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Mutations of the Sonic Hedgehog Pathway
Underlie Hypothalamic Hamartoma with Gelastic Epilepsy

Michael S. Hildebrand,1,13 Nicole G. Griffin,2,13 John A. Damiano,1 Elisa J. Cops,1 Rosemary Burgess,1

Ezgi Ozturk,3 Nigel C. Jones,3 Richard J. Leventer,4,5,6 Jeremy L. Freeman,4 A. Simon Harvey,4,5,6

Lynette G. Sadleir,7 Ingrid E. Scheffer,1,5,8 Heather Major,9 Benjamin W. Darbro,9 Andrew S. Allen,10

David B. Goldstein,2 John F. Kerrigan,11 Samuel F. Berkovic,1,13,* and Erin L. Heinzen2,12,13,*

Hypothalamic hamartoma (HH) with gelastic epilepsy is a well-recognized drug-resistant epilepsy syndrome of early life.1 Surgical resec-

tion allows limited access to the small deep-seated lesions that cause the disease. Here, we report the results of a search for somatic mu-

tations in paired hamartoma- and leukocyte-derived DNA samples from 38 individuals which we conducted by using whole-exome

sequencing (WES), chromosomal microarray (CMA), and targeted resequencing (TRS) of candidate genes. Somatic mutations were iden-

tified in genes involving regulation of the sonic hedgehog (Shh) pathway in 14/38 individuals (37%). Three individuals had somatic

mutations in PRKACA, which encodes a cAMP-dependent protein kinase that acts as a repressor protein in the Shh pathway, and

four subjects had somatic mutations in GLI3, an Shh pathway gene associated with HH. In seven other individuals, we identified two

recurrent and three single brain-tissue-specific, large copy-number or loss-of-heterozygosity (LOH) variants involving multiple Shh

genes, as well as other genes without an obvious biological link to the Shh pathway. The Shh pathway genes in these large somatic le-

sions include the ligand itself (SHH and IHH), the receptor SMO, and several other Shh downstream pathway members, including

CREBBP and GLI2. Taken together, our data implicate perturbation of the Shh pathway in at least 37% of individuals with the HH ep-

ilepsy syndrome, consistent with the concept of a developmental pathway brain disease.
Some brain malformation syndromes are due to inherited

germline mutations or germline or post-zygotic de novo

mutations (reviewed in Poduri et al.2). Yet the cause of

most brain malformations, with their frequent conse-

quences of refractory epilepsy and intellectual disability,

remains unknown. Recently, exome sequencing studies

in privileged situations in which brain tissue is available

have highlighted the role of somatic mutations confined

to the brain. For example, somatic mutations in mTOR

pathway genes (e.g., PIK3CA [MIM: 171834], AKT3 [MIM:

611223], and MTOR [MIM: 601231]) have been found to

be important for a variety of malformations of cortical

development, ranging from large hemispheric malforma-

tions to small focal cortical dysplasias.3–6 Outside these

rare disorders, the role of somatic mutations in drug-resis-

tant epilepsies is largely unexplored.7,8 Because the very

rare dominant disorder of Pallister-Hall syndrome (MIM:

146510), comprising hypothalamic hamartomas (HHs

[MIM: 241800]) and various other congenital anomalies,

is due to germline truncation mutations in GLI3 (MIM:

165240),9 we previously searched for somatic GLI3 muta-

tions in hamartoma tissue. We established that a few cases

have de novo somatic point mutations or copy-number
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variants (CNVs) at this locus,10,11 a finding that has now

been independently confirmed.12 These early observations

motivated a genome-wide search for somatic mutations via

our unique access to hamartoma tissue and venous blood

from individuals with HH. Surgical removal of these le-

sions was once regarded as hazardous. The development

of innovative surgical techniques13 led to a relatively large

series of this rare disorder being available at The Royal

Children’s Hospital and The Barrow Institute.

Herein, we studied DNA extracted according to standard

protocols from freshly frozen or formalin-fixed paraffin-

embedded hamartoma tissue and leukocytes of 38 individ-

uals with HH to identify somatic mutations. The human

research ethics committees of the Austin Hospital and

The Royal Children’s Hospital in Melbourne and the insti-

tutional review board of St. Joseph’s Hospital and Medical

Center in Phoenix approved this study. Informed consent

was obtained from affected individuals or their parents

or legal guardians in the case of minors, those with intel-

lectual disability, or deceased individuals. There were 11 fe-

males and 27males, all with intractable epilepsy (Table S1).

Epilepsy began in the first year of life in 30/38 of these

indivdiuals, and all had gelastic (laughing) seizures.
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Additional features included intellectual disability in 24

individuals and central precocious puberty in 14 individ-

uals; however, none had additional syndromic features of

digital, oro-facial abnormalities or visceral malformations

and none had a family history of HH. Samples were sub-

jected to whole-exome sequencing (WES) as described pre-

viously14,15, chromosomal microarray (CMA; Figure S1),

and targeted resequencing (TRS) of 50 genes in the Shh

pathway (Roche SeqCap EZ); the methodology selected de-

pended on the quality and quantity of DNA from the brain

samples. Due to limited DNA, nine hamartoma DNA sam-

ples were whole-genome amplified (QIAGEN Repli-g Single

Cell) prior to WES.

Ourfirst experimentwas to subject a subset of pairedDNA

samples from hamartomas and leukocytes toWES (n¼ 15).

Somatic single-nucleotidevariants (sSNVs)were called from

the aligned BAM files in both VarScan-2 and Mutect.16

VarScan-2 was used to call somatic insertion-deletion vari-

ants (sindels).17 sSNVs were removed from consideration

if they were called in regions where there was less than

10-fold sequencing coverage in either the hamartoma or

leukocytes, if the variant was present in less than three

sequencing reads in the hamartoma, and if the variant

was present inmore than 5% of reads from leukocytes. Sin-

dels with strand bias were filtered out with the Phred-scaled

strand bias score. A somatic variantwas classified as a candi-

date variant if it was predicted to change or truncate the

amino acid sequence (Ensembl Variant Effect Predictor);

this included missense (possibly- or probably-damaging or

unknown according to PolyPhen-2), nonsense (frameshift

and stop), and splice-site variants that were not present

in controls sequenced in house (Institute for Genomic

Medicine), in the Exome Variant Server (EVS), or in

the Exome Aggregation Consortium (ExAC) database. The

number of sSNVs and sindels detected in surgically resected

tissue from the individuals with HH varied, despite high

average coverage across exons (~100 fold; Table S2). A total

of 374 sSNVs were called on average per sample, including

12 candidate variants on average per sample (Tables S2

and S3). An averageof 254 sindelswere detected per sample,

of which four on average per sample were candidate vari-

ants (Tables S2 and S3). Not unexpectedly, the nine samples

for which the hamartoma DNA was whole-genome ampli-

fied due to very limited amounts of starting material prior

to thepreparationof the sequencing libraryproduced larger

numbers of sSNVs and sindels, most likely due to ampli-

fication artifacts. Among unamplified samples, 175 5 51

and 186 5 36 sSNVs and sindels, respectively, were called,

versus 507 5 479 sSNVs and 300 5 211 sindels in the

amplified samples (Table S2).

We performed a pathway analysis to determine whether

candidate variants detected through WES were statistically

significantly enriched in the Shh signaling pathway or any

other Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathways (n ¼ 301)18 by comparing the observed per base

rate of candidate variants within and outside the pathway

for each individual to the null expectation, estimated from
424 The American Journal of Human Genetics 99, 423–429, August 4
the total number of candidate variants observed in the

exome, the relative proportion of exonic bases within

and outside the pathway that were sufficiently sequenced

in the hamartoma and leukocyte DNA to call a candidate

variant, and the relative mutability of the sequences

within and outside of the pathway (see Supplemental

Note). Two pathways of the 301 tested were enriched for

candidate variants: the Shh pathway (p ¼ 3 3 10�5) and

the salivary secretion pathway (p ¼ 0.017).

We next evaluated whether any genes in these two path-

ways were significantly enriched for candidate variants.

GLI3 and PRKACA ([MIM: 601639], see Supplemental

Note), both of which are involved in the Shh signaling

pathway (defined by KEGG), were found to have two and

three candidate variants, respectively, all in different indi-

viduals (Table 1). The uncorrected p values of seeing two

and three candidate variants in GLI3 and PRKACA were

0.0025 and 2 3 10�7, respectively. Correcting for the

~18,000 protein-coding genes genome wide, PRKACA is

significantly enriched for candidate variants, implicating

PRKACA as a HH-associated gene. We note that PRKACA

encodes a protein that is named in both the Shh signaling

and salivary secretion pathways (defined by KEGG). Given

the existing evidence for the Shh signaling pathway in

HH pathophysiology,10–12 we believe somatic variants

in PRKACA lead to HH through disruption of the Shh

signaling pathway. In addition to PRKACA, one additional

gene, ZNF362, harboring a recurrent somatic mutation

found in three individuals (Table S3), was found to be

significantly enriched genome wide for candidate variants.

These variants were found to be selectively observed

in DNA specimens that were exome sequenced after

whole-genome amplification in this study and in DNA

from 12 out of 20 other individuals (without HH) that

were also sequenced after whole-genome amplification as

part of other genetic studies and therefore were not pur-

sued further.

To screen for additional somatic mutations in PRKACA

andGLI3,we then performed Sanger sequencing of the pro-

tein-coding exons by using standard protocols in hamar-

toma and blood DNA of 20 individuals with HH from our

cohort that had not already been subjected to WES and

identified a frameshift indel in PRKACA in an additional

individual (hht25085; Table 1).

In addition to sSNVs and sindels, two large somatic loss-

of-heterozygosity (sLOH) events were observed in the 15

samples analyzed by exome sequencing (Figure S2). One

individual had sLOH across the p arm of chromosome

16, and another had sLOH across the q arm of chromo-

some 7 (Table 1; Figure 1). Interestingly, both regions

contain genes connected to the Shh pathway; both SHH

(MIM: 600725) and SMO (MIM: 601500), as well as

WNT16 (MIM: 606267) and WNT2 (MIM: 147870), are

located in the sLOH region on the q arm of chromosome

7; a transcriptional co-activator of the pathway, CREBBP

(MIM: 600140), is located in the sLOH region on chromo-

some 16p.
, 2016



Table 1. Study Participants with Confirmed Somatic Mutations in or Linked to the Shh Pathway

Subject

Genomic Analysis Method(s)
Annotation of
Candidate Mutations

Shh Gene(s)
(KEGG)

VAF
Brain

VAF
Blood

Method of
DetectionWES CMA TRS

hht25086 3 � � c.984dupT (p.Asp329Ter)
[GenBank: NM_002730.3]

PRKACA 25% 0.5% WES, confirmed
by Sanger

hht238a 3 � � c.983_984delTT (p.Phe328Ter)
[GenBank: NM_002730.3]

PRKACA 23% 0% WES, confirmed
by Sanger

hht1198c 3 3 � chr7q LOH (chr7:58,814,064–
159,138,663)

SHH, SMO,
WNT16, WNT2

NA NA WES, confirmed
by CMA

hht735 3 3 3 chr16p LOH (chr16:0–
31,543,619)

CREBBPa NA NA WES, confirmed
by CMA

hht209 3 � � c.2989dupG (p.Ala997GlyfsTer87)
[GenBank: NM_000168.5]

GLI3 57% 0% WES, confirmed
by Sanger

hht26139 3 � � c.3442C>T (p.Gln1148Ter)
[GenBank: NM_000168.5]

GLI3 24% 0% WES, confirmed
by Sanger

hht880 � 3 � chr2q12.1–q37.3 LOH
(chr2:103,856,408–243,199,373)

GLI2, IHH, LRP2,
STK36, WNT10A,
WNT6

NA NA CMA

hht953 � 3 � chr14q11.2–q32.33 LOH
(chr14:24,419,118–106,072,470)

BMP4, AKT1 NA NA CMA

hht25057 � 3 � chr16p11.2–p13.3 LOH
(chr16:0–31543619)

CREBBPa NA NA CMA

hht25063 � 3 � chr7p22.1–q36.3 CNG, CNL
(chr7:986211–60069242,
58814064–159138663)

GLI3, SHH, SMO,
WNT16, WNT2

NA NA CMA

hht25094 � 3 � chr11q12.3–q25 LOH
(chr11:64879188–135006516)

WNT11 NA NA CMA

hht25077 � 3 3 c.3172C>T (p.Arg1058Ter)
[GenBank: NM_000168.5]

GLI3 18% 0% TRS, confirmed
by Sanger

hht31536 � 3 3 c.2071C>T (p.Gln691Ter)
[GenBank: NM_000168.5]

GLI3 37% 0.8% TRS, confirmed
by Sanger

hht25085 � � � c.226-231dup (p.Asp76_Lys77dup)
[GenBank: NM_002730.3]

PRKACAb – – Sanger

Shh, sonic hedgehog; VAF, variant allele frequency; LOH, loss of heterozygosity (might be copy-number neutral LOH); CNG, copy-number gain; CNL, copy-num-
ber loss; WES, whole-exome sequencing; CMA, chromosomal microarray; TRS, targeted resequencing; 3, used; �, not used; NA, not applicable. All coordinates
correspond to the UCSC Genome Browser reference genome (GRCH37/hg19).
aTranscriptional regulator of the Shh pathway.
bIdentified by Sanger sequencing.
Because four of the five candidate variants were puta-

tively protein-truncating mutations and because we

observed two large LOH events with WES, we then used

CMA to screen for somatic genomic deletions and other

CNVs genome wide in 28 HH cases with adequate tumor

DNA. We included the two exome-sequenced samples

harboring large LOH regions on chromosomes 7q or 16p

to confirm the detected somatic events. Analysis revealed

a large somatic event in seven of the 28 individuals with

HH, including confirmation of the two LOH lesions found

by WES (Table 1; Figures S1 and S2). The lesions at 7q

and 16p deletions were recurrent, given that one addi-

tional individual was found with copy-number neutral

LOH (CNNLOH) events at each of these loci (Table 1).

Three non-recurrent CNV or LOH events were also identi-

fied. One was found on chromosome 2q and included the

Shh and/or WNT pathway members IHH (MIM: 600726),

STK36 (MIM: 607652), GLI2 (MIM: 165230), LRP2 (MIM:
The Amer
600073), WNT10A (MIM: 606268), and WNT6 (MIM:

604663). The second was on chromosome 14q and encom-

passed BMP4 (MIM: 112262) and AKT1 (MIM: 164730), a

gene encoding a protein known to interact with the Shh

pathway19 and that, when mutated, can result in a com-

mon type of primary brain tumor (meningioma).20 A third

was discovered on chromosome 11q and included the Shh

and/or WNT pathway members WNT11 (MIM: 603699)

and LRP5 (MIM: 603506). The WNT pathway has parallel

roles during development to the Shh signaling pathway21

and is also critical for axon guidance.22 A simulation anal-

ysis to assess the probability of observing this number of

Shh genes in randomly selected (see Supplemental Note),

similarly sized CNVor LOH events throughout the genome

was significant (p ¼ 0.046). We also performed a simula-

tion analysis for the salivary secretion pathway but did

not observe a significant enrichment for genes in this

pathway (p ¼ 0.716).
ican Journal of Human Genetics 99, 423–429, August 4, 2016 425



Figure 1. Shh Pathway Showing Some of the Proteins Implicated in HH
(A) In the presence of SHH, PTCH no longer inhibits SMO from translocating to the membrane, where it inhibits phosphorylation of
GLI2 and GLI3 by PKA (PRKACA). Full-length GLI2 and GLI3 translocate to the nucleus and, together with GLI1 and the transcriptional
coactivator CREBBP, promote transcription of downstream target genes9

(B) In the absence of SHH, SMO remains localized to endosomes in the cytoplasm. GLI2 and GLI3 are bound by the SUFU complex and
phosphorylated by PKA,15 leading to their cleavage. The cleaved protein translocates to the nucleus, where it acts to repress target gene
transcription.
14 out of 38 individuals with HH had confirmed somatic mutations in the Shh pathway; an additional five individuals had uncon-
firmed findings in this pathway. Four individuals had confirmed somatic point mutations in GLI3, and an additional individual
had a CNV that encompassed this gene. Three individuals had confirmed somatic mutations in PRKACA. Other proteins in
the Shh pathway implicated in HH because of their occurrence in CNVs are SHH, SMO, CREBBP, GLI2, and STK36 (or, FU).
Not shown on this simplified diagram are IHH, LRP2, LRP5, AKT1, and specific WNT and BMP pathway members that encode
proteins in the Shh pathway, or that closely interact with the pathway, and are located within CNVs found in individuals
with HH.16–19
Given the preponderance of candidate somatic muta-

tions in Shh genes, we then performed TRS of 50 genes in

the Shh signaling pathway, as defined by KEGG,18 as well

as of the transcriptional coactivator, CREBBP, in 15 individ-

uals with HH to further screen for candidate causal muta-

tions (see Supplemental Note for further methodological
426 The American Journal of Human Genetics 99, 423–429, August 4
details). This analysis revealed somatic mutations in

two additional individuals, both nonsense mutations

in GLI3, confirmed by Sanger sequencing (Table 1). It

is noteworthy that two of eight mutations in GLI3

andPRKACAdetected byWESorTRSwere present in a small

fraction of sequencing reads from leukocyte-derived DNA,
, 2016



Table 2. Study Participants with No Candidate or Unconfirmed Candidate Somatic Mutations in or Linked to the Shh Pathway

Subject

Genomic Analysis Method(s)
Annotation of Candidate
Mutations

Shh Gene(s)
(KEGG)

VAF
Brain

VAF
Blood

Method of
DetectionWES CMA TRS

hht929 3 3 3 c.494dupG (p.Cys168LeufsTer4)
[GenBank: NM_057168.1]

WNT16a 31% 4% WES, TRS

hht25093 g 3 � � c.248T>C (p.Leu83Pro)
[GenBank: NM_002730.3]

PRKACA 14% 1% WES

hht20138 � 3 3 c.984dupT (p.Asp329Ter)
[GenBank: NM_002730.3]

PRKACA 25% 0% TRS

hht25060 � 3 3 c.1025dupG (p.Ala343ArgfsTer35)
[GenBank: NM_003393.3]

WNT8B 28% 0% TRS

c.394C>T (p.Gln132Ter)
[GenBank: NM_182948.2]

PRKACB 25% 0%

c.5293dupC (p.Gln1765ProfsTer201)
[GenBank: NM_004380.2]

CREBBPb 14% 0%

hht25186 � � 3 c.6858dupT (p.Glu2287Ter)
[GenBank: NM_004525.2]

LRP2 17% 3% TRS

c.4230dupT (p.Gly1411TrpfsTer10)
[GenBank: NM_004380.2]

CREBBPb 14% 0%

hht25064 � � 3 ND NA NA NA

hht1276d 3 � � ND NA NA NA

hht322b 3 3 � ND NA NA NA

hht25132h 3 3 � ND NA NA NA

hht786 3 3 3 ND NA NA NA

hht25080 3 3 3 ND NA NA NA

hht25099 3 3 3 ND NA NA NA

hht25059 � 3 3 ND NA NA NA

hht25082 3 � 3 ND NA NA NA

hht25050 � 3 � ND NA NA NA

hht25054 � 3 � ND NA NA NA

hht25066 � 3 � ND NA NA NA

hht25072 � 3 � ND NA NA NA

hht25079 � 3 � ND NA NA NA

hht25089 � 3 � ND NA NA NA

hht25097 � 3 � ND NA NA NA

hht25098 � 3 � ND NA NA NA

hht25052 � 3 3 ND NA NA NA

hht25056 � 3 3 ND NA NA NA

Shh, Sonic hedgehog; VAF, variant allele frequency; WES, whole-exome sequencing; CMA, chromosomal microarray; TRS, targeted resequencing;3, used;�, not
used; NA, not applicable; ND, none detected. All coordinates correspond to the UCSC Genome Browser reference genome (GRCH37/hg19).
aCandidate mutation found in WNT16 was detected with both next-generation sequencing technologies but not confirmed with Sanger sequencing because of
insufficient DNA.
bTranscriptional regulator of the Shh pathway.
albeit a much smaller fraction than in tumors, and not

confirmed to be present with another genotyping method

(Table 1). This suggests that the mutations might be

diffusely expressed in the brain, rather than just in the ha-

martoma per se. This is consistent with the observation of

germline mutations in GLI3 in Pallister-Hall syndrome, in

whichHH is usually the only lesion in the brain.9 Although
The Amer
the biological significance of the observed enrichment of

candidate variants in the salivary secretion pathway genes

in HH is unclear, we did not further pursue these variants

given that we detected no enrichment of genes in this

pathway in somaticCNVs. Additionally,wenote that Saitsu

et al., who also recently screened for somatic mutations in

HH, further support the association of the Shh pathway
ican Journal of Human Genetics 99, 423–429, August 4, 2016 427



with HH with their work and did not report somatic muta-

tions in the salivary secretion pathway genes.12

We predict that the somatic mutations in the pathway

could lead to reduced Shh signaling. GLI3 can act as both

a transcriptional activator and repressor of downstream

targets.23 In the absence of Shh, protein kinase A (PKA)

phosphorylates GLI3, causing its cleavage into a repressor

form of the protein (Figure 123). This repressor then trans-

locates to the nucleus and suppresses transcription of

target genes. The somatic mutations we discovered in

GLI3 all occurred in the same region as germline mutations

in Pallister-Hall syndrome. The mutant, truncated protein

in Pallister-Hall syndrome has been shown to localize to

the nucleus and repress expression of target genes, leading

to less Shh signaling.24 Two of three confirmed PRKACA

mutations were located in the C-terminal region of the cat-

alytic subunit; these truncating mutations could impair

binding of the regulatory subunit of PKA, leading to a

constitutively active form of the protein and subsequent

repression of target genes due to increased phosphoryla-

tion and cleavage of GLI3. Interestingly, in adrenocor-

tical tumors, a recurrent somatic mutation (encoding

p.Leu206Arg) in PRKACA has been shown to inhibit bind-

ing of the regulatory subunit of PKA, leading to constitu-

tive activation of the catalytic subunit of PKA and

increased phosphorylation activity.25,26

In summary, this comprehensive analysis revealed 14

somatic mutations (four nonsense changes, two frame-

shift indels, one in-frame insertion, and seven large

CNV or LOH events; Table 1; Figure 1) in Shh pathway

genes. PRKACA is now securely implicated as a HH-associ-

ated gene, in addition to the previously associated Shh

gene, GLI3.10–12 An additional fifteen genes (AKT1,

BMP4, CREBBP, GLI2, IHH, LRP2, LRP5, SHH, SMO,

STK36, WNT2, WNT6, WNT10A, WNT11, and WNT16)

associated with the Shh tumor suppressor pathway and

the related WNT pathway are potentially implicated, as

well as, possibly, other genes (within the large CNV or

LOH regions) that do not have an obvious biological

link to the Shh pathway. We did not identify somatic mu-

tations in OFD1 (MIM: 300170), a recently reported candi-

date HH-associated gene identified in a mix of sporadic

and syndromic cases from the Japanese population.12

Five cases had ‘‘unconfirmed findings’’ because there was

insufficient DNA to complete the validation of all variants

detected, whereas for 19 cases, no variants in genes encod-

ing proteins directly or indirectly related to Shh were

discovered (Table 2). Thus, we identified potentially path-

ogenic mutations in the Shh pathway in at least 37% (14/

38) of individuals with HH, and possibly as many as 50%

(19/38). This aggregation to a particular pathway is remi-

niscent of the remarkable contribution of various mTOR

pathway gene mutations to malformations of cortical

development, realized through similar clinico-molecular

studies with privileged brain tissue over the last few

years.2,3,27 The intense interest in Shh signaling in a vari-

ety of cancers has led to the development of potentially
428 The American Journal of Human Genetics 99, 423–429, August 4
therapeutic agents acting on this pathway that could

also be explored in treating this syndrome.28,29
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