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The evolving characterization of the biological basis of adamantinomatous craniopharyngioma (ACP) has provided
insights critical for novel systemically delivered therapies. While current treatment strategies for ACP are associated
with low mortality rates, patients experience severely lowered quality of life due to high recurrence rates and chronic
sequelae, presenting a need for novel effective treatment regimens. The identification of various dysregulated pathways
that play roles in the pathogenesis of ACP has prompted the investigation of novel treatment options. Aberrations in the
CTNNB1 gene lead to the dysregulation of the Wnt pathway and the accumulation of nuclear β-catenin, which may play
a role in tumor invasiveness. While Wnt pathway/β-catenin inhibition may be a promising treatment for ACP, potential
off-target effects have limited its use in current intervention strategies. Promising evidence of the therapeutic potential
of cystic proinflammatory mediators and immunosuppressants has been translated into clinical therapies, including
interleukin 6 and IDO-1 inhibition. The dysregulation of the pathways of mitogen-activated protein kinase/extracellular
signal–regulated kinase (MAPK/ERK), epidermal growth factor receptor (EGFR), and programmed cell death protein 1
and its ligand (PD-1/PD-L1) has led to identification of various therapeutic targets that have shown promise as clinical
strategies. The Sonic Hedgehog (SHH) pathway is upregulated in ACP and has been implicated in tumorigenesis and
tumor growth; however, inhibition of SHH in murine models decreased survival, limiting its therapeutic application. While
further preclinical and clinical data are needed, systemically delivered therapies could delay or replace the need for
more aggressive definitive treatments. Ongoing preclinical investigations and clinical trials of these prospective pathways
promise to advance treatment approaches aimed to increase patients’ quality of life.
https://thejns.org/doi/abs/10.3171/2019.10.FOCUS19705
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craniopharyngioma (ACP)
is a benign tumor that arises from remnants of
Rathke’s pouch in the sellar/suprasellar region of
the brain. This variable heterogeneous neoplasm is characterized by complex epithelial patterns, cystic components,
and dystrophic calcium deposits. ACP makes up 6%–9%
of pediatric brain tumors.51 The pathobiology and origins
of ACP are incompletely understood, hindering the ability
of clinicians to effectively manage these tumors. The current standard treatment for ACP is surgery with or without
radiation therapy. Despite radical surgical interventions,
the tumor’s propensity to infiltrate or damage neighboring tissues such as the hypothalamus, pituitary stalk, and
damantinomatous

optic chiasm may complicate complete resection or result
in severe neuroendocrine damage. Even with complete resection, outcomes are commonly bleak. Due to long-term
sequelae, including severe obesity, diabetes insipidus, visual deficits, and hypothalamic syndrome, many patients
experience a significantly lower quality of life even after
treatment.20,51 Recently, an evolving understanding of the
biological basis of ACP behavior has enabled the development of new potential treatment options. In this review
we discuss current knowledge of molecular characteristics
of ACP and their relevance to potential systemically delivered targeted therapies that may improve ACP tumor
control and patients’ long-term quality of life.

ABBREVIATIONS ACP = adamantinomatous craniopharyngioma; ERK = extracellular signal–regulated kinase; IFN = interferon; IL-6 = interleukin 6; MAPK = mitogenactivated protein kinase; MEK = mitogen extracellular kinase; PD-1 = programmed cell death protein 1; PD-L1 = programmed cell death protein ligand 1; SHH = Sonic
Hedgehog; TGF-α = transforming growth factor–α.
SUBMITTED August 30, 2019. ACCEPTED October 17, 2019.
INCLUDE WHEN CITING DOI: 10.3171/2019.10.FOCUS19705.
©AANS 2020, except where prohibited by US copyright law

Neurosurg Focus Volume 48 • January 2020

1

Unauthenticated | Downloaded 01/08/23 01:48 PM UTC

Hengartner et al.

The Wnt Pathway and β-Catenin

A key pathological feature of ACP is dysregulation of
the canonical Wnt/β-catenin pathway. The Wnt pathway is
responsible for organ formation during embryogenesis and
maintenance of adult stem cells.31,37 β-catenin, encoded by
the CTNNB1 gene, is among the proteins that play a key
role in the Wnt pathway.12 β-catenin has been implicated
in development as well as cellular proliferation, migration,
and differentiation.11,12 To date, the only known recurrent
genetic aberration of ACP is mutation of CTNNB1 that
results in the accumulation of β-catenin.
Mutations in exon 3 of CTNNB1 have been described
in 57%–96% of ACP patients.10,62 This mutation modulates the expression profile of β-catenin by hindering the
formation of the β-catenin destruction complex via alterations of serine and threonine residues at or flanking
phosphorylation sites of GSK-3β, a key component of the
β-catenin destruction complex.37,61 As a result, β-catenin
accumulates in the cytoplasm and eventually translocates
to the nucleus, where it interacts with transcription factors
such as lymphoid enhancer–binding factor 1/T-cell–specific transcription factor (LEF/TCF). This factor promotes
expression of the actin bundling protein fascin-1 (fascin)
and activation of Wnt, which stimulate cell proliferation
and migration.8,28,29,59
Nuclear β-catenin accumulation is found in selective
cell cluster whorls, localized predominantly at the tumorbrain barrier (Fig. 1).28 These whorls display tumor stem
cell–like characteristics, suggesting that infiltrative behavior may be related to activation of the Wnt pathway.31
This concept is supported by experiments demonstrating
that neoplastic cells with elevated levels of β-catenin show
increased migration capabilities due to increased Wntsignaling activation.28 Conversely, inhibition of β-catenin
expression reduces the invasion capacity of ACP tumor
cells in culture.28
Clinically, Wnt pathway inhibition via reagents such
as XNW7201, CGX1321, and RXC004 is being explored
for adult non-CNS tumors (clinicaltrials.gov identifiers
NCT03901950, NCT02675946, and NCT03447470), but
has not yet been studied in children. There are currently
no additional preclinical data. While Wnt pathway/βcatenin inhibition may become a promising treatment for
ACP, there have been concerns that agents targeting this
pathway may be associated with significant off-target effects. For these reasons, direct intervention targeting the
Wnt pathway/β-catenin is not a component of current intervention strategies.

Cyst Fluid and Inflammation

In addition to the contrast-enhancing solid tumor component, over 90% of ACPs present with a cystic component.65 The presence of cyst fluid raises unique challenges,
including the potential for rapid growth that may damage
surrounding tissues, increased intracranial pressure, and
unpredictable responses to therapies. Intracystic therapies
that control cyst expansion may therefore aid in the management of local tumor effects with or without radical surgical intervention.
Intracystic catheter insertion via stereotactic and/or
2

FIG. 1. a–d: In ACP, finger-like protrusions of the tumor into adjacent
normal tissue are common (arrows indicate regions of β-catenin accumulation). Immunohistochemical staining for β-catenin reveals nuclear
and cytoplasmic accumulation of β-catenin at the interdigitating interface
between normal and tumor tissue (asterisks indicate adjacent brain tissue). Bars in panels a and c correspond to 20 μm and in b and d to 50
μm. Reprinted by permission from Springer Nature. Acta Neuropathol
(Berl) 119:631–639; Hölsken A, Buchfelder M, Fahlbusch R, Blümcke I,
Buslei R: Tumour cell migration in adamantinomatous craniopharyngiomas is promoted by activated Wnt-signalling, 2010.

endoscopic techniques has been reported as a means to
effectively drain cystic tumors.27,35 However, intracystic
therapies appear to represent a temporary solution, as
demonstrated by high rates of recurrence of cystic tumor
symptoms within a relatively short period of time,19,53 especially as the neurosurgery and neuro-oncology communities increasingly recognize ACP as a chronic disease.
As such, current direct intracystic therapies, such as interferon (IFN), bleomycin, and radioisotopes, play a role
in ACP control but in most cases are not long-term tumor
control solutions.
Intratumoral bleomycin has been widely used as a therapeutic strategy for cystic ACP.1,15,26 However, as a neurotoxin, bleomycin is associated with high potential risks,
such as hypothalamic injury, seizures, blindness, and fatality.6,42,59 In addition to such risks, the short-term tumor
control offered by bleomycin limits this chemotherapeutic
agent’s role in the treatment of ACP.4,65
A safer alternative to bleomycin, intracystic IFN-α,
has been documented as an effective treatment of ACP
in several studies.4,14,34 Proteomic analyses of ACP cyst
fluid demonstrate elevated levels of the antimicrobial peptides α-defensins 1–3, indicative of an inflammatory response.47,54 Patients treated with IFN-α showed decreased
cyst fluid concentrations of α-defensins and shrinkage of
cysts.14,34,47,54 The effective cyst fluid control offered by
IFN-α may delay inevitable invasive surgical and intracranial radiotherapy treatments for several years.38 Such
delays may significantly benefit the neural and endocrinal development of young patients. IFN-α effectively reduces cyst fluid volume by activating the Fas apoptotic
pathway.34 These results suggest a role for inflammatory
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FIG. 2. a–c: Gene expression of IL-6 and IL-6 receptor components in ACP in comparison to normal brain tissue and other brain
tumors, including pilocytic astrocytoma (PA), atypical teratoid/rhabdoid tumor (ATRT), ependymoma (EPN), glioblastoma (GBM),
ganglioglioma (GG), medulloblastomas (MED), and other embryonal tumors (EmT). d–f: Immunohistochemical staining for IL-6
receptor α in ACP shows strong signals throughout the stellate reticulum but shows only sparse staining in the adjacent epithelial
cell regions and in the reactive astrocytic regions. g–i: Double immunofluorescence staining for pSTAT3 (red) and β-catenin
(green) in ACP shows positivity in epithelial and surrounding glial compartments. Labels in panel h indicate epithelial whorls (EW),
palisading epithelium (PE), and reactive glial supporting tissue (GS). Reproduced from Donson AM, Apps J, Griesinger AM, Amani
V, Witt DA, Anderson RCE, et al: Molecular analyses reveal inflammatory mediators in the solid component and cyst fluid of human adamantinomatous craniopharyngioma. J Neuropathol Exp Neurol 76:779–788, 2017. Published by Oxford University Press;
© 2017 American Association of Neuropathologists, Inc. Reprinted with permission.

pathways and the innate immune response in the development and maintenance of cystic ACP components. While
understanding the complete mechanisms and effects of
IFN-α requires further investigation, the integration of
IFN-α into ACP treatment regimens for cystic tumors
may increase the efficacy and lower the morbidity of treatments.
The increased levels of proinflammatory mediators in
ACP cyst fluid and solid tissue further support the role of
inflammation in ACP pathogenesis, raising the possibility
that targeted inflammatory blockade is a strategy that may
play a role in therapy. Characterization of cyst fluid and
solid tumor tissue has shown elevated concentrations of
proinflammatory mediators, including interleukin 6 (IL-

6), IL-8, IL-10, and CXCL1 at protein and mRNA levels compared with concentrations in other pediatric brain
tumors and healthy brain tissue (Fig. 2).19,25,50 Cyst fluid
characterization has also revealed elevated concentrations
of IDO-1, an immunosuppressant,19 and the presence of
β-thymosins, peptides with antiapoptotic and antiinflammatory properties.18
The translation of these findings through the application of directed antiinflammatory therapies targeting IL-6
has begun to show promise for the treatment of ACP. The
human monoclonal antibodies tocilizumab and siltuximab
bind to the IL-6 receptor and IL-6, respectively, hindering
IL-6 from exerting its proinflammatory effects.36,45 These
agents have demonstrated clinical success in the treatment
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of various diseases that are driven in part by dysregulation of IL-6, including systemic juvenile idiopathic arthritis,17,70 multicentric Castleman disease,68 and CAR (chimeric antigen receptor) T-cell–induced cytokine release
syndrome.22 These agents are well tolerated in humans,
including children, and have regulatory approval in the US
and Europe.19,41,70 The efficacy of tocilizumab in the treatment of ACP is currently being investigated under a phase
0 clinical trial (NCT03970226) and was recently reported
to demonstrate efficacy in 2 patients treated on a compassionate use basis.24 A multicenter phase II trial of IL-6 inhibition for patients with ACP is also under development.
The clinical success of therapies that target other proinflammatory factors in various tumors may guide other
potential therapies for ACP. Antagonists of proinflammatory cytokines such as IL-8 and CXCL1, which have been
linked with tumorigenesis and invasive tumor behavior,
have shown therapeutic potential in preclinical human
cancer models.63,64,66 ABX-IL8, an antibody that inhibits
the function of IL-8, inhibited tumor growth in various
cancers in preclinical studies.32,48 However, because of a
failure to meet the primary endpoint in a separate psoriasis
trial, the effectiveness of ABX-IL8 in clinical settings remains unknown.69 IDO-1, an immunosuppressant metabolic enzyme, presents another potential drug target. Clinical
trials for the IDO-1 inhibitors epacadostat (INCB024360)
and GDC-0919 are currently underway and may provide
evidence that the drugs are well tolerated.5,52 While the effectiveness of such selective targeting of proinflammatory
molecules is yet to be investigated in ACP, such drugs may
provide a new approach to the treatment of ACP.

The MAPK/ERK and EGFR Pathways

Recent findings implicating the mitogen-activated-protein kinase/extracellular signal-regulated kinase (MAPK/
ERK) and epidermal growth factor receptor (EGFR) pathways in the growth and development of ACP have provided further potential avenues for therapeutic intervention.
In healthy cells, the MAPK/ERK pathway mediates the
intracellular signals transduced from a range of extracellular stimuli and regulates cell proliferation, survival, differentiation, and motility.29 Overactivity of the MAPK/
ERK pathway, which occurs in several cancers, plays a
role in uncontrolled cancer cell growth, proliferation, and
migration.7,46,49
The MAPK/ERK pathway is regulated by the upstream
activity of EGFR, Ras, Raf, and, most proximally, mitogen
extracellular kinase (MEK). Due to evidence of dysregulation of the MAPK/ERK pathway in ACP,3 the roles of
EGFR, Ras, Raf, and MEK should be explored as potential therapeutic targets.
While overexpression or mutational activation of EGFR
has been found in several cancers,23 ACP does not present
with mutations or amplifications of the EGFR gene.31 However, a study of the ACP transcriptome identified amplified
levels of EGFR pathway genes.25 Activation of the MAPK/
ERK pathway and EGFR signaling pathways have been
shown in β-catenin aggregating cell clusters at the ACP tumor-brain border, suggesting the role of EGFR in brain infiltration.3,29,31 EGFR activity has also been correlated with
4

cell growth and migration by ACP in cell culture models
and in vitro.25,29 Although they may provide a therapeutic
benefit to ACP patients, EGFR antagonists must be further
investigated through preclinical and clinical studies before
their application in the ACP treatment regimen.
Atypical overexpression of EGFR has been shown to
cause hyperactivation of Ras kinase, another upstream
activator of the MAPK/ERK pathway.33,44 When activated, Ras stimulates transcriptional activity of the gene
for transforming growth factor–α (TGF-α).58 TGF-α is
a ligand for EGFR, upregulating the activity of EGFR
through an autocrine feedback loop without necessarily
overactivating the EGFR gene. Upregulation of the expression and secretion of TGF-α has been observed in
various Ras- and Raf-transformed cell types.21,60 Due to
the dysregulation of the MAPK/ERK pathway in various
cancers, extensive efforts have been devoted to developing
Raf and Ras kinase inhibitors.49 As of yet, no clinical trials
have explored the effects of Ras or Raf inhibitors on ACP.
MEK inhibition is increasingly being used clinically,
specifically for the management of low-grade glial tumors. In the context of leveraging recent knowledge of the
MAPK/ERK pathway in ACP, this is also where translation to clinical use has made the greatest progress. Apps
and colleagues demonstrated that in explanted human and
mouse ACP cultures, the inhibition of the MAPK/ERK
pathway via trametinib, an FDA-approved MEK inhibitor,
reduced proliferation and increased apoptosis of tumor
cells (Fig. 3).3 Trametinib has shown promising clinical
results in various solid tumors, including in papillary craniopharyngioma, which is characterized by the BRAFv600e
mutation rather than the CTNNB1 mutation seen in ACP.9
Trametinib is currently being investigated in clinical trials for the treatment of various solid tumors in pediatric
patients (NCT02124772).39,58 These results suggest that
MEK inhibition could provide a clinically viable treatment. Future investigations of the MAPK/ERK pathway
could offer promising solutions for the management of
ACP, and a multicenter phase II clinical trial is now under
development.

The Programmed Cell Death Pathway

In several cancers, blockade of immune checkpoints
has been investigated as a successful antitumor therapy.55,56
In particular, interruption of the immune checkpoint molecules programmed cell death protein 1 (PD-1) and programmed cell death protein ligand 1 (PD-L1) has suggested a successful antitumor therapeutic option.8,67 Recent
support for the roles of PD-1 and PD-L1 in ACP provides
another new avenue for potential systemic treatment.16
Coy and colleagues described consistent and unique localization patterns of upregulated expression of intrinsic
PD-1 and PD-L1 in ACP.16 Elevated expressions of PD-1
were found only in nuclear β-catenin–accumulating cell
clusters.16 In melanoma, PD-1 expression has been linked
to tumorigenesis through the downstream activation of
MAPK/ERK.40 While elevated PD-1 levels in ACP were
associated with increased levels of phosphorylated ERK
and activation of the downstream MAPK/ERK pathway,
investigation of whorled cells exhibiting elevated PD-1 lev-
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FIG. 3. Inhibition of the MAPK/ERK pathway using trametinib in a human ACP ex vivo model demonstrates decreased proliferation
and increased apoptosis of ACP tumor cells. Immunohistochemical staining for β-catenin, activated pERK1/2, Ki-67, and cleaved
caspase-3 showed significant dose-dependent reduction of the proliferative index and an increase in apoptosis in trametinibtreated ACP ex vivo cultures in comparison to vehicle-treated control. Bars = 50 μm. Reproduced with permission from Apps JR,
Carreno G, Gonzalez-Meljem JM, Haston S, Guiho R, Cooper JE, et al: Tumor compartment transcriptomics demonstrates the
activation of inflammatory and odontogenic programs in human adamantinomatous craniopharyngioma and identifies the MAPK/
ERK pathway as a novel therapeutic target. Acta Neuropathol (Berl) 135:757–777, 2018. © 2018 The Authors. CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/).
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FIG. 4. ACP cells in the basaloid epithelium that express PD-L1 (A) are positive for membranous (inactive) β-catenin (CTNNB1;
B) and keratin (C). Cell cluster whorls of nuclear β-catenin accumulation do not express PD-L1, but are positive for keratin (D–F).
Cells at the cyst lining that show PD-L1 expression are positive for membranous β-catenin (G–I). Cells that expressed PD-L1 and
were near “wet keratin” were epithelial cells positive for keratin and membranous β-catenin (J–L). Reproduced from Coy S, Rashid
R, Lin JR, Du Z, Donson AM, Hankinson TC, et al: Multiplexed immunofluorescence reveals potential PD-1/PD-L1 pathway vulnerabilities in craniopharyngioma. Neuro-Oncol 20:1101–1112, 2018. Published by Oxford University Press on behalf of the Society
for Neuro-Oncology. © 2018 The Authors. Reprinted with permission.

els suggested that they are not prolific, which indicates that
in ACP, the PD-1 pathway may not be directly involved
in tumor cell growth and proliferation.16 Nevertheless, the
expression of PD-1 in nuclear β-catenin–accumulating cell
clusters, proposed to be tumor stem cell–like regions,31
suggests the potential of the PD-1 pathway to serve as a
therapeutic target.16
6

PD-L1, on the other hand, was not expressed in
β-catenin–accumulating cell whorls in the work by Coy
and colleagues. Rather, elevated levels of PD-L1 were
found in a significant number of tumor and immune cells
localized at the cyst lining (Fig. 4).16 While the mechanism for upregulation of PD-L1 in ACP is incompletely
understood, its presence along the cyst lining implies

Neurosurg Focus Volume 48 • January 2020
Unauthenticated | Downloaded 01/08/23 01:48 PM UTC

Hengartner et al.

some interaction with the highly proinflammatory milieu
of ACP cyst fluid. It is possible that PD-L1 pathologically
regulates the activity of tumor-associated immune cells.
In addition, as PD-L1 elevation correlates with EGFR activation in ACP,16 targeting PD-L1 may affect the EGFR
and MAPK/ERK pathways, with the potential to inhibit
tumor growth.
FDA-approved PD-1 and PD-L1 antagonists that are
well tolerated have successfully inhibited growth in various tumors.72 Although preliminary data exist for the role
of the PD-1/PD-L1 pathway in ACP, additional research is
needed to resolve its involvement in tumor growth and to
develop targeted antitumor strategies.

The Sonic Hedgehog Pathway

The Sonic Hedgehog (SHH) signaling pathway plays a
role in the regulation of cell differentiation and proliferation as well as the normal development of organs such as
Rathke’s pouch.43,57 SHH has been implicated in tumorigenesis and tumor growth in various cancers.53,71 In investigations of ACP, SHH upregulation has been described in
human and mouse models.2,25,30 While the inhibition of the
SHH pathway has shown success in the treatment of some
cancers,57 a recent study by Carreno and colleagues demonstrated that the treatment of ACP with visomodegib, an
FDA-approved SHH pathway inhibitor, results in a substantial reduction in median survival in murine models.13
This result, combined with evidence that inhibition of the
SHH pathway in human ACP leads to increased tumor cell
proliferation in explant cultures and patient-derived xenograft models,13 precludes consideration of SHH inhibitors
as a viable treatment for ACP at this time.

Conclusions

Recent advances in our understanding of the biological
framework of ACP have greatly improved prospects for
effective novel treatments. The identification and exploration of several pathways implicated in the development
and growth of ACP provide opportunities to develop new
therapeutic strategies that may increase the quality of life
of ACP patients. Targeted systemic therapeutic strategies
may allow for less aggressive neurosurgical interventions
and consequently reduce the morbidity and risks of such
treatments. Systemic therapeutic regimens may be particularly beneficial to patients with frequent tumor recurrence and highly infiltrative tumors without the prospect
of complete resection. While further research is needed
to effectively translate these laboratory findings to clinical settings, ongoing preclinical investigations and clinical
trials of these prospective pathways continue to shape and
inform the treatment of ACP.
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