

localization to nuclear foci with other proteins (BRCA1 and BRCA2 [also known as 

FANCD1]) involved in homology-directed DNA repair. While FANCD2 deficiency is 

associated with hypersensitivity to drugs that cross-link DNA [24], bone marrow stromal 

cells from FANCD2 deficient mice are hypersensitive to ionizing radiation (XRT), whereas 

hematopoietic progenitor cells are not [25]. In humans adverse events following XRT have 

been associated with DNA repair disorders (ataxia telangiectasia (A-T) and Nijmegen 

Breakage (NBS) syndrome), however Fanconi anemia was associated with over half of the 

reports, suggesting that in humans, deficiency in the Fanconi pathway leads to 

hypersensitivity to XRT [26]. Indeed, lymphoblastoid cells from Fanconi anemia patients 

were found to be more sensitive to XRT than lymphoblastoid cells from A-T or NBS 

patients [26]. Similarly, we reported previously that knockdown of FANCD2 increased the 

sensitivity of rhabdomyosarcoma cells to XRT [27].

The transcription or translation of FANCD2 appears to be regulated downstream of the TOR 

complex 1 (TORC1). Guo and colleagues demonstrated that the conditional knockout of 

mTOR resulted in the loss of FANCD2 mRNA and protein expression in hematopoietic 

stem and progenitor cells [28]. In hematopietic cells mTOR is thought to regulate DNA 

damage response through an NF-κB-mediated FANCD2 pathway [29]. We also found that 

both rapamycin and the TOR kinase inhibitor AZD8055 caused the loss of FANCD2 both in 

vitro and in rhabdomyosarcoma xenografts, and enhanced XRT sensitivity [27]. In the 

course of studies with two patient derived xenografts, we noted that inhibition of MEK by 

selumetinib, suppressed TORC1 signaling only in the context of the BRAFV600E mutation. 

We were thus interested in determining whether this led to suppression of FANCD2 and 

hypersensitivity to XRT.

Materials and Methods

Cell lines and xenografts: Previously frozen xenograft tissue was thawed at 37°C and placed 

in a 10cm petri dish. The tumor pieces were washed in three changes of Hank’s Balanced 

Salt Solution containing Pen/Strep. The tumor was minced with cross scalpels, and washed 

in at least four changes of the Hank’s solution followed by allowing the pieces to settle by 

gravity in a 50 ml tube. The final wash was centrifuged at 50 × g. and the pellet suspended 

in DMEM/F12 with 10% FBS containing 200units/ml Collagenase 1 (Worthington 

Biochemical) for 2hr at 37°C. The suspension was plated (37°C, 5% CO2). The cultures 
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were checked every hour until pieces ‘smeared’ when the dish was tilted. The suspensions 

were transferred to a 50 ml tube and allowed to settle by gravity. Medium was removed and 

replaced with Astrocyte Basal Medium with serum and supplements (Astrocyte Medium 

BulletKit, Lonza. Allendale, NJ). Attached cells were passaged when cultures became 

confluent. Once a continuous cell line (> 20 serial passages) was derived, species 

determination/contamination was determined by LDH isoenzyme analysis (AuthentiKit 

System, Innovative Chemistry). BT-40c cells were genotyped by short tandem repeat assay 

(STR) for comparison to the xenograft tissue, and were found to be identical. 

DBTRG-05MG [30] and AM38 glioblastoma cells were generously provided by T. 

Nicolades (University of California, San Francisco). BRAF mutations were confirmed by 

sequencing, but other authentication was not performed. Cells were used within 6 months of 

receipt for the experiments reported.

Propagation and treatment of BT40 xenografts: C.B-17 scid−/− female mice (Taconic Farms, 

Germantown, NY), were used to propagate subcutaneous tumors. All mice were maintained 

under barrier conditions and experiments were conducted using protocols and conditions 

approved by the institutional animal care and use committee of The Ohio State University 

(IACUC protocol 2010A00000192-R1 or Nationwide Children’s Hospital (IACUC protocol 

AR-09-0036). Tumor volumes (cm3) were determined weekly, to determine growth and 

response, as previously described [31].

Mice were dosed BID with 75mg/kg selumetinib by oral gavage twice daily for 6 weeks (42 

days). AZD6244 administration began on day -4. On day 0, X-irradiation treatment (XRT) 

began and was administered in 2 Gy fractions for 5 consecutive days for a total of 10 Gy 

irradiation dose using a method previously described [32,33]. After the completion of 

radiation treatments, mice were dosed once daily on weekends, but continued to be dosed 

twice daily during the week. Tumor volumes were monitored for up to 23 weeks following 

all dosing procedures.

Western blotting

Cell lysis, protein extraction and immunoblotting were performed as previously described 

[34]. Briefly, 20 µg of total sample was resolved on a 4–12% SDS-polyacrylamide gel. 

Proteins were transferred to a PVDF membrane and immune-detection was performed with 

specific antibodies. Immunoreactive bands were visualized by using Pierce ECL Western 

Blotting Substrate (Thermo Fisher Scientific, Rockford, IL) and HyBlot CL autoradiography 

film (Denville Scientific, Metuchen, NJ). Antibodies against PARP (46D11), P-STAT3 

(Tyr705) (D3A7), STAT3 (79D7), P-AKT (Ser473) (D9E), AKT, P-ERK1/2 (Thr202/

Tyr204) (D13.14.4E), ERK, P-S6 (Ser235/236) (D57.2.2E), S6 (5G10), P-4E-BP1 

(Thr37/46) (236B4), 4E-BP1 (53H11), and GAPDH (D16H11) were from Cell Signaling 

Technology (Danvers, MA); FANCD2 (EPR2302) from Abcam (Cambridge, MA). 

Horseradish peroxidase-conjugated secondary antibody was from Cell Signaling 

Technology.
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Proliferation and Clonogenic Assays

Initial sensitivity of BT-40, DBTRG-05MG and AM38 cells to selumetinib was determined 

by exposure to selumetinib (0.01– 50 µM) for 1, 2, and 4 days, stained with alamarBlue® 

(Life Technologies, Carlsbad, CA), and fluorescence read at an excitation filter setting of 

530 nm and an emission filter setting of 590 nm. The fluorescent values of the treated 

samples versus the untreated samples are plotted as percent viability. Values for each test 

sample represent the average of quadruplicates. The values displayed are representative of 

three independent experiments.

For the clonogenic assays, BT-40 cells were cultured in the presence or absence of 

AZD6244 (100 nM and 1 µM) for 4 days. Colony formation by DBTRG-05MG and AM38 

cells was determined at 1 µM. Following treatment, cells were trypsinized, counted with a 

hemocytometer, and seeded in triplicate at varying densities (100 to 12,800 cells) in 6-well 

plates. Cells were maintained in 2 ml of total growth media containing DMEM, penicillin 

(100 U/ml), streptomycin (100 U/ml), 2 mM glutamine, and 20% (v/v) fetal bovine serum. 

After 14 days in culture, colonies containing in excess of 50 cells were stained with a 

mixture of 95% methanol and 0.5% crystal violet. The number of colonies was counted 

using a stereomicroscope. Plating efficiency (PE), number of colonies formed/ number of 

cells seeded × 100, and surviving fraction (SF), PE of treated sample/ PE of control × 100. 

The data represents the average and standard deviation of the SF of the 3 replicates.

Results

BRAFV600E regulates TORC1 signaling: We reported previously that the BRAFV600E 

BT-40 astrocytoma xenograft was highly sensitive to the MEK inhibitor selumetinib, 

whereas the BT-35 astrocytoma with wild type BRAF was intrinsically resistant to the same 

treatment [35]. Selumetinib, inhibited phosphorylation of the downstream substrates ERK-1 

and ERK-2 in both xenograft lines, although suppression of pERK was somewhat greater in 

BT-40 xenografts (Figure 1A). However, in BT-40 xenografts, TORC1 signaling was 

attenuated as shown by decreased phospho-4EBP1 and phospho-S6 that was also associated 

with decreased total protein in BT-40 xenografts. In contrast TORC1 appeared not to be 

inhibited by selumetinib in the BT-35 xenograft. To investigate this further, we derived a 

cell line from the BT-40 xenograft. The cell line BT-40c had identical STR analysis to the 

parental xenograft tissue, and was free from mouse cells as determined by LDH analysis. As 

with the xenograft, BT-40c cells were heterozygous for the BRAFV600E mutation. Similar to 

the xenograft data, exposure of BT-40c cells to selumetinib caused a rapid decrease in 

TORC1 signaling. Notably, phospho-4EBP1 was markedly reduced by 24 hr exposure, and 

phospho-S6 was also reduced, however total protein levels were unchanged, (Figure 1B). In 

the cell line, inhibition of TORC1 was associated with feedback phosphorylation of AKT 

(S473). Inhibition of TORC1 signaling was less marked in two cell lines derived from adult 

glioblastoma with BRAFV600E mutations, AM38 and DBTRG-MG. In DBTRG-MG cells 

phospo-4EBP1 was reduced at 48 and 96 hr, whereas the decrease was less evident in AM38 

Studebaker et al. Page 5

Pediatr Blood Cancer. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells (Figure 1C). In contrast, phospho-S6 appeared relatively unaffected in these two adult 

derived glioblastoma lines.

In BT-40 xenografts, selumetinib treatment causes complete tumor regression [35] with 

regrowth several weeks after termination of treatment, suggesting significant cell killing. We 

examined whether the response to selumetinib treatment was cytostatic or cytototoxic in the 

three BRAF-mutant cell lines. As shown in (Figure 2A), proliferation of BT-40 cells was 

very sensitive to selumetinib (IC50 ~0.2 µM) whereas DBTRG-05MG cells were less 

sensitive (IC50 ~1 µM) and AM38 cells were quite refractory to selumetinib treatment (IC50 

> 10 µM) when exposed for 96 hr. To examine whether decreased proliferation was a 

consequence of decreased clonogenic capacity, celle were exposed to selumetinib at 0.1 and 

1 µM for 4 days, drug was removed and colonies were allowed to form over 14 days in the 

absence of drug. Selumetinib dramatically reduced clonogenic survival of BT-40c cells at 

0.1 µM whereas it had modest activity in reducing colony formation in DBTRG-MG cells, 

and no effect on the ability of AM381 cells to form colonies at 1 µM (Figure 2B). These 

results further differentiate the childhood astrocytoma from the adult glioblastoma cell lines, 

but also support the conjecture that inhibition of TORC1 signaling by MEK inhibitors in the 

context of BRAF mutation is required for cell death [36].

The results support the idea that in BT-40 xenografts, and in the derived cell line, BRAF 

signaling regulates TORC1 activity, possibly through suppression of the tuberous sclerosis 

complex, a negative regulator of TORC1 [37,38]. We have shown previously that treatment 

of mice bearing rhabdomyosarcoma xenografts with the TOR kinase inhibitor, AZD8055, or 

rapamycin, resulted in a downregulation of the DNA damage repair protein FANCD2 [27]. 

To determine whether selumetinib treatment reduced FANCD2 in BT-40 xenografts, mice 

were treated for four days, and tumors harvested 4 hr after the last dose. As shown in Figure 

3A, FANCD2 was readily detected in untreated tumors, whereas it was undetectable in 

tumors from treated mice. In cultured BT-40c cells, selumetinib treatment for 24 hr also led 

to a substantial decrease in FANCD2 protein, and complete loss of FANCD2 by 48 hr 

(Figure 3B). Selumetinib also decreased FANCD2 in AM38 and DBTRG-MG cells, 

although the decrease was maximal at 48 hr and for AM38 cells FANCD2 levels had 

increased by 96 hr exposure (Figure 3C).

Inhibition of TORC1 has been associated with increased sensitivity to XRT [39], and it was 

considered that rapamycin-induced G1 arrest could contribute to the sensitizing effects. We 

also showed that AZD8055 could enhance the effect of XRT, and that FANCD2 was 

regulated downstream of TORC1 in part by S6K1/2 activity [27,40]. It was therefore of 

interest to determine whether selumetinib could enhance daily fractionated XRT. In a pilot 

study to define the radiosensitivity of BT-40 xenografts, tumor-bearing mice were irradiated 

(2 Gy fractions) daily to a total dose of 10, 20 or 30 Gy, as previously described [32]. As 

shown in Figure 4A, BT-40 xenografts were relatively sensitive to XRT, with tumor 

regression below a volume of 0.1 cm3 at all dose levels. After 10 Gy all tumors recurred 

between 4 and 7 weeks, whereas after 20 Gy 2 of 2 tumors regrew with recurrences at 10 

and 13 weeks, whereas no tumors regrew at 30 Gy (n=3) during the period of observation 

(100 days) (Figure 4A). We thus chose a total dose of 10 Gy XRT to examine with and 

without selumetinib treatment. Mice bearing BT-40 xenografts were treated for 4 days, to 
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reduce FANCD2 levels, before starting XRT. As shown in Figure 4B, untreated (control) 

tumors showed consistent progressive growth. XRT (10 Gy) alone caused some tumor 

regressions with subsequent regrowth. For control tumors, median time to event was 17 

days, whereas for XRT alone it was 80 days (P<0.0001). Selumetinib treatment induced 

complete regression of most tumors with progression starting around week 5 of the 6-week 

treatment period, consistent with previous data [35,41], with median time to event being 51 

days (P<0.0001 vs control). In contrast to XRT or selumetinib administered as single agents, 

the combination caused complete regression of all tumors, with only 4 of 10 (40%) recurrent 

tumors within the 23 week observation period, and significantly better than radiation or 

selumetinib alone (P<0.0001 for both comparisons). Kaplan-Meier estimates for event-free 

survival for each group are presented (Figure 4C). Because XRT was delayed during the 4-

day pretreatment of mice with selumetinib (to reduce FANCD2), tumors at the start of XRT 

were larger than in the selumetinib alone arm. To test the possible effect of size, a further 

group of mice with smaller tumors was added. The response to XRT was similar with some 

tumors regressing, and median day to event being 71 days (Figure 4D). Using an index of 

skin toxicity previously reported [40], there was a slight decrease in the cumulative toxicity 

in the combination treatment arm of this study compared to 10 Gy XRT alone (Figure 4E).

Discussion

Radiation resistance has been extensively studied in the context of oncogenic Ras [42], 

although there is little information as to whether activation of BRAF confers radiation 

resistance in a similar manner. Radiation resistance induced by oncogenic Ras appears to be 

mediated through activation of the PI3K/Akt pathway, as inhibitors of PI3K, but not 

rapamycin, MEK or p38 were able to selectively radiosensitize in the presence of oncogenic 

Ras. Sensitization to radiation by trastuzumab or cituximab also appears related to inhibition 

of PI3K signaling by these antibodies [43–45]. Similarly, Ras-mediated radiation resistance 

was not linked to MAP kinase activation in bladder carcinoma cell lines [46]. Thus, the 

majority of studies indicate that radiation resistance is mediated by activation of the 

PI3K/AKT pathway. In the present study, we examined the effect of MEK inhibition of 

phosphorylation of downstream MAP kinases and TORC1 signaling. Inhibition of MEK by 

selumetinib inhibited ERK phosphorylation in BT-35 and BT-40 astrocytoma xenografts, 

but only in the BT-40 BRAF-mutant xenograft did inhibition of MEK significantly down 

regulate TORC1 signaling. In vitro, inhibition of MEK dramatically reduced clonogenic 

survival in BT-40c cells, derived from the xenograft, whereas it had less effect on survival in 

two BRAF(V600E) mutant glioblastoma lines derived from adults. In these three cell lines, 

loss of clonogenic survival appeared to relate to the ability of selumetinib to inhibit TORC1 

signaling, with greatest inhibition in the BT-40c cell line, and least effect on TORC1 

signaling in the AM38 line correlating with maintenance of colony formation.

In mice, conditional knockout of mTOR results in the loss of the Fanconi anemia group D2 

(FANCD2) mRNA and protein expression in hematopoietic stem and progenitor cells [47]. 

Loss of FANCD2 resulted in a significant gain of DNA double-strand breaks and cell 

sensitivity when exposed to DNA cross-linking chemotherapeutic agents. Consistent with 

these results, inhibition of TOR kinase by AZD8055 or TORC1 signaling by rapamycin 

resulted in a loss of FANCD2 in sarcoma xenografts or cell lines, resulting in increased 
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sensitivity to ionizing radiation [27]. We were therefore interested in determining whether 

down-regulation of FANCD2 as a consequence of MEK inhibition would sensitize tumors to 

fractionated XRT. In the pilot study designed to assess the sensitivity to XRT of BT-40 

xenografts we found that a dose of 10 Gy, given as daily 2 Gy fractions induced complete 

regression of tumors with consistent regrowth between 30 and 50 days following XRT. 

Higher doses resulted in fewer tumor recurrences following complete regression during the 

period of observation (100 days). Selumetinib induced complete regression of most BT-40 

xenografts, consistent with our previous study [35] with tumor regrowth occurring after 

completion of the 6-week treatment. For combination treatment, selumetinib was 

administered for 4 days to reduce FANCD2 levels prior to starting XRT. XRT (10 Gy) 

induced partial regression with subsequent regrowth, whereas combined with selumetinib 

there were only four tumor recurrences (2 at 80 and 2 at 134 days) with 60% of mice 

remaining tumor-free at termination of the experiment (day 160). Thus, 10 Gy XRT 

combined with selumetinib appears at least equivalent to 20 Gy XRT, based on the pilot 

study.

Selumetinib has been shown to enhance the effect of XRT both in vitro and in vivo [48–50], 

although mechanisms to account for these effects vary. In pancreatic carcinoma cells, 

selumetinib treatment increased mitotic catastrophe, possibly by altering DNA damage 

checkpoint response mediated by Chk1 [48]. In NSCLC and other carcinoma cell lines it 

was proposed that selumetinib enhances radiation sensitivity by downregulating survival and 

growth signals mediated by EGFR ligands [49]. Selumetinib also enhanced XRT against 

lung and colorectal cancer cell lines in vitro, and reduced hypoxia-inducible factor 1α 

transcription under conditions of hypoxia [50]. Selumetinib reduced vascular perfusion and 

hypoxic fraction as determined by pimonidazole binding, an effect exacerbated in tumors 

treated with XRT and selumetinib. In our study, there was a rapid response to selumetinib, 

with most tumors regressing completely within 7–14 days. We gave 4 days of treatment with 

selumetinib prior to initiating XRT treatment, as previously we had determined that 

FANCD2 was depleted by this time. However, in vitro, selumetinib treatment rapidly 

depleted FANCD2, hence the 4-day pretreatment may not be necessary to enhance XRT. 

Shannon et al., [50] found equal potentiation of XRT whether it was given during the first 5 

days or last 5 days of selumetinib treatment in mouse tumor models, whereas other studies 

suggest that pretreatment with MEK inhibitors seems to be important for potentiating XRT 

[48,51]. Selumetinib was shown to reduce levels of vascular endothelial growth factor 

(VEGF) that protects endothelial cells from lethal effects of radiation [52,53], and we have 

shown that suppression of TORC1 signaling results in reduced tumor cell-derived VEGF, at 

least in some pediatric cancer lines [54]. Thus, the exact mechanism for synergy between 

selumetinib and XRT in the BT-40 model may be complex, and requires additional study.

One concern over combining MEK inhibition with XRT is the potential to increase normal 

tissue toxicity, in this case brain tissue, causing enhanced radiation-induced necrosis. In the 

study reported here, there was no increase in local XRT-induced skin toxicity when 

selumetinib was combined with XRT, or loss of body weight (not shown) suggesting that 

radiation enhancement may be tumor-specific. Conceptually, suppression of TORC1 

signaling resulting in downregulation of FANCD2 should be context specific, occurring 

only in mutant BRAF tumor cells when MEK is inhibited. Further, while the MAP kinase 
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pathway is activated in several brain pathologies, and can be activated by exogenous 

ligands, phospho-ERK levels are very low in normal brain [55,56]. A recent report from the 

Pediatric Brain Tumor Consortium indicates that selumetinib has promising clinical activity 

in children with low-grade glioma [57]. As children with low-grade tumors often receive 

XRT either upfront (in older patients) or after recurrence, and many harbor BRAF 

aberrations, suppression of MEK in the context of activated BRAF may selectively sensitize 

tumor tissue to XRT, allowing more effective tumor control, or allowing reduced doses of 

XRT thus reducing radiation-induced late effects. In addition, these data also support the use 

of a selumetinib as a radiosensitizer at diagnosis in the small subset of children with high-

grade glioma who harbor a BRAF V600E mutations [20].
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Figure 1. 
Inhibition of MEK suppresses TORC1 in the context of mutant BRAF. A. Mice bearing 

BT35 (BRAF wild type) or BT-40 (BRAFV600E) xenografts were administered selumetinib 

(75 mg/kg BID). Twelve hours after dose 7 tumors were harvested (designated 4/0) or 2 hr 

post dose 8 (designated 4/2); B. BT-40c cells were exposed to selumetinib (AZD6244, 1 

µM) for the indicated times; C. AM38 and DBTRG-05MG cells were treated as indicated 

with selumetinib (AZD6244, 1 µM).
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Figure 2. 
Selumetinib (AZD6244) suppresses proliferation and colony formation. A Inhibition of 

proliferation, determined by Alamar Blue assay, following 24 (black circle), 72 (black 

square) or 96 (black triangle) hr exposure to increasing concentrations of selumetinib. B. 

colony formation, BT-40, DBTRG-05MG and AM38 cells were exposed to the indicated 

concentrations of selumetinib for 96 hr. The cells were washed extensively, and plated at 

colony forming density. Colonies were counted after 14 days. (Mean ± SD, n=3).
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Figure 3. 
Inhibition of MEK signaling suppresses FANCD2 in vivo and in vitro. A. Mice bearing 

BT-40 (BRAFV600E) xenografts were administered selumetinib (75 mg/kg BID). Two 2 hr 

post dose 8 (designated 4/2) tumors were harvested; B. BT-40c cells were treated as 

indicated with selumetinib (AZD6244, 1 µM); C. AM38 and DBTRG-0.5MG cells were 

exposed to selumetinib (AZD6244, 1 µM) for the indicated periods. Mean ± SD (n=3).
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Figure 4. 
Selumetinib synergizes with XRT in BT-40 xenografts. A. Pilot dose ranging study. Mice 

bearing subcutaneous BT-40 xenografts were irradiated to a total of 10, 20 or 30 Gy in 2 Gy 

daily fractions (5 days/week). B. Based on the pilot data, mice received a total of 10 Gy, 

selumetinib (75 mg/kg BID×42) or the combination of XRT + selumetinib. Tumor volumes 

were calculated as described in Materials and Methods. Individual tumor growth curves are 

shown. C. Kaplan-Meier plots for event-free survival; D. An additional group of BT-40 

bearing mice was irradiated (10 Gy) when tumors were smaller; E. Cumulative toxicity 

scores for 10 Gy XRT (open black circle) or selumetinib + 10 Gy XRT (closed black circle) 

(n=10 mice per group).
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