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Abstract

The altered metabolism of cancer cells has long been viewed as a potential target for thera-
peutic intervention. In particular, brain tumors often display heightened glycolysis, even in
the presence of oxygen. A subset of medulloblastoma, the most prevalent malignant brain
tumor in children, arises as a consequence of activating mutations in the Hedgehog (HH)
pathway, which has been shown to promote aerobic glycolysis. Therefore, we hypothesized
that a low carbohydrate, high fat ketogenic diet would suppress tumor growth in a geneti-
cally engineered mouse model of medulloblastoma. However, we found that the ketogenic
diet did not slow the growth of spontaneous tumors or allograft flank tumors, and it did not
exhibit synergy with a small molecule inhibitor of Smoothened. Serum insulin was signifi-
cantly reduced in mice fed the ketogenic diet, but no alteration in P13 kinase activity was
observed. These findings indicate that while the ketogenic diet may be effective in inhibiting
growth of other tumor types, it does not slow the growth of HH-medulloblastoma in mice.

Introduction

Medulloblastoma (MB) is the most common malignant brain tumor in children accounting

for approximately 25% of all pediatric brain tumors [1]. Patients with medulloblastoma are
treated with a combination of surgical resection, radiation, and chemotherapy [2]. Although
these therapies result in 5-year survival rates of up to 70%, they are also associated with high
morbidity. Furthermore, tumors recur in 40% of treated patients with more than 30% eventu-
ally dying from the disease [3-5]. The Hedgehog (HH) pathway subtype of MB presented the
first opportunity for an intervention strategy based on a molecularly-targeted therapy in this
pediatric brain tumor [6-8]. Proof-of-concept studies using a Smoothened (Smo) inhibitor,
demonstrated that blocking HH pathway activity inhibits tumor cell proliferation and increases
apoptosis in a MB mouse model, Ptch1* Trp53”, resulting in eradication of even large sponta-
neous brain tumors [9]. These preclinical findings were followed by promising clinical results
in MB patients in early clinical trials [10, 11]. However, enthusiasm for the use of this approach
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has been tempered by observations of the rapid acquisition of drug resistance in all MB patients
who showed initial responses [12]. Thus, there is still a great need for additional, and perhaps
combinatorial, therapeutic approaches for treatment of this disease.

Many decades ago, Otto Warburg suggested that cancer cells exhibit an increased capacity
to utilize glucose and produce lactate even when an adequate supply of oxygen is present [13].
While incompletely understood, increased glycolysis in tumor cells may be important for pro-
duction of non-essential amino acids such as serine [14]. In cancer cells, the majority of pyru-
vate is converted to lactate and glutamine is utilized for replenishing tricarboxylic acid cycle
intermediates [15]. In the brain, cells primarily metabolize glucose but they can switch to
ketone use under low glucose conditions. The ketone bodies, acetoacetate and D-B-hydroxybu-
tyrate, are produced in the liver via fatty acid oxidation, transported to extrahepatic tissues and
taken up by cells where they enter the tricarboxylic cycle as acetyl-CoA. The brain uses ketone
bodies at a rate that is directly proportional to their concentrations in arterial blood [16].
However, little is known about the utilization of ketones in brain tumor cells. Studies, carried
out in mouse models, show that brain tumor growth can be reduced by placing mice on a calo-
rie-restricted, low carbohydrate, high fat diet. Mice bearing malignant astrocytomas and ortho-
topically implanted human malignant gliomas exhibited reductions of 65% and 35% in tumor
burden, respectively when fed a low carbohydrate, high fat diet [17]. Additionally, an orthoto-
pic glioma mouse model showed prolonged survival after radiation treatment when main-
tained on a low carbohydrate, high fat diet [18]. These findings led to the proposal that a
ketone-producing, low glucose diet hinders growth of brain tumor cells because they cannot
efficiently use ketones when the supply of glucose is limited.

Several lines of evidence suggest that the HH subtype of MB may be particularly sensitive to
the manipulation of tumor cell metabolism. The expression of key glycolytic enzymes is ele-
vated in the NeuroD2-SmoA1 mouse medulloblastoma model [19] and activation of the HH
pathway, by treating cultured adipocytes with an agonist of SMO, induces aerobic glycolysis
via AmpK and pyruvate kinase regulation [20]. Loss of the HH pathway target hexokinase 2
results in disruption of cerebellar development and reduced tumor growth in the SmoA2
mouse medulloblastoma model [21]. In addition, c-Myc, which is expressed in MB, has been
shown to affect metabolism by transactivation of lactate dehydrogenase-A and suppression of
microRNAs that augment mitochondrial glutaminase expression [22, 23]. Finally, insulin-like-
growth factor-2 (IGF-2) is required for formation of HH-pathway tumors in mice [24], and it
is increased in desmoplastic MB [25]. Here, we use a genetic mouse model of HH-MB, Ptch1™
"Trp53™, to test the effect of a ketogenic diet on tumor growth. In addition, we investigate
whether the diet can work in synergy with a SMO inhibitor to cause tumor regression. Since a
low carbohydrate diet can decrease blood insulin level, we hypothesized that the diet may
inhibit the PI3K pathway to slow down tumor growth.

Material and Methods
Animals, General Housing Conditions, and Diet

All animal housing, procedures, and euthanasia protocols were carried out in accordance with
the recommendations in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal
Experiments of the Children’s Hospital of Philadelphia. Adult mice were euthanized by decapi-
tation with anesthesia. P7 mice were decapitated without anesthesia.

Genetically engineered mice that develop spontaneous MB (Ptch1™ Trp53”") were gener-
ated as described previously [26] and maintained on a mixed C57Bl/6:129SV background.
Mice were group-housed (21°C; 12h:12h light:dark cycle) and given ad libitum access to
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standard rodent diet (LabDiet 5LG4) until the initiation of experiment when some groups of
mice were switched to the ketogenic diet. Tumor-bearing mice were observed daily and were
euthanized when they lost >20% of their body weight or showed signs of ataxia, significant
decrease in activity, or hydrocephalus.

NOD SCID mice were used for allograft transplantation of spontaneous MB from Pich1™
"Trp53” mice. A tumor-bearing cerebellum was resected, mechanically dissociated to near sin-
gle-cell suspension, and mixed with Matrigel Basement Membrane Matrix (BD). Animals were
anesthetized with isoflurane and injected subcutaneously with cell suspensions in the flank.
Flank tumor width, length, and depth were measured with a digital caliper (VWR). The for-
mula for volume calculation was volume = 71/6 x average (width, length, and depth)’,

Two irradiated ketogenic diets with different ratios of calories from fat and protein to calo-
ries from carbohydrates were used: 4:1 (Teklad, TD.96355) and 6:1 (Bio-Serv, S3666). The
paste was contained in a 6 cm plastic petri dish and replaced daily. The dish was placed in the
center of the cage for ad libitum feeding.

Glucose, Ketone, and Insulin Measurements

Glucose and ketone levels were measured from whole blood obtained by mandibular venous
puncture carried out in the early evening between 4 to 6pm. The measurements were made
with a Precision Xtra Ketone meter (Abbott) using test strips for glucose and ketones (Abbott)
at day 0 and subsequently at days 2 and 7. Serum insulin was measured using the ultra-sensitive
mouse insulin ELISA kit (Crystal Chem) according to the manufacturer’s instructions.

Magnetic Resonance Imaging and Analysis of Spontaneous Tumor
Volume

MRI images were obtained with a Bruker 7 Tesla ClinScan animal scanner running the Siemens
Syngo acquisition software. The linear body coil was used as transmit coil and a mouse brain
2x2 array surface coil as receive coil. During the scan the mouse laid in a prone position with
the surface coil positioned on top of the head. Circulating hot water in the animal bed allowed
for the body temperature to be maintained at 37°C. Mice were anesthetized throughout the
experiment by a gaseous mixture of isoflurane (1.5% to 2%) and oxygen. The respiration rate
was continuously measured using the Small Animal Monitoring and Gating System (SA Instru-
ment). After obtaining a series of localizers, contiguous image slices capturing the entire brain
volume were obtained in the axial, sagittal and coronal directions using a turbo spin-echo
sequence with a turbo factor of 7. Eighteen to 24 slices of 0.5 mm thickness were acquired inter-
leaved with a FOV of 21 x 25 mm, an in plane resolution of 98 x 98 um” and with fat saturation.
Other conditions were as follow: TR 3.650 s, TE.¢ 55 ms (echo spacing 13.7 ms), BW 130 Hz/
pixel, refocusing flip angle 180°, 2 NEX. The time of acquisition was approximately 7 to 8
minutes.

Volumetric analysis was carried out using the Vitrea Enterprise Suite software from Vital
Image. The tumors were outlined in coronal planes with a computer-assisted, free-outline tech-
nique and the tumor volume was calculated by the Vitrea software.

Western Analysis

For hexokinase measurements, tissues from cerebellum of P7 wild-type mice, adult Ptch1*/
*Trp53”", and adult Ptch1* Trp53” mice were homogenized in 1% NP-40 lysis buffer contain-
ing 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 5mM EDTA, 25 nM NaF, 2 mM Na3V04, 0.1%
sodium deoxycholate, protease inhibitor cocktail complete mini (Roche) and phosphatase
inhibitor cocktail PhosSTOP (Roche). The protein content of the lysate was quantified using
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the Bio-Rad protein assay kit (Bio-Rad). Protein was run on a gradient SDS-PAGE gel and
transferred to nitrocellulose membrane (Invitrogen). Membranes were individually incubated
with hexokinase 2 (Cell Signaling, C64G5) or vincullin antibody (Sigma, V9131) overnight at
4°C and subsequently with anti-rabbit and anti-mouse horseradish peroxidase (HRP) conju-
gated antibodies respectively (GE Healthcare NA9340V, NA931V) for one hour at room tem-
perature. Membranes were then incubated with chemiluminescent HRP substrate (Millipore,
WBKLS0500) and exposed to x-ray film. Images were scanned and band intensities were quan-
tified by ImageJ (NIH).

AKT and pAKT measurements was carried out using the Odyssey infrared imaging system
(Li-Cor Biosciences). Lysates of flank tumors from mice treated with standard and ketogenic
diets were prepared as described above. Membranes were incubated with one of the following
primary antibodies in Odyssey blocking buffer overnight at 4°C: AKT (Cell Signaling, 11E7),
PAKT (Cell Signaling, 110B7E), or GAPDH (Cell Signaling, 14C10). Membranes were then
incubated with IRDye secondary antibodies, IRDye 680 goat anti-mouse or IRDye 800CW
goat anti-rabbit antibody (Li-Cor Biosciences), for one hour at room temperature. Infrared
images were taken and quantified using the Odyssey infrared imaging system.

Immunohistochemistry

Tumor tissues from flank tumors and whole brain tissues from P7, adult Ptch1** Trp53™”", and
adult Ptch1™"Trp53” mice were fixed in 4% formaldehyde overnight and standard paraffiniza-
tion was performed. Sections were cut to 5 um thickness. Sections were rehydrated in xylene
and serial ethanol concentrations. Antigen retrieval was achieved with sodium citrate at sub-
boiling temperature in the microwave for 30 minutes. Sections were incubated overnight at 4°C
with Foxo3a antibody (Cell Signaling, D19A7) or hexokinase 2 antibody and subsequently
with anti-rabbit biotinylated secondary antibody (Vector Labs, BA-1000) for 30 minutes at
room temperature. For hexokinase 2, sections were incubated with avidin/biotin ABC complex
(Vector Labs, PK-6102) and stained with DAB substrate chromogen (DAKO, 2016-10). For
Foxo3a, after secondary antibody incubation, sections were incubated with fluorescein-labeled
avidin D for 30 minutes (Vector Labs). Slides were then mounted with Vectashield DAPI
mounting medium for immunofluorescence (Vector Labs). High magnification images of sec-
tions were captured using a Nikon 90i microscope equipped with Roper EZ monochrome and
DS-Fil color cameras. NIS Elements BR 3.0 software was used to capture and analyze the
images.

Hedgehog Antagonist GDC-0449 Oral Administration

Mice with flank allografts were paired and segregated into two groups when tumors were
between 75 and 100mm’. One group was maintained on a standard diet and the other was
started on the 6:2 Bio-Serv ketogenic diet. When tumors were between 300 to 400 mm”, drug
treatment was started. Mice were treated with the SMO inhibitor GDC-0449 at a dose of

20 mg/kg, dissolved in methylcellulose, by oral gavage twice daily for 5 days. Measurements of
tumor volume were made and calculated once daily.

Statistical Analysis

Statistical analyses of data were carried out using the unpaired two-tailed Student’s t-test for
comparison between two experimental groups. Survival analysis was carried out using the log-
rank test for equality of survivor functions. Differences were considered to be significant when
probability (p) values were <0.05.
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Results

Ptch1* Trp53” Medulloblastoma Have Heightened Glycolysis

To confirm that Ptch1™ Trp53”~ medulloblastoma have increased glycolysis, three P7 cerebella,
three adult Ptch1™* Trp53”" cerebella and three adult Ptch1* Trp53”" cerebella with tumors
were analyzed for levels of hexokinase 2, the first rate-limiting enzyme in glycolysis by both
immunohistochemistry and Western blot analysis. Similar to previously published reports in
another HH-MB model [21], tumors have increased hexokinase 2 staining in comparison to
normal cerebellum. A heightened level of HK2 staining was seen in the external granule layer
of P7 mice containing rapidly dividing cerebellar granule neuron precursor cells (Fig 1A).
Western blot analysis shows that HK2 level is significantly higher in cerebella with tumor in
comparison to P7 whole cerebellum (p = 0.000012) and adult whole cerebellum (p = 0.000012).

The Ketogenic Diet Does Not Affect Growth of Ptch 1+ Trp53™"
Medulloblastoma

To investigate whether the ketogenic diet can affect spontaneous tumor growth in a genetically
engineered mouse model of HH-MB, eight six-week old Ptch1* Trp53” mice were imaged
with MRI and tumor volumes were calculated (Fig 1B). The initial average tumor size for each
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Fig 1. Medulloblastoma have increased HK2, and the ketogenic diet does not slow growth of Ptch1*/"Trp53”~ medulloblastoma. (A)
Immunohistochemistry with HK2 antibody show tumors have increased HK2 level in comparison to normal cerebellum and comparable to a heightened level
seen in the external granule layer of P7 mice containing rapidly dividing cerebellar granule neuron precursor cells. Western analysis quantification show
tumor tissues have increased HK2 level over normal cerebellar tissue (p = 0.000012) and to whole P7 cerebellar tissue (p = 0.000012). EGL = external
granule layer, IGL = internal granule layer. (B) Six-week old Ptch1*"Trp53™" mice were imaged with MRI and tumor volumes were calculated. Four
consecutive MRI images of one spontaneous medulloblastoma, traced for volume calculation. Representative images of a single tumor over two weeks. (C)
No changes were seen in individual tumor sizes before and after one week of ketogenic diet initiation compared to mice on a standard diet. The average
percentage of tumor volume change from initial volumes in the standard and ketogenic diet groups were 182 + 66% and 240 + 123% respectively (p = 0.437).
(D) The ketogenic diet did not affect survival (o = 0.778). (E) Mice on the standard diet lost an average of 10% of their body weight while mice on the
ketogenic diet maintained their body weight (o = 0.030 on day 10). S = standard diet, K = ketogenic diet.

doi:10.1371/journal.pone.0133633.g001
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group (n = 4,4) was 37 + 24 mm? (standard mouse chow) and 45 + 26 mm° (ketogenic diet,
Fig 1C). One week after the diet change, mice were re-imaged and tumor volumes were calcu-
lated. The average percentage tumor growth in the standard and ketogenic diet groups were
182 £ 66% and 240 + 123% respectively (p = 0.437). The ketogenic diet did not affect survival
with animals from both groups requiring euthanization starting at day 10 (p = 0.778, Fig 1D).
Mice on the standard diet lost an average of 10% of their body weight at day 10 of the experi-
ment while mice on the ketogenic paste maintained their body weight (p = 0.030, Fig 1E).

The Ketogenic Diet Does Not Affect Tumor Growth of Flank Allograft
Tumors and It Does Not Accelerate Regression Induced by GDC-0449

Next, we confirmed the results in an allograft model that allowed daily tumor volume measure-
ments. For this study, we used a higher ratio ketogenic paste diet of 6:1. Three separate spontane-
ous MB from Ptch1*" Trp53” mice were subcutaneously injected into the flanks of three groups
of NOD SCID mice. Tumors were measurable between 3 to 5 days post-injection. Mice with
tumors between 75mm® to 100mm® were paired; one was assigned to continue receiving the
standard rodent pellet chow and the other to the 6:1 ketogenic paste. Each pair was euthanized
when either mouse had a tumor >1000mm”. All mice appeared to have normal activity levels by
observation and did not demonstrate signs of distress from tumor burden throughout the experi-
ment. The ketogenic diet did not inhibit allograft tumor growth. In the first trial, the volume was
significantly different at several time points (n = 5,5; p = 0.001 to 0.048 on days 5 to 8; Student t-
test, Fig 2A-2C) but the difference was eliminated when tumor volume per mouse weight was
analyzed. Mice in all three trials lost approximately 9 to 13% of their body weight on the keto-
genic diet and those on the standard diet maintained or marginally gained weight.

The ketogenic diet led to a significantly lower glucose level by day 7, with values ranging
from 160 to 237mg/dL in mice on a standard diet versus 60 to 180mg/dL in mice on the keto-
genic diet (n = 5,5; p = 0.027, Student’s t-test, Fig 2D). Ketone levels significantly increased
within 2 days of diet change, reaching an average of 4 mmol/L (n = 5,5; p = 0.0003 at 2 days,
p=0.013 at 7 days, Fig 2E).

The ketogenic diet did not affect GDC-0449-induced regression of tumor volume. In both
groups, tumors regressed to less than 30% of their original volume after 5 days of treatment
regardless of the diet (n = 3,3; Fig 2F). No difference was observed in tumor regrowth in both
groups after 2 days off therapy.

The Ketogenic Diet Decreases Insulin but Does Not Affect the PISK
Pathway

Insulin levels were significantly reduced 2 days after initiation of the ketogenic diet. The aver-
age serum concentration was 1.64 ng/ml on the standard diet in comparison with 0.45 ng/ml
on the ketogenic diet (n = 5,9; p = 0.003, Fig 3A). Insulin is a known regulator of PI3K pathway.
Insulin and insulin-like growth factors activate PI3K which phosphorylates AKT [27]. Among
the multiple functions of AKT is phosphorylation of forkhead box O (FoxO) transcription fac-
tor family proteins in the nucleus. Phosphorylation displaces the FoxO transcription factors
from target genes that promote apoptosis or cell-cycle arrest and trigger their relocalization to
the cytoplasm [28]. We measured the level of phosphorylated AKT and stained for localization
of Foxo3a in mice with ketogenic diet-induced insulin reduction. Phosphorylated AKT was
present at low levels in HH-MB tissue and was not significantly different between the two
groups treated with different diets (Fig 3B, p = 0.89 standardized to GAPDH, p = 0.64 stan-
dardized to AKT). Foxo3a was mainly localized to the cytoplasm and also was unchanged in
both groups (Fig 3C).
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Fig 2. The ketogenic diet does not slow growth of flank allograft tumors, and it does not affect tumor regression induced by GDC-0449. (A-C) Three
distinct spontaneous medulloblastoma from Ptch1*/"Trp53~ mice were used for these studies. Tumor volume differences were not statistically significant in
two of the three trials. In the first trial, tumor volume was significantly lower at several time points (o = 0.001 to 0.048 on days 5 to 8; Student t-test). However,
the difference was not evident when tumor volume was calculated as a percentage of total animal weight. Mice in all three trials lost approximately 9 to 13%
of their body weight on the ketogenic diet whereas those on the standard diet maintained or marginally gained weight. (D) Glucose levels were significantly
lower by day 7 (p = 0.027). (E) Ketone levels were significantly different between the standard and ketogenic diet groups (p = 0.0003 at 2 days; p =0.013 at 7
days). (F) The ketogenic diet did not affect tumor regression induced by the SMO inhibitor GDC-0449. Tumor volumes regressed similarly on inhibitor
treatment and had similar regrowth when removed from treatment.

doi:10.1371/journal.pone.0133633.g002

Discussion

In this study, we tested the effect of a calorically-unrestricted ketogenic diet on the growth of
HH-MB. Using both allograft and spontaneous MB mouse models we found that the ketogenic
diet had no effect on tumor growth. Previous animal studies have shown that the ketogenic
diet can reduce the growth of glioblastoma, gastric, pancreatic, lung, and prostate cancer
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Fig 3. The ketogenic diet causes a significant decrease in insulin, but does not affect the PI3K pathway. (A) Insulin levels were significantly reduced
by 2 days after initiation of the diet. Average serum concentration was 1.64 ng/ml on the standard diet in comparison to 0.45 ng/ml on the ketogenic diet

(p =0.0083). (B) Phosphorylated AKT was present in tumor tissues and the level of phosphorylation was not significantly different between the two groups
treated with different diets (o = 0.89 standardized to GAPDH, p = 0.64 standardized to AKT). (C) Foxo3a was localized in the cytoplasm independent of the
diet. S = standard diet, K = ketogenic diet.

doi:10.1371/journal.pone.0133633.g003

xenografts [18, 29-32]. These results led to 12 clinical trials in which cancer patients are placed
on a ketogenic diet [33]. In half of these cases the diet is used as adjunctive therapy together
with chemotherapy or radiation for the treatment of glioblastoma. In many cases, patients
seem to be adopting the diet themselves [34]. Therefore, it is important to test the efficacy of
the diet in preclinical models of other tumor types, such as we have done in this study, before
this strategy is adopted widely.

Consistent with other published studies, we found that serum ketone levels were signifi-
cantly increased and glucose levels only mildly decreased in mice on the ketogenic diet [17, 35].
The ketogenic diet when used in conjunction with radiation has been shown to significantly
reduce regrowth of orthotopic transplanted glioblastoma and flank lung tumors [18, 19]. There
are only a few cases in which the ketogenic diet has been used in conjunction with drug-based
therapies in mice. We did not find any effect of the diet on the rate of regression or regrowth of
tumors following treatment with a SMO inhibitor.

Among the many metabolic changes induced by the ketogenic diet is the possible alteration
of insulin levels. While a low carbohydrate diet does not consistently lower serum insulin and
insulin-like growth factor (IGF) levels in tumor animal models [31, 36], in our mice we did see
a significant reduction in insulin. The mitogenic effect of insulin and IGF is due, in part, to acti-
vation of the PI3K pathway, one of several targets of metformin which is currently being inves-
tigated as an anti-cancer drug (reviewed in [37]). In a study of prostate cancer xenografts, the
ketogenic diet was shown to cause lowered insulin and IGF, decreased phosphorylation of
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AKT, and slowed tumor growth [38]. However, tumor cells harboring activating mutations in
PI3K were found to be resistant to caloric restriction, despite the reduction in insulin and IGF-
1 levels [38]. In HH-MB, reduced insulin levels did not affect AKT phosphorylation or localiza-
tion of Foxo3a [31]. Our findings suggest that insulin reduction by the ketogenic diet does not
predict PI3K pathway inhibition.

The effect of a low or no carbohydrate diet on weight is variable depending on the protein
and fat content as well as the caloric allowance [39, 40]. In our study, NOD SCID mice with
allograft tumors exhibited weight loss when placed on the ketogenic diet. However, this was
not seen in the spontaneous tumor model. Ptch1™ Trp53” mice fed on the ketogenic diet
maintained their body weight much longer than mice fed the standard diet. Previously, it was
suggested that a low carbohydrate diet can preserve protein levels under energy restrictive con-
ditions [41]. NOD SCID mice, even with large flank tumors, showed normal activity with no
signs of stress throughout the course of the experiment. In contrast, Ptch1* Trp53” mice with
spontaneous tumors in the cerebellum may experience stress as the tumor grows which could
result in energy restriction. In pancreatic and colon cancer mouse models, the ketogenic diet
was protective against cachexia, a tumor-induced progressive atrophy of adipose tissue and
skeletal muscle [30, 42, 43]. Our findings may provide further support that the diet may protect
against cachexic weight loss.

We show in this study that a low carbohydrate, high fat diet does not impact HH- MB
growth or survival in our genetically engineered mouse model and flank tumor allografts.
While ketones are increased and insulin is decreased, these changes in energy substrates and
signaling molecules did not influence tumor growth. The alteration in diet and energy source
also did not affect the efficacy of the SMO inhibitor. In conclusion, a low-carbohydrate, high-
fat diet does not cause a reduction in tumor growth of HH-MB and caution should be taken
when its use is considered in human patients with HH-MB, even as adjunctive tumor
treatment.

Acknowledgments

We thank members of the Curran lab, Mateusz Koptyra, Tae Ju Park, Grace Tan, Jessica Ng,
and Hanna Li, and Marc Yudkoff, Itzak Nissim, Oksana Horyn, Ilana Nissim, Christina Berqq-
vist, and Claire Chee for their helpful discussion and technical advice. We also thank Sudha
Kessler and Pichai Raman for their help with statistics and Craig Bassing for P7 pups

Author Contributions

Conceived and designed the experiments: MTD TC SW CVD. Performed the experiments:
MTD SW. Analyzed the data: MTD TC SW CVD. Wrote the paper: MTD TC.

References

1. Taylor RE, Bailey CC, Robinson KJ, Weston CL, Walker DA, Ellison D, et al. Outcome for patients with
metastatic (M2-3) medulloblastoma treated with SIOP/UKCCSG PNET-3 chemotherapy. European
journal of cancer. 2005; 41(5):727-34. Epub 2005/03/15. doi: 10.1016/j.ejca.2004.12.017 PMID:
15763649.

2. Ashley DM, Merchant TE, Strother D, Zhou T, Duffner P, Burger PC, et al. Induction chemotherapy and
conformal radiation therapy for very young children with nonmetastatic medulloblastoma: Children's
Oncology Group study P9934. J Clin Oncol. 2012; 30(26):3181—6. Epub 2012/08/02. doi: 10.1200/
JC0.2010.34.4341 PMID: 22851568; PubMed Central PMCID: PMC3434977.

3. Ramanan M, Chaseling R. Paediatric brain tumours treated at a single, tertiary paediatric neurosurgical
referral centre from 1999 to 2010 in Australia. Journal of clinical neuroscience: official journal of the
Neurosurgical Society of Australasia. 2012; 19(10):1387—91. Epub 2012/08/18. doi: 10.1016/j.jocn.
2012.01.028 PMID: 22898201.

PLOS ONE | DOI:10.1371/journal.pone.0133633 July 20, 2015 9/12


http://dx.doi.org/10.1016/j.ejca.2004.12.017
http://www.ncbi.nlm.nih.gov/pubmed/15763649
http://dx.doi.org/10.1200/JCO.2010.34.4341
http://dx.doi.org/10.1200/JCO.2010.34.4341
http://www.ncbi.nlm.nih.gov/pubmed/22851568
http://dx.doi.org/10.1016/j.jocn.2012.01.028
http://dx.doi.org/10.1016/j.jocn.2012.01.028
http://www.ncbi.nlm.nih.gov/pubmed/22898201

@’PLOS ‘ ONE

Medulloblastoma and Ketogenic Diet

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Akyuz C, Varan A, Kupeli S, Akalan N, Soylemezoglu F, Zorlu F, et al. Medulloblastoma in children: a
32-year experience from a single institution. Journal of neuro-oncology. 2008; 90(1):99—103. Epub
2008/06/21. doi: 10.1007/s11060-008-9638-x PMID: 18566744.

Zeltzer PM, Boyett JM, Finlay JL, Albright AL, Rorke LB, Milstein JM, et al. Metastasis stage, adjuvant
treatment, and residual tumor are prognostic factors for medulloblastoma in children: conclusions from
the Children's Cancer Group 921 randomized phase Il study. J Clin Oncol. 1999; 17(3):832—45. Epub
1999/03/10. PMID: 10071274.

Northcott PA, Korshunov A, Witt H, Hielscher T, Eberhart CG, Mack S, et al. Medulloblastoma com-
prises four distinct molecular variants. J Clin Oncol. 2011; 29(11):1408—14. Epub 2010/09/09. doi: 10.
1200/JC0.2009.27.4324 PMID: 20823417.

Robinson G, Parker M, Kranenburg TA, Lu C, Chen X, Ding L, et al. Novel mutations target distinct sub-
groups of medulloblastoma. Nature. 2012; 488(7409):43-8. Epub 2012/06/23. doi: 10.1038/
nature11213 PMID: 22722829; PubMed Central PMCID: PMC3412905.

Jones DT, Jager N, Kool M, Zichner T, Hutter B, Sultan M, et al. Dissecting the genomic complexity
underlying medulloblastoma. Nature. 2012; 488(7409):100-5. Epub 2012/07/27. doi: 10.1038/
nature11284 PMID: 22832583; PubMed Central PMCID: PMC3662966.

Romer JT, Kimura H, Magdaleno S, Sasai K, Fuller C, Baines H, et al. Suppression of the Shh pathway
using a small molecule inhibitor eliminates medulloblastoma in Ptc1(+/-)p53(-/-) mice. Cancer cell.
2004; 6(3):229-40. Epub 2004/09/24. doi: 10.1016/j.ccr.2004.08.019 PMID: 15380514.

Rudin CM, Hann CL, Laterra J, Yauch RL, Callahan CA, Fu L, et al. Treatment of medulloblastoma with
hedgehog pathway inhibitor GDC-0449. The New England journal of medicine. 2009; 361(12):1173-8.
Epub 2009/09/04. doi: 10.1056/NEJMo0a0902903 PMID: 19726761.

Yauch RL, Dijkgraaf GJ, Alicke B, Januario T, Ahn CP, Holcomb T, et al. Smoothened mutation confers
resistance to a Hedgehog pathway inhibitor in medulloblastoma. Science. 2009; 326(5952):572—4.
Epub 2009/09/04. doi: 10.1126/science.1179386 PMID: 19726788.

Gaijjar A, Stewart CF, Ellison DW, Kaste S, Kun LE, Packer RJ, et al. Phase | study of vismodegib in
children with recurrent or refractory medulloblastoma: a pediatric brain tumor consortium study. Clin
Cancer Res. 2013; 19(22):6305—-12. Epub 2013/10/01. doi: 10.1158/1078-0432.CCR-13-1425 PMID:
24077351; PubMed Central PMCID: PMC3856244.

Warburg O. On the origin of cancer cells. Science. 1956; 123(3191):309-14. Epub 1956/02/24. PMID:
13298683.

Jain M, Nilsson R, Sharma S, Madhusudhan N, Kitami T, Souza AL, et al. Metabolite profiling identifies
a key role for glycine in rapid cancer cell proliferation. Science. 2012; 336(6084):1040—4. Epub 2012/
05/26. doi: 10.1126/science.1218595 PMID: 22628656; PubMed Central PMCID: PMC3526189.

DeBerardinis RJ, Mancuso A, Daikhin E, Nissim |, Yudkoff M, Wehrli S, et al. Beyond aerobic glycoly-
sis: transformed cells can engage in glutamine metabolism that exceeds the requirement for protein
and nucleotide synthesis. Proceedings of the National Academy of Sciences of the United States of
America. 2007; 104(49):19345-50. Epub 2007/11/23. doi: 10.1073/pnas.0709747104 PMID:
18032601; PubMed Central PMCID: PMC2148292.

Sokoloff L. Metabolism of ketone bodies by the brain. Annual review of medicine. 1973; 24:271-80.
Epub 1973/01/01. doi: 10.1146/annurev.me.24.020173.001415 PMID: 4575857.

Zhou W, Mukherjee P, Kiebish MA, Markis WT, Mantis JG, Seyfried TN. The calorically restricted keto-
genic diet, an effective alternative therapy for malignant brain cancer. Nutr Metab (Lond). 2007; 4:5.
Epub 2007/02/23. doi: 10.1186/1743-7075-4-5 PMID: 17313687; PubMed Central PMCID:
PMC1819381.

Abdelwahab MG, Fenton KE, Preul MC, Rho JM, Lynch A, Stafford P, et al. The ketogenic diet is an
effective adjuvant to radiation therapy for the treatment of malignant glioma. PLoS One. 2012; 7(5):
€36197. Epub 2012/05/09. doi: 10.1371/journal.pone.0036197 PMID: 22563484; PubMed Central
PMCID: PMC3341352.

Bhatia B, Potts CR, Guldal C, Choi S, Korshunov A, Pfister S, et al. Hedgehog-mediated regulation of
PPARgamma controls metabolic patterns in neural precursors and shh-driven medulloblastoma. Acta
Neuropathol. 2012; 123(4):587—-600. Epub 2012/03/13. doi: 10.1007/s00401-012-0968-6 PMID:
22407012; PubMed Central PMCID: PMC3306783.

Teperino R, Amann S, Bayer M, McGee SL, Loipetzberger A, Connor T, et al. Hedgehog partial agon-
ism drives Warburg-like metabolism in muscle and brown fat. Cell. 2012; 151(2):414-26. Epub 2012/
10/16. doi: 10.1016/j.cell.2012.09.021 PMID: 23063129.

Gershon TR, Crowther AJ, Tikunov A, Garcia I, Annis R, Yuan H, et al. Hexokinase-2-mediated aerobic
glycolysis is integral to cerebellar neurogenesis and pathogenesis of medulloblastoma. Cancer &
metabolism. 2013; 1(1).

PLOS ONE | DOI:10.1371/journal.pone.0133633 July 20, 2015 10/12


http://dx.doi.org/10.1007/s11060-008-9638-x
http://www.ncbi.nlm.nih.gov/pubmed/18566744
http://www.ncbi.nlm.nih.gov/pubmed/10071274
http://dx.doi.org/10.1200/JCO.2009.27.4324
http://dx.doi.org/10.1200/JCO.2009.27.4324
http://www.ncbi.nlm.nih.gov/pubmed/20823417
http://dx.doi.org/10.1038/nature11213
http://dx.doi.org/10.1038/nature11213
http://www.ncbi.nlm.nih.gov/pubmed/22722829
http://dx.doi.org/10.1038/nature11284
http://dx.doi.org/10.1038/nature11284
http://www.ncbi.nlm.nih.gov/pubmed/22832583
http://dx.doi.org/10.1016/j.ccr.2004.08.019
http://www.ncbi.nlm.nih.gov/pubmed/15380514
http://dx.doi.org/10.1056/NEJMoa0902903
http://www.ncbi.nlm.nih.gov/pubmed/19726761
http://dx.doi.org/10.1126/science.1179386
http://www.ncbi.nlm.nih.gov/pubmed/19726788
http://dx.doi.org/10.1158/1078-0432.CCR-13-1425
http://www.ncbi.nlm.nih.gov/pubmed/24077351
http://www.ncbi.nlm.nih.gov/pubmed/13298683
http://dx.doi.org/10.1126/science.1218595
http://www.ncbi.nlm.nih.gov/pubmed/22628656
http://dx.doi.org/10.1073/pnas.0709747104
http://www.ncbi.nlm.nih.gov/pubmed/18032601
http://dx.doi.org/10.1146/annurev.me.24.020173.001415
http://www.ncbi.nlm.nih.gov/pubmed/4575857
http://dx.doi.org/10.1186/1743-7075-4-5
http://www.ncbi.nlm.nih.gov/pubmed/17313687
http://dx.doi.org/10.1371/journal.pone.0036197
http://www.ncbi.nlm.nih.gov/pubmed/22563484
http://dx.doi.org/10.1007/s00401-012-0968-6
http://www.ncbi.nlm.nih.gov/pubmed/22407012
http://dx.doi.org/10.1016/j.cell.2012.09.021
http://www.ncbi.nlm.nih.gov/pubmed/23063129

@’PLOS ‘ ONE

Medulloblastoma and Ketogenic Diet

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

Shim H, Dolde C, Lewis BC, Wu CS, Dang G, Jungmann RA, et al. c-Myc transactivation of LDH-A:
implications for tumor metabolism and growth. Proceedings of the National Academy of Sciences of the
United States of America. 1997; 94(13):6658—-63. Epub 1997/06/24. PMID: 9192621; PubMed Central
PMCID: PMC21214.

Gao P, Tchernyshyov I, Chang TC, Lee YS, Kita K, Ochi T, et al. c-Myc suppression of miR-23a/b
enhances mitochondrial glutaminase expression and glutamine metabolism. Nature. 2009; 458
(7239):762-5. Epub 2009/02/17. doi: 10.1038/nature07823 PMID: 19219026; PubMed Central PMCID:
PMC2729443.

Hahn H, Wojnowski L, Specht K, Kappler R, Calzada-Wack J, Potter D, et al. Patched target Igf2 is
indispensable for the formation of medulloblastoma and rhabdomyosarcoma. The Journal of biological
chemistry. 2000; 275(37):28341-4. Epub 2000/07/08. doi: 10.1074/jbc.C000352200 PMID: 10884376.

Pomeroy SL, Tamayo P, Gaasenbeek M, Sturla LM, Angelo M, McLaughlin ME, et al. Prediction of cen-
tral nervous system embryonal tumour outcome based on gene expression. Nature. 2002; 415
(6870):436—42. Epub 2002/01/25. doi: 10.1038/415436a PMID: 11807556.

Wetmore C, Eberhart DE, Curran T. Loss of p53 but not ARF accelerates medulloblastoma in mice het-
erozygous for patched. Cancer Res. 2001; 61(2):513-6. Epub 2001/02/24. PMID: 11212243.

Manning BD, Cantley LC. AKT/PKB signaling: navigating downstream. Cell. 2007; 129(7):1261-74.
Epub 2007/07/03. doi: 10.1016/j.cell.2007.06.009 PMID: 17604717; PubMed Central PMCID:
PMC2756685.

Tran H, Brunet A, Griffith EC, Greenberg ME. The many forks in FOXO's road. Science's STKE: signal
transduction knowledge environment. 2003; 2003(172):RE5. Epub 2003/03/07. doi: 10.1126/stke.
2003.172.re5 PMID: 12621150.

Allen BG, Bhatia SK, Buatti JM, Brandt KE, Lindholm KE, Button AM, et al. Ketogenic diets enhance
oxidative stress and radio-chemo-therapy responses in lung cancer xenografts. Clin Cancer Res.
2013; 19(14):3905—-13. Epub 2013/06/08. doi: 10.1158/1078-0432.CCR-12-0287 PMID: 23743570;
PubMed Central PMCID: PMC3954599.

Shukla SK, Gebregiworgis T, Purohit V, Chaika NV, Gunda V, Radhakrishnan P, et al. Metabolic repro-
gramming induced by ketone bodies diminishes pancreatic cancer cachexia. Cancer & metabolism.
2014; 2:18. Epub 2014/09/18. doi: 10.1186/2049-3002-2-18 PMID: 25228990; PubMed Central
PMCID: PMC4165433.

Mavropoulos JC, Buschemeyer WC 3rd, Tewari AK, Rokhfeld D, Pollak M, Zhao Y, et al. The effects of
varying dietary carbohydrate and fat content on survival in a murine LNCaP prostate cancer xenograft
model. Cancer prevention research. 2009; 2(6):557—65. Epub 2009/05/28. doi: 10.1158/1940-6207.
CAPR-08-0188 PMID: 19470786; PubMed Central PMCID: PMC3774034.

Otto C, Kaemmerer U, lllert B, Muehling B, Pfetzer N, Wittig R, et al. Growth of human gastric cancer
cells in nude mice is delayed by a ketogenic diet supplemented with omega-3 fatty acids and medium-
chain triglycerides. BMC Cancer. 2008; 8:122. Epub 2008/05/02. doi: 10.1186/1471-2407-8-122 PMID:
18447912; PubMed Central PMCID: PMC2408928.

Health Nlo. clinicaltrials.gov 2014.

Champ CE, Palmer JD, Volek JS, Werner-Wasik M, Andrews DW, Evans JJ, et al. Targeting metabo-
lism with a ketogenic diet during the treatment of glioblastoma multiforme. Journal of neuro-oncology.
2014;117(1):125-31. Epub 2014/01/21. doi: 10.1007/s11060-014-1362-0 PMID: 24442482.

Dutton SB, Sawyer NT, Kalume F, Jumbo-Lucioni P, Borges K, Catterall WA, et al. Protective effect of
the ketogenic diet in Scn1a mutant mice. Epilepsia. 2011; 52(11):2050-6. Epub 2011/08/02. doi: 10.
1111/1.1528-1167.2011.03211.x PMID: 21801172; PubMed Central PMCID: PMC3204183.

Caso J, Masko EM, li JA, Poulton SH, Dewhirst M, Pizzo SV, et al. The effect of carbohydrate restriction
on prostate cancer tumor growth in a castrate mouse xenograft model. The Prostate. 2013; 73(5):449—
54. Epub 2012/10/06. doi: 10.1002/pros.22586 PMID: 23038057; PubMed Central PMCID:
PMC3594433.

Dowling RJ, Goodwin PJ, Stambolic V. Understanding the benefit of metformin use in cancer treatment.
BMC Med. 2011; 9:33. Epub 2011/04/08. doi: 10.1186/1741-7015-9-33 PMID: 21470407; PubMed
Central PMCID: PMC3224599.

Kalaany NY, Sabatini DM. Tumours with PI3K activation are resistant to dietary restriction. Nature.
2009; 458(7239):725-31. Epub 2009/03/13. doi: 10.1038/nature07782 PMID: 19279572; PubMed
Central PMCID: PMC2692085.

Van der Auwera |, Wera S, Van Leuven F, Henderson ST. A ketogenic diet reduces amyloid beta 40
and 42 in a mouse model of Alzheimer's disease. Nutr Metab (Lond). 2005; 2:28. Epub 2005/10/19. doi:
10.1186/1743-7075-2-28 PMID: 16229744; PubMed Central PMCID: PMC1282589.

PLOS ONE | DOI:10.1371/journal.pone.0133633 July 20, 2015 11/12


http://www.ncbi.nlm.nih.gov/pubmed/9192621
http://dx.doi.org/10.1038/nature07823
http://www.ncbi.nlm.nih.gov/pubmed/19219026
http://dx.doi.org/10.1074/jbc.C000352200
http://www.ncbi.nlm.nih.gov/pubmed/10884376
http://dx.doi.org/10.1038/415436a
http://www.ncbi.nlm.nih.gov/pubmed/11807556
http://www.ncbi.nlm.nih.gov/pubmed/11212243
http://dx.doi.org/10.1016/j.cell.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17604717
http://dx.doi.org/10.1126/stke.2003.172.re5
http://dx.doi.org/10.1126/stke.2003.172.re5
http://www.ncbi.nlm.nih.gov/pubmed/12621150
http://dx.doi.org/10.1158/1078-0432.CCR-12-0287
http://www.ncbi.nlm.nih.gov/pubmed/23743570
http://dx.doi.org/10.1186/2049-3002-2-18
http://www.ncbi.nlm.nih.gov/pubmed/25228990
http://dx.doi.org/10.1158/1940-6207.CAPR-08-0188
http://dx.doi.org/10.1158/1940-6207.CAPR-08-0188
http://www.ncbi.nlm.nih.gov/pubmed/19470786
http://dx.doi.org/10.1186/1471-2407-8-122
http://www.ncbi.nlm.nih.gov/pubmed/18447912
http://clinicaltrials.gov/
http://dx.doi.org/10.1007/s11060-014-1362-0
http://www.ncbi.nlm.nih.gov/pubmed/24442482
http://dx.doi.org/10.1111/j.1528-1167.2011.03211.x
http://dx.doi.org/10.1111/j.1528-1167.2011.03211.x
http://www.ncbi.nlm.nih.gov/pubmed/21801172
http://dx.doi.org/10.1002/pros.22586
http://www.ncbi.nlm.nih.gov/pubmed/23038057
http://dx.doi.org/10.1186/1741-7015-9-33
http://www.ncbi.nlm.nih.gov/pubmed/21470407
http://dx.doi.org/10.1038/nature07782
http://www.ncbi.nlm.nih.gov/pubmed/19279572
http://dx.doi.org/10.1186/1743-7075-2-28
http://www.ncbi.nlm.nih.gov/pubmed/16229744

@’PLOS ‘ ONE

Medulloblastoma and Ketogenic Diet

40.

4.

42.

43.

Borghjid S, Feinman RD. Response of C57BI/6 mice to a carbohydrate-free diet. Nutr Metab (Lond).
2012; 9(1):69. Epub 2012/07/31. doi: 10.1186/1743-7075-9-69 PMID: 22838969; PubMed Central
PMCID: PMC3488544.

Manninen AH. Very-low-carbohydrate diets and preservation of muscle mass. Nutr Metab (Lond).
2006; 3:9. Epub 2006/02/02. doi: 10.1186/1743-7075-3-9 PMID: 16448570; PubMed Central PMCID:
PMC1373635.

Tisdale MJ, Brennan RA, Fearon KC. Reduction of weight loss and tumour size in a cachexia model by
a high fat diet. Br J Cancer. 1987; 56(1):39—43. Epub 1987/07/01. PMID: 3620317; PubMed Central
PMCID: PMC2001676.

Beck SA, Tisdale MJ. Effect of insulin on weight loss and tumour growth in a cachexia model. Br J Can-
cer. 1989; 59(5):677-81. Epub 1989/05/01. PMID: 2736199; PubMed Central PMCID: PMC2247211.

PLOS ONE | DOI:10.1371/journal.pone.0133633 July 20, 2015 12/12


http://dx.doi.org/10.1186/1743-7075-9-69
http://www.ncbi.nlm.nih.gov/pubmed/22838969
http://dx.doi.org/10.1186/1743-7075-3-9
http://www.ncbi.nlm.nih.gov/pubmed/16448570
http://www.ncbi.nlm.nih.gov/pubmed/3620317
http://www.ncbi.nlm.nih.gov/pubmed/2736199

