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A B S T R A C T

Purpose
Two phase II studies assessed the efficacy of vismodegib, a sonic hedgehog (SHH) pathway
inhibitor that binds smoothened (SMO), in pediatric and adult recurrent medulloblastoma (MB).

Patients and Methods
Adult patients enrolled onto PBTC-025B and pediatric patients enrolled onto PBTC-032 were
treated with vismodegib (150 to 300 mg/d). Protocol-defined response, which had to be sustained
for 8 weeks, was confirmed by central neuroimaging review. Molecular tests to identify patterns
of response and insensitivity were performed when tissue was available.

Results
A total of 31 patients were enrolled onto PBTC-025B, and 12 were enrolled onto PBTC-032. Three
patients in PBTC-025B and one in PBTC-032, all with SHH-subgroup MB (SHH-MB), exhibited
protocol-defined responses. Progression-free survival (PFS) was longer in those with SHH-MB than in
those with non-SHH–MB, and prolonged disease stabilization occurred in 41% of patient cases of
SHH-MB. Among those with SHH-MB, loss of heterozygosity of PTCH1 was associated with
prolonged PFS, and diffuse staining of P53 was associated with reduced PFS. Whole-exome
sequencing identified mutations in SHH genes downstream from SMO in four of four tissue samples
from nonresponders and upstream of SMO in two of four patients with favorable responses.

Conclusion
Vismodegib exhibits activity against adult recurrent SHH-MB but not against recurrent non-SHH–
MB. Inadequate accrual of pediatric patients precluded conclusions in this population. Molecular
analyses support the hypothesis that SMO inhibitor activity depends on the genomic aberrations
within the tumor. Such inhibitors should be advanced in SHH-MB studies; however, molecular and
genomic work remains imperative to identify target populations that will truly benefit.

J Clin Oncol 33:2646-2654. © 2015 by American Society of Clinical Oncology

INTRODUCTION

Medulloblastoma (MB) is a heterogeneous disease

composed of four molecular subgroups: WNT,

sonic hedgehog (SHH), and groups three and four.1

SHH-subgroup MB (SHH-MB) accounts for ap-

proximately 30% of MBs and most commonly af-

fects children age�5 years and adolescents age�16

years through adulthood.2,3 With current therapy,

5-year overall survival (OS) of this subgroup is ap-

proximately 70%,4 but survival is frequently accom-

panied by severe morbidity.5,6 For patients with

recurrent disease, survival is dismal. Therefore, im-

proved therapy is needed not only to augment sur-

vival but also to prevent recurrence and decrease the

morbidity associated with current therapy.

Smoothened (SMO) functions as a key compo-

nent of the SHH pathway by regulating suppressor

of fused (SUFU).7 SMO inhibitors block SUFU ac-

tivation, thereby preventing translocation of GLI

proteins into the nucleus (Fig 1). SMO inhibitors

have shown efficacy in the treatment and prevention

of basal cell carcinoma,8,9 and responses have been

reported in recurrent MB.9-11 Preclinical research in
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genetically engineered mouse models has predicted that responses will

occur in SHH-MB driven by mutations upstream of SMO and will be

ineffective in tumors driven by mutations in SHH pathway genes

downstream of SMO.12-14 Individual clinical responses have been

consistent with these predictions10,15; however, analysis across a spec-

trum of SHH-MBs has not occured. Recent findings from genome

sequencing of MB have revealed considerable heterogeneity among

SHH-MBs; some have aberrations upstream of (eg, PTCH1) or within

SMO, others have aberrations downstream (eg, SUFU, GLI2), and still

others have aberrations in genes not known to directly influence SMO

(eg, TP53, MYCN).16-19 This suggests that response to SMO inhibitors

will be variable.

Here we report the results of two prospective phase II Pediatric

Brain Tumor Consortium (PBTC) studies, PBTC-025B and PBTC-

032, which assessed the efficacy of the SMO inhibitor vismodegib in

adult and pediatric patients with recurrent MB, respectively. In addi-

tion, we evaluated genomic correlates of clinical responses to vismo-

degib, and where possible, we described the molecular alterations in

tumors that acquire resistance.

PATIENTS AND METHODS

Patients and Treatment
Patient eligibility criteria for both studies required the presence of mea-

sureable disease and a histologic diagnosis of MB that was recurrent, progres-
sive, or refractory to standard therapy. Patients were required to have
recovered from prior therapy, have stable neurologic deficits, and meet certain
organ function requirements, as previously described.11 The institutional re-
view board of each PBTC institution approved the study protocol. Patients,
parents, or guardians provided written informed consent for participation.

Adults (age � 22 years) with an Eastern Cooperative Oncology Group
performance score of 0 to 2 were enrolled onto PBTC-025B. Measureable
disease was defined as � 10 mm in one dimension on imaging. Real-time
prescreening immunohistochemistry (IHC) was used to group patients

into strata A (non-SHH–MB), B (SHH-MB), or C (indeterminate/un-
known), as previously described.11,20 Patients received oral vismodegib
150 mg once per day.

Pediatric patients (age 3 to 21 years with body-surface area of 0.67 to
2.5 m2) with a Karnofsky or Lansky score � 50 were enrolled onto PBTC-
032. Per the study design, patients treated at the recommended phase II
dose of vismodegib during the phase I trial (PBTC-025) were counted
toward the phase II accrual. Real-time prescreening IHC was used to
stratify patients; however, only those in stratum B (SHH-MB) were en-
rolled, because stratum A (non-SHH–MB) never opened to accrual based
on the results from PBTC-025 (Fig 2).

Toxicity Criteria
Adverse events were graded per the Common Terminology Criteria for

Adverse Events (version 4.0). Adverse events judged at least possibly attribut-
able to the drug were recorded as toxicities.

Response Criteria
The protocol defined objective response as a complete (CR) or partial

(PR) disease response that was maintained for at least 8 weeks. All reported
responses by treating institutions were reviewed centrally, even if not sus-
tained. For PBTC-025B, CR was defined as the disappearance of all target
lesions, PR as a 30% reduction in the sum of the longest diameters of target
lesions, progressive disease (PD) as at least a 20% increase in the sum of the
longest diameters of target lesions, and stable disease (SD) as findings that did
not meet the criteria for PR or PD. For PBTC-032, similar criteria were used,
except that PR was defined as a 50% reduction in tumor area and PD as more
than a 25% increase in tumor area.

Pharmacokinetic Analysis
Day 21 (� 7 days) bound and unbound vismodegib plasma concentra-

tions were measured in consenting patients, as previously described.11

Molecular and Genomic Analyses
Fluorescence in situ hybridization, as previously described,20,21 was per-

formed on all available formalin-fixed, paraffin-embedded (FFPE) tumor
material to identify copy number aberrations in PTCH1, PTEN, GLI2, chro-
mosome 17p, and MYCN. IHC for P53 was undertaken using DO-7, an
anti-P53 antibody (Zeta Corporation, Sierra Madre, CA), and tumors were
classified as having no staining, normal staining, or strong diffuse staining
(DS). These studies were performed retrospectively by a neuropathologist
(B.A.O.) blinded to the trial results.

Exome sequencing (Nextera; Illumina, San Diego, CA) was per-
formed retrospectively on eight frozen SHH-MBs with matched germline
DNA. Two MB specimens were procured during the original diagnostic
surgery (patients 032-5 and 032-9); three were procured at relapse but
before therapy (patients 025B-7, 025B-11, and 025B-14); three were pro-
cured after vismodegib therapy was stopped because of PD (patients
025B-1, 032-1, and 032-3; Fig 3). Paired-end sequencing reads were
mapped to the human reference genome (National Center for Biotechnol-
ogy Information GRCh37). Somatic and germline single-nucleotide vari-
ations/indels were called as previously described16 (Data Supplement).

Statistical Analysis
The primary end point of both trials was sustained objective re-

sponse. In both studies, we used identical Simon’s two-stage minimax
designs in each stratum with 10% type I error and 90% power to distin-
guish between a response rate of 5% versus 25%. The total sample size was
20 patients per stratum. Interim analysis was performed after the 13th
patient, and one sustained response was adequate to expand accrual. At
least three sustained responses in 20 patients were required to declare
activity of vismodegib promising.

Progression-free survival (PFS) was defined as the time from the start of
protocol treatment to PD or death resulting from any cause. All patients had
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Fig 1. Illustration of sonic hedgehog (SHH) signaling pathway. (1) SHH ligand

binds to PTCH1 transmembrane protein. (2) Binding of SHH to PTCH1 relieves

inhibition of smoothened (SMO). (3) Activated SMO localizes to cilium. (4) SMO

releases suppressor of fused (SUFU) inhibition of GLI proteins. (5) Activated GLI

proteins translocate to nucleus and activate transcription of SHH target genes (ie,

GLI1, GLI2, PTCH1, and MYCN). In SHH-subgroup medulloblastoma, disruptions

to SHH pathway occur through mutation of PTCH1, SMO, or SUFU and/or

amplification of GLI2 or MYCN. Vismodegib inhibits SMO.
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PD or had died by the time of analysis, so no censoring was required. Kaplan-
Meier estimates of PFS were plotted by pathology, genetic markers, and trial
(Appendix Figs A1 and A2, online only). PFS curves were compared via
log-rank tests (Mantel-Haenszel) for discrete covariates or Cox proportional
hazards models for continuous covariates. For the outcome comparisons of
genetic markers, where the proportion hazards assumption was clearly vio-
lated based on crossing of the survival curves, we used the Kolmogorov-
Smirnov tests, which have higher power in smaller sample cases compared
with weighted log-rank tests.22 P values were not corrected for multiplicity.

RESULTS

A total of 31 patients (age range, 22.4 to 51.9 years) were enrolled onto

PBTC-025B (stratum A [n � 9], stratum B [n � 20], and stratum C

[n � 2]; Appendix Table A1, online only). One stratum C patient

(patient 025B-14) was retrospectively reassigned to stratum B, and

patient 025B-32 was reassigned to stratum A after tumor material

became available. Another stratum B patient (patient 025B-21) was

declared ineligible after an audit because of lack of measureable disease

and was not included in this analysis.

Thirteen patients with non-SHH–MB and three with SHH-MB

from PBTC-025 treated at the recommended phase II dose were

counted toward the accrual for PBTC-032.11 Because none of the 13

patients with non-SHH–MB experienced an objective response, en-

rollment onto PBTC-032 was limited to those with SHH-MB. Forty-

two patients were prescreened for SHH pathway activation; 11 had

SHH-MB, but two did not enroll, as a result of declining condition.

Consequently, a total of 12 patients (age range, 3.9 to 20.0 years) were

assigned to PBTC-032 stratum B, including the three patients from

PBTC-025 (Appendix Table A2, online only).

Toxicities and adverse events for all patients revealed a low tox-

icity profile (Appendix Table A3, online only). No patient withdrew

from therapy because of unacceptable toxicity. No drug-related bone

or dental toxicity was observed in the pediatric population.

Three adults (patients 025B-4, 025B-7, and 025B-8) and one pediat-

ric patient (patient 032-3) experienced sustained response; all had SHH-

MB. No responses were observed among patients with non-SHH–MB

(AppendixTableA4,onlineonly).Radiographicresponseswereobserved

infiveadultsandthreepediatricpatients,althoughonly fourof thesewere

maintained (Fig 4). The degree of radiographic response did not correlate

with the duration of therapy (Fig 5).

PFS for adults with SHH-MB was longer than that of adults with

non-SHH–MB (P � .0279; Fig 6A). The difference in PFS between pedi-

atric patients with SHH-MB and with non-SHH–MB was not significant

(P� .2246; Fig 6B). Among all patients with SHH-MB, adults displayed a

longerPFSthanpediatricpatients(P� .0210;AppendixFigA1).Atotalof

13 (41%) of 32 patients with SHH-MB (and none of those with non-

SHH–MB) reached the second evaluation period (Fig 5).

Pharmacokinetic analysis of 39 patients (28 adults; 11 pediatric

patients) demonstrated that the median bound or unbound vismo-

degib plasma concentration did not differ significantly between the

trial cohorts, patients with prolonged PFS, or patients with objec-

tive responses (Appendix Table A5, online only). With a median
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150 mg/day (BSA: 0.67–1.32 m2)

300 mg/day (BSA: 1.33–2.5 m2)
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Fig 2. Trial schematics and distribution

of patients from PBTC-025 (phase I pre-

cursor study), PBTC-032 (children), and

PBTC-025B (adults). In PBTC-032, strata A

and C were closed to accrual before study

opening, because no objective responses

were seen in 13 patients with non–sonic

hedgehog (SHH) medulloblastoma (MB)

treated at recommended phase II dose

(RP2D) of vismodegib during phase I

study PBTC-025. (*) Phase I PBTC-025

patients treated at the RP2D counted to-

ward the phase II (PBTC-032) accrual. Bot-

tom panel shows distribution of available

formalin-fixed, paraffin-embedded (FFPE)

tumor samples for molecular analysis.

BSA, body surface area.
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CSF penetration of 0.53, when expressed as an area under the curve

ratio of CSF vismodegib to that of unbound drug in plasma,

predicted CSF vismodegib concentrations met or exceeded the free

IC95 for GLI1 inhibition (0.042 to 0.068 �mol/L)23 for the majority

(35 of 39) of patients.

On retrospective review, FFPE tissue was available from 35 pa-

tients (26 with SHH-MB and nine with non-SHH–MB; Fig 2). For the

SHH subgroup, PTCH1 loss was evident in 10 of 26 SHH-MBs and

associated with a longer PFS (P � .037; Figs 3 and 5; Appendix Fig A2).

Conversely, P53 DS was associated with a reduced PFS (P � .053; Figs

3 and 5; Appendix Fig A2). No association was detected between

PTEN/10q loss, 17p loss, or absence of P53 staining and treatment

outcome. Although neither GLI2 amplification, MYCN amplification,

nor MYCN gain were associated with a worse outcome, they over-

lapped with P53 DS (Appendix Fig A2). Thus, a larger cohort

would be needed to determine whether these aberrations predict

vismodegib insensitivity.

For the non-SHH subgroup, no response or association was

detected between any molecular feature and treatment outcome.

PTCH1/9q loss was not found in any of the non-SHH tumors (Ap-

pendix Table A6, online only), which is consistent with this molecular

feature being enriched in the SHH subgroup.24

Exome sequencing of eight matched SHH-MB and germline sam-

plesidentifiedmutationsinSHHgenesupstreamofSMOintwo(patients

032-1 and 032-3) of four responders (defined here as PFS until second

evaluation, any PR, or CR). Three PTCH1 mutations were identified: two

somatic frame-shift mutations and one concomitant germline mutation

in a young patient (patient 032-1; age 2.6 years at diagnosis) with nevoid

basal cell carcinoma syndrome. In both tumors, the other PTCH1/9q

allele was lost (Fig 3).

S
a

m
p

le
 I
D

(T
ri

a
l 
N

o
.)

0
2
5
B

-1

0
2
5
B

-9

0
2
5
B

-5

0
2
5
B

-1
0

0
2
5
B

-8

0
2
5
B

-7

0
2
5
B

-4

0
2
5
B

-3

0
3
2
-2

0
2
5
B

-2

0
3
2
-3

0
3
2
-1

0
2
5
B

-6

0
2
5
B

-1
8

0
3
2
-6

0
2
5
B

-1
2

0
3
2
-9

0
3
2
-5

0
2
5
B

-1
5

0
2
5
B

-1
3

0
2
5
B

-1
6

0
2
5
B

-1
7

0
3
2
-4

0
3
2
-1

0

0
2
5
B

-1
9

0
2
5
B

-1
4

0
3
2
-7

0
2
5
B

-1
1

0
3
2
-1

2

0
3
2
-1

1

0
3
2
-8

0
2
5
B

-2
0

P

Sex

Age at original

diagnosis (years)

Age at enrollment

on PBTC (years)

Central review path
AN:   .313

ND:   .737

PTCH1/9q LLLLLLLL L L .037

PTEN/10q LLLLLLLLL .999

MYCN AMP GGPMAPMAG .174

GLI2 AMP AMP AMP .315

P53 IHC SDSDSDLLSDSDLSDLLLL
DS:   .053

L:   .945

17p LLLLLLLLLL .974

Time to PD (months)

Protocol response

Best radiographic 
response

PTCH1 FS MS/GL

SUFU FS/GL MS INDEL

SMO

TP53 MS

AKT2 MS

PIK3CA MS

PTEN NS NS

BCOR MS/MS

BRPF1 NS

CREBBP SPL

KDM3B FS

KDM6A FS

MLL2 NS

PRDM1 MS

SFMBT2 NS

TET2 NS

CCND1 MS

DDX3X

DST MS

FAT3 SPL

FSIP2 MS

MS MS

FS

GABRG1 GL

GNAS UTR3

LAMA5 MS/MS

LHX1 NS

NRAS MS

SYNE1 MS

TCF4 MS

G
e
n

e
s
 M

u
ta

te
d

 i
n

 S
H

H

M
e
d

u
ll

o
b

la
s
to

m
a

D
e

m
o

-

g
ra

p
h

ic
s

F
IS

H
/I

H
C

C
li

n
ic

a
l

R
e

s
p

o
n

s
e

S
H

H

G
e

n
e

s

T
P

5
3

 a
n

d

P
I3

K

C
h

ro
m

a
ti

n

M
o

d
if

ie
rs

XX/XX

 F M M F M M M M M F M F F M M F F M F F F M F M M F F M M F F M

 46.9 22.4 22.2 23 23.1 20.1 20.7 30.1 2.5 26.6 15.9 2.6 21.4 33 8.4 18.9 8.8 2.4 26.9 27.4 26.8 35 17.3 12.2 32.8 31.2 7.8 23.5 12.2 7.9 7.1 32.6

 52 27.3 26.3 26.1 31.5 27.8 32.7 32.6 3.9 30.3 17.8 4.1 24.4 40 11.7 23.5 11.3 4.7 27.9 33.7 43.8 41.6 20 13.2 38.6 36 9.2 29.6 19.8 9.5 8 37.6

 CL CL NOS CL CL NOS ND ND ND AN CL ND ND ND ND NOS AN ND NOS ND NOS ND AN CL CL IA AN AN AN CL ND ND

 16.0 14.6 10.2 9.1 6.4 6.4 6.4 5.7 5.4 4.4 4.0 3.6 3.3 2.2 1.8 1.8 1.7 1.6 1.6 1.6 1.5 1.4 1.0 0.9 0.9 0.9 0.8 0.8 0.7 0.7 0.6 0.3

 N N N N Y Y Y N N N Y N N N N N N N N N N N N N N N N N N N N N

 SD SD SD SD PR CR PR SD CR PR PR PR PR N N N N N N N N N N N N N N N N N N N

Sample

Not sequenced

Sequenced sample from

diagnostic specimen

Sequenced sample from

relapsed specimen pretherapy

Sequenced sample from

relapsed specimen post-therapy

Sex

Female

Male

Age (years)

≥ 18

> 4 to < 18

≤ 4

Histology

CL, classic

AN, anaplastic

ND, nodular desmoplastic

NOS, not otherwise

 specified

IA, inadequate

Gene Mutations

MS, missense

NS, nonsense; 

FS, frameshift;

SPL, splice; INDEL

No mutation

GL, germline

Not performed

Double mutation

FISH/IHC

L, loss

AMP, amplification; G,

gain; DS, dense staining

Balanced

Not performed

Clinical Response

> 3 months; Y, yes response;

PR, partial response;

CR, complete response

< 3 months; N, no response

SD, stable disease

Fig 3. Clinical and molecular characteristics of patients with sonic hedgehog (SHH) –subgroup medulloblastoma (SHH-MB) enrolled onto PBTC-025B or PBTC-032. Columns

arranged in descending order from longest to shortest time to disease progression (PD). Lower panels show mutations in genes (previously described as mutated in SHH-MB) in eight

matched tumor and germline biospecimens. Significance assessed using Kolmogorov-Smirnov tests. FISH, fluorescence in situ hybridization; IHC, immunohistochemistry.
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Downstream activating aberrations in the SHH pathway were

identified in four of four nonresponders (patients 025B-11, 025B-14,

032-5, and 032-9). All tumor samples were collected before the initi-

ation of therapy. Three harbored somatic mutations in SUFU, with

two occurring in adults (patients 025B-11 and 025B-14) and one in a

young patient (patient 032-5; age 2.4 years at diagnosis) that was also

accompanied by a germline mutation. Both adult samples also har-

bored mutations in the PI3K pathway genes (PIK3CA and PTEN,

respectively), and one had a TP53 mutation. The latter tumor demon-

strated P53 DS, supporting the finding that this IHC pattern correlates

with the presence of a TP53 mutation.25,26 The fourth nonresponder

(patient 032-9) had GLI2 amplification, which has conferred resis-

tance to SMO inhibitors in mouse MB.14

No SMO mutations were identified in the three samples, sequenced

after PD during therapy, (patients 025B-1, 032-1, and 032-3;Fig 3). These

patients showed an initial favorable response to therapy, suggesting that

mechanisms of resistance exist outside of the inhibitor-binding site. One

patient (patient 025B-1) remained progression free during therapy for 16

months before experiencing recurrence in the lung. This metastatic lesion

retained the IHC SHH phenotype and harbored mutations in BCOR,

BRPF1, NRAS, and SYNE1 (Fig 3), all genes previously described as mu-

tated in SHH-MB.17-19 The other two patients had responses but then

experienced PD after 3 to 4 months of therapy. One patient (patient

032-3) had a PTEN mutation (Fig 3), which may have contributed to

resistance27,28; the other (patient 032-1) had a mutation in the 3=UTR

region of GNAS (Fig 3), a gene that has been implicated in a subset of

aggressiveSHH-MB.29However,withoutmolecularanalysisofthetumor

at diagnosis, we cannot determine if these mutations were somatically

acquired during therapy or if they contributed to acquired resistance to

vismodegib.

We identified numerous mutations that have previously been

reported as recurrent in SHH-MB in the eight matched tumor and

germline samples that underwent to exome sequencing (Fig 3; Data

Supplement).16-19 The significance of these mutations remains

No. 025B-7

No. 025B-8

No. 025B-4

No. 032-2

No. 032-3

Start 2 months 4 months 6 months

Fig 4. Magnetic resonance images

showing responses in five patients with

recurrent sonic hedgehog–subgroup medullo-

blastoma (MB) treated with vismodegib. Im-

ages were obtained at start of therapy and at

2, 4, and 6 months after. Gold arrows indicate

recurrent lesions. After initial response, MB

recurs locally.
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unknown, although their association with chromatin and epigenetic

regulation is noteworthy.

DISCUSSION

Vismodegib exhibited activity against adult recurrent or refractory

SHH-MB and no activity against recurrent non-SHH–MB. Three

of 20 patients with SHH-MB showed a sustained response, indicat-

ing that vismodegib is active in this population. For pediatric

patients with recurrent or refractory SHH-MB, poor accrual lim-

ited conclusions. However, one sustained PR and two transient re-

sponses were observed, suggesting that vismodegib may have activity in

this population. In addition, treatment with vismodegib resulted in a

prolongedPFSinmorepatientswithSHH-MBthanjust those inwhoma

disease response was observed, suggesting that activity is not limited to

objective response.

Interestingly, favorable outcomes (radiographic responses

and/or prolonged PFS) among SHH-MB were variable. Al-

though this variability may have resulted from modest blood-

brain barrier penetration of vismodegib, our pharmacokinetic

data suggested adequate CSF concentrations. Hence, we hy-

pothesized that this variability may have been attributable to

genomic heterogeneity within the SHH subgroup. Our analyses

revealed some key findings.

First, the position of the genomic aberration relative to

SMO is predictive of SMO inhibitor activity. As would be pre-

dicted by the upstream position of PTCH1, aberrations in

PTCH1 accompanied favorable outcomes. Somatic loss of

heterozygosity (LOH) of PTCH1, which frequently but not

exclusively accompanies PTCH1 mutations,16-19 was associated

with a prolonged PFS. Moreover, loss-of-function PTCH1 mu-

tations were found only in responders. In contrast, molecular
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Fig 5. Time to disease progression. (A)

Only patients with sonic hedgehog (SHH) -

subgroup medulloblastoma (SHH-MB) en-

rolled onto PBTC-025B (blue shades) or

PBTC-032 (light blue shades) remained

progression free until second evaluation

period. (B) PTCH1 loss of heterozygosity

was associated with increased duration of

therapy. Patients with P53 diffuse staining

were all nonresponders. In all of those

patients, disease progressed at or before

first evaluation. (�) Patients in whom ra-

diographic response was observed. (†)

Patients in whom radiographic response

was sustained beyond 8 weeks. SHH-MB

patient numbers correlate with those in

Figure 3. Adult non-SHH MB (gray) from

PBTC-025B are numbered from 025B-22

to 025B-32. Child non-SHH patients from

PBTC-025/PBTC-032 (gray) are numbered

032-13 to 032-26.
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aberrations of GLI2 or SUFU, which are downstream of SMO,

were exclusively present in nonresponders.

Second, strong P53 DS in SHH-MB, which is commonly associated

with dominant-negative, DNA–binding domain mutations in TP53,26

was associated with a lack of response to SMO inhibition. The reason for

this is unclear, because P53 does not directly interact with SMO; however,

mutations lead to chromothripsis, which may amplify SHH signaling

oncogenes.30 Inkeepingwiththeseobservations,wefoundamplifications

and gains of MYCN and GLI2 in four of six tumors that had P53 DS. The

loss of P53 staining and hemizygous loss of 17p did not confer a similar

phenotype and should not be considered markers of SMO inhibitor in-

sensitivity. How TP53 mutations in residues outside of the DNA binding

domain,whichdonotconferastrongDSpattern,behaverelative toSMO

inhibition needs to be further investigated.

Third, complete molecular profiling of all SHH-MBs is needed to

identify the target population that will benefit from vismodegib. Genome

sequencing and copy number analysis should be used to identify SHH

pathway mutations and potential cooperating mutations; it is critical to

discriminate SHH-MBs with mutations downstream of SMO that do not

respond to SMO inhibition, so these can be stratified for emerging thera-

pies. Unfortunately, clinical challenges will arise when tissue is not avail-

able or poorly preserved. As shown here, fluorescence in situ

hybridization analysis for PTCH1, MYCN, and GLI2 copy number varia-

tions and P53 IHC can be performed on FFPE material. Although this

approachcanhelppredicttumorresponse, it isnotsufficienttodetermine

whether SMO inhibitors should be used until more robust information is

made available. Response in tumors with PTCH1 LOH needs to be cor-

related with that in tumors with PTCH1 mutations, because LOH does

not always accompany PTCH1 mutations. Methods to reliably identify

mutations in genes that could confer a priori resistance, such as SMO or

SUFU, fromFFPEmaterial areneeded.Ways to identify TP53 mutations,

in addition to those with a strong DS pattern, and their association with

response will be helpful. Also, the cooperating events found in MYCN-

amplified tumors should be explored before insensitivity is presumed.

Fourth, strategies to avoid or overcome resistance mechanisms

are now needed. In this study, all responses to vismodegib were tran-

sient, most likely as a consequence of acquired resistance. Whereas

mutations in SMO previously implicated in acquired resistance were

not identified, we did uncover mutations that putatively give rise to

resistance.15,31 Incorporation of SMO inhibitors into rational drug

combinations aimed at preventing resistance should be considered.

Aberrations in PI3K signaling genes are frequent in SHH-MB,16,18,24

and studies in preclinical models have suggested that inhibiting the

PI3K pathway together with SMO may decrease resistance and recur-

rence.27,28 Similarly, targeting GNAS may improve the sensitivity to

SMO inhibition.29 Also, preclinical modeling that pairs chromatin

remodeling mutations with SHH pathway mutations may increase

our understanding of this relationship and fashion drug combinations

to improve outcome.

Given their therapeutic efficacy, SMO inhibitors such as vis-

modegib should be considered new therapeutics for patients with

SHH-MB. These phase II trials and the precursor phase I trial11

suggest that vismodegib is well tolerated and safe in children and

adults. However, because only a limited number of pediatric pa-

tients have been exposed to vismodegib, we recommend continued

monitoring for bone and dental toxicities, given the developmental

toxicity seen in preclinical models.32

The findings of these trials were limited by accrual and avail-

ability of tissue. Accrual was notably poor for adult non-SHH–MB

and pediatric SHH-MB, which is no longer surprising given that

various studies, published after these trials were initiated, have

illustrated that SHH-MB is an uncommon subgroup in pediatric

MB (age 5 to 16 years) but is widespread in adult MB.3,18,33 These

observations underscore the importance of understanding the bi-

ology and distribution of the disease in all clinical trials. To this

end, the best way to continue to improve understanding is through

acquisition, preservation, and analysis of tissue. Even though the

molecular and genomic studies performed here were limited by the

quantity and type of tissue available, the association of molecular

aberrations with the discrepant outcomes observed within

SHH-MB serves as proof of principle that detailed molecular pro-

filing is essential for optimal use of targeted therapy. Moreover,

these associations support detailed molecular diagnostics in all
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specimens obtained during clinical trials to benefit all present and

future patients with catastrophic diseases such as MB.
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Appendix

Table A1. Demographic Characteristics of Patients Enrolled Onto PBTC-025B

Characteristic

All Patients (N � 31)� Stratum A (n � 9)† Stratum B (n � 20)‡ Stratum C (n � 2)

Diagnosis Study Entry Diagnosis Study Entry Diagnosis Study Entry Diagnosis Study Entry

Age, years

Median 23.5 30.3 16.9 24.0 26.7 32.0 20.9 29.1

Minimum 9.1 22.4 9.1 22.4 20.1 23.5 14.7 25.3

Maximum 46.9 51.9 37.4 40.6 46.9 51.9 27.1 32.9

All Patients
(N � 31)� Stratum A (n � 9)†

Stratum B
(n � 20)‡ Stratum C (n � 2)

No. % No. % No. % No. %

Sex

Male 18 58.1 6 66.7 11 55 1 50.0

Female 13 41.9 3 33.3 9 45 1 50.0

Ethnicity

Hispanic or Latino 2 6.5 1 11.1 1 5 0 0

Non-Hispanic 27 6.5 7 77.8 18 90 2 100

Unknown 2 87.1 1 11.1 1 5 0 0

Race

Black 3 9.7 0 0 3 15 0 0

Unknown 2 6.5 1 11.1 1 5 0 0

White, non-Hispanic 26 83.8 8 88.9 16 80 2 100

�Ineligible patient (025B-21) was excluded.
†Patient 025B-32 originally assigned to stratum C was included.
‡Ineligible patient (025B-21) was excluded, but patient who was retrospectively assigned to sonic hedgehog group (025B-14) was included.
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Table A2. Demographic Characteristics of Patients Enrolled Onto PBTC-032

Characteristic

All Patients (N � 25) Stratum A (n � 13) Stratum B (n � 12)

Diagnosis Study Entry Diagnosis Study Entry Diagnosis Study Entry

Age, years

Median 8.8 11.6 10.2 14.6 8.2 10.4

Minimum 2.4 3.9 3.8 5.2 2.4 3.9

Maximum 18.7 20.3 18.8 20.3 17.1 20.0

All Patients (N � 25) Stratum A (n � 13) Stratum B (n � 12)

No. % No. % No. %

Sex

Male 16 64.0 10 76.9 6 50

Female 9 36.0 3 23.1 6 50

Ethnicity

Hispanic or Latino 2 8.0 0 0 2 16.7

Non-Hispanic 21 84.0 13 100 8 66.7

Unknown 2 8.0 0 0 2 16.7

Race

Native American 1 4.0 0 0 1 8.3

Black 1 4.0 1 7.7 0 0

Asian 1 4.0 1 7.7 0 0

Unknown 2 8.0 0 0 2 16.7

White, non-Hispanic 20 80.0 11 84.6 9 75

SHH Inhibitor Therapy in Adult and Pediatric SHH Medulloblastoma
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Table A4. Response Rates per Stratum for PBTC-025B and PBTC-032

Stratum Response Rate (%) 95% CI

PBTC-025B

A (non-SHH) 0.0 0.0 to 20.6

B (SHH) 15.0 3.2 to 37.9

C (unknown) 0.0 0.0 to 63.2

PBTC-032

A (non-SHH) 0.0 0.0 to 20

B (SHH) 8.3 0.2 to 38.5

C (unknown) NA NA

Abbreviations: NA, not available; SHH, sonic hedgehog.

Table A5. Vismodegib Concentrations at Steady State

Sample ID Day 21 Total (�M)� Unbound (�M) Estimated CSF Penetration (unbound � 0.53; �M)

025B-18 16.8 0.05 0.03

032-5 12.6 0.06 0.03

025B-5 9.93 0.06 0.03

025B-3 14.9 0.08 0.04

032-11 16.8 0.09 0.05

032-9 34.2 0.11 0.06

032-6 11.9 0.12 0.07

032-7 9.5 0.12 0.07

025B-2 19.1 0.14 0.07

025B-22 16.1 0.14 0.07

025B-32 21.2 0.14 0.07

025B-26 34.4 0.15 0.08

025B-28 27.3 0.16 0.08

025B-17 15.7 0.16 0.09

025B-29 19.2 0.17 0.09

032-10 28.9 0.18 0.09

025B-11 19 0.18 0.09

025B-27 20 0.18 0.09

025B-8 20.1 0.18 0.09

032-2 15.3 0.18 0.10

032-4 30.6 0.18 0.10

025B-14 20.3 0.21 0.11

025B-12 28.7 0.23 0.12

025B-13 25.5 0.24 0.13

025B-19 34 0.24 0.13

032-12 41.9 0.24 0.13

025B-6 30.7 0.25 0.13

025B-9 23.9 0.25 0.13

025B-4 17.5 0.26 0.14

032-1 18 0.26 0.14

025B-24 24.9 0.29 0.16

025B-1 17.3 0.30 0.16

025B-31 46.6 0.33 0.18

025B-15 34.3 0.34 0.18

025B-7 31.6 0.41 0.22

025B-23 29.8 0.46 0.24

025B-25 60.4 0.50 0.26

025B-30 34.2 0.53 0.28

032-3 45.3 0.53 0.28

025B-10 NA NA NA

025B-16 NA NA NA

025B-20 NA NA NA

032-8 NA NA NA

Abbreviation: NA, not available.
�Or � 7 days from day 21.
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Table A6. Molecular Analysis

Sample
ID Trial

Central
Pathology
Review Subgroup IHC MYCN GLI2 P53 IHC PTCH/9q PTEN/10q 17p

Molecular
Analysis Sequenced

025B-1 PBTC25B MB-CL SHH Poly Poly Lost Lost Poly Poly Yes Yes; post-therapy
lung lesion

025B-2 PBTC25B MB-AN SHH Poly Poly Lost Lost Lost Lost Yes No

025B-3 PBTC25B MB-ND SHH NSA NSA NSA Lost NSA NSA Yes No

025B-4 PBTC25B MB-ND SHH Poly Poly NSA NSA Lost Lost Yes No

025B-5 PBTC25B MB-NOS SHH No No

025B-6 PBTC25B MB-ND SHH NSA NSA Lost Lost Lost NSA Yes No

025B-7 PBTC25B MB-NOS SHH Poly NSA NSA NSA NSA NSA Yes Yes; pretherapy

025B-8 PBTC25B MB-CL SHH NSA Yes No

025B-9 PBTC25B MB-CL SHH No No

025B-10 PBTC25B MB-CL SHH AMP Poly NSA Poly Lost Lost Yes No

025B-11 PBTC25B MB-AN SHH Poly Poly NSA Poly Poly Poly Yes Yes; pretherapy

025B-12 PBTC25B MB-NOS SHH Poly Poly NSA NSA Poly Lost Yes No

025B-13 PBTC25B MB-ND SHH AMP AMP DS Poly Lost Lost Yes No

025B-14 PBTC25B Inadequate
material

Unknown/SHH Poly Poly DS Poly Lost Poly Yes Yes; pretherapy

025B-15 PBTC25B MB-NOS SHH Gain Poly DS Poly Lost Lost Yes No

025B-16 PBTC25B MB-NOS SHH NSA NSA NSA NSA NSA NSA Yes No

025B-17 PBTC25B MB-ND SHH NSA NSA Lost NSA NSA NSA Yes No

025B-18 PBTC25B MB-ND SHH Poly Poly NSA Lost Poly Lost Yes No

025B-19 PBTC25B MB-CL SHH Poly Poly NSA NSA NSA NSA Yes No

025B-20 PBTC25B MB-ND SHH NSA NSA NSA Lost NSA NSA Yes No

025B-21 PBTC25B MB-ND SHH No No

025B-22 PBTC25B MB-CL NWNS NSA NSA NSA NSA NSA Lost Yes No

025B-23 PBTC25B MB-CL NWNS Poly Poly Lost Poly Poly Lost Yes No

025B-24 PBTC25B MB-CL NWNS Poly Poly NSA Poly Poly Lost Yes No

025B-25 PBTC25B MB-CL NWNS Poly Poly NSA Poly NSA Lost Yes No

025B-26 PBTC25B MB-AN NWNS NSA Poly DS Poly NSA Poly Yes No

025B-27 PBTC25B MB-CL NWNS NSA NSA NSA NSA NSA Lost Yes No

025B-28 PBTC25B MB-CL NWNS NSA NSA Lost NSA NSA Lost Yes No

025B-29 PBTC25B MB-CL NWNS NSA NSA Lost NSA NSA Lost Yes No

025B-30 PBTC25B MB-NOS Unknown No No

025B-31 PBTC25B Inadequate
material

Unknown No No

025B-32 PBTC25B MB-CL Unknown/NWNS NSA NSA NSA NSA Lost NSA Yes No

032-1 PBTC032 MB-ND SHH NSA NSA NSA Lost NSA NSA Yes Yes; post-therapy

032-2 PBTC032/PBTC025 MB-ND SHH NSA NSA Lost Lost NSA NSA Yes No

032-3 PBTC032 MB-CL SHH NSA NSA NSA Lost NSA NSA Yes Yes; post-therapy

032-4 PBTC032 MB-AN SHH AMP AMP Lost NSA Lost Lost Yes No

032-5 PBTC032 MB-ND SHH No Yes; pretherapy

032-6 PBTC032 MB-ND SHH Poly Poly DS Poly Poly NSA Yes No

032-7 PBTC032 MB-AN SHH No No

032-8 PBTC032 MB-ND SHH No No

032-9 PBTC032 MB-AN SHH AMP Lost Yes Yes; pretherapy

032-10 PBTC032 MB-CL SHH No No

032-11 PBTC032/PBTC025 MB-CL SHH Gain NSA DS Lost Lost Lost Yes No

032-12 PBTC032/PBTC025 MB-AN SHH Gain Poly DS Poly NSA Lost Yes No

Abbreviations: AMP, amplified; AN, anaplastic histology; CL, classic histology; DS, diffuse staining; IHC, immunohistochemistry; MB, medulloblastoma; ND, nodular
desmoplastic histology; NSA, no significant abnormality; NWNS, non-WNT non-SHH; poly, polysomy; SHH, sonic hedgehog.
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