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Emerging Therapeutic Targets in Chordomas: A
Review of the Literature in the Genomic Era

Chordomas are rare primary malignant tumors of the bones that occur along the skull
base, spine, and sacrum. Long-term survival and neurological outcome continue to be
challenging with continued low percentages of long-term survival. Recent studies have
used genome, exome, transcriptome, and proteome sequencing to assess the mutational
profile of chordomas. Most notably, Brachyury, or T-protein, has been shown to be an early
mutational event in chordoma evolution. Clinically actionable mutations, including in the
PI3K pathway, were identified. Preliminary evidence suggests that there may be mutational
differences associated with primary tumor location. In this study, we review the therapeutic

landscape of chordomas and discuss emerging targets in the genomic era.
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hordomas are midline rare primary

bone tumors of the notochord with an

age-adjusted incidence rate of 0.08 per
100 000. Approximately 32% of cases present
within the skull base, 32.8% along the mobile
spine, and 29.2% are sacral.! Such anatomic
locations involve eloquent neurological struc-
tures that interfere with maximal surgical
resection, which is especially problematic given
the chemoradiotherapeutic-resistant clinical
phenotype that is seen in chordomas.” Survival
is dismal with 5- and 10-yr survival rates of
approximately 67.6% and 39.9%, respectively.
Recurrence rates are high; efficacy of surgery
or reirradiation in the recurrent setting is
limited.> Therefore, there is an unmet need to
identify more efficacious treatment options for
patients with chordomas. Emerging advances
in genomics and immunotherapeutics may
offer additional treatments regimens in the near
future.

BRACHYURY

The Brachyury gene, located on chromosome
6q27, is a T-box transcription factor necessary

for specification of the mesoderm from the
epithelium, a key regulator of notochord
formation from which chordomas arise.°
In 2006, Brachyury was expressed in all 53
analyzed chordomas and was able to discrim-
inate chordoma from chondrosarcoma.” Subse-
quently, Brachyury was identified as a major
susceptibility gene in familial chordoma across
4 families, each of which having greater than or
equal to 3 cases of chordoma.® Next, Brachyury
expression was confirmed in a patient-derived
cell line, JHC7, from a sacral chordoma.
Silencing of Brachyury in the cell line using
shRNA led to growth arrest.” 1

Brachyury acts as a master regulator of a
transcriptional network involved in oncoge-
nesis.'" Shah and colleagues'? recently found
that Brachyury provides direct transcriptional
activation of Yes-associated protein (YAP),
which is a well-known effector of the Hippo
pathway and essential for organ development.
Moreover, in a cohort of 27 chordoma samples,
those with high expression of Brachyury had
upregulation of genes associated with the
PI3K/Akt pathway.'”> Indeed, patients with
higher  Brachyury expression had shorter

progression-free survival (5 mo compared to

ABBREVIATIONS: CDKN2A, cyclin-dependent kinase inhibitor 2A; EGFR, epidermal growth factor receptor; HR,
hazard ratio; IHC, immunohistochemistry; PDGFR, platelet-derived growth factor receptor; PD-L1, programmed
death-1ligand; SNP, single nucleotide polymorphism; YAP, Yes-associated protein
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EMERGING THERAPEUTIC TARGETS IN CHORDOMAS

TABLE. Chordoma Clinical Trials in Progress

NCT Number Title Phase Class

02383498 A randomized, double-blind, phase 2 trial of GI-6301 2 Vaccine
(yeast-Brachyury vaccine) versus placebo in
combination with standard of care definitive
radiotherapy in locally advanced, unresectable,
chordoma

03595228 A phase 2 trial of BN-Brachyury and radiation therapy 2 Vaccine
in patients with advanced chordoma

03083678 A phase 2, single arm, European multi-center trial 2 Tyrosine kinase inhibitor
evaluating the efficacy of afatinib as first-line or
later-line treatment in advanced chordoma

01407198 Phase | study of nilotinib given with radiation for 1 Tyrosine kinase inhibitor
patients with high-risk chordoma

03110744 CDK4/6 inhibition in locally advanced/metastatic 2 CDK inhibitor
chordoma

02989636 Phase | safety study of stereotactic radiosurgery with 1 Immunotherapy
concurrent and adjuvant PD-1antibody nivolumab in
subjects with recurrent or advanced chordoma

02834013 DART: dual anti-CTLA-4 and anti-PD-1 blockade in rare 2 Immunotherapy
tumors

03173950 Phase Il trial of the immune checkpoint inhibitor 2 Immunotherapy
nivolumab in patients with select rare CNS cancers

03623854 A signal finding phase 2 study of nivolumab (anti-PD-1; 2 Immunotherapy

BMS-936558; ONO-4538) and relatlimab (anti-LAG-3
monoclonal antibody; BMS-986016) in patients with

advanced chordoma

13 mo). These findings support a collision in chordomas
between a regulator of embryogenesis through Brachyury and well-
established cancer pathways.

Additional analysis of germline DNA from 40 individuals with
chordoma ancestry-matched to 358 controls revealed that single
nucleotide polymorphism (SNP) rs2305089 within Brachyury
confers an increased risk of 6.1 for sporadic chordomas.'* Others
verified that SNP rs2305089 conferred an increased risk for the
development of sporadic chordoma, OR 2.85, and also with
familial chordoma OR 2.6."° To determine if SNP 152305089
was associated with clinical outcomes, analysis of archived tissue
from 109 spinal chordomas revealed that 93.6% (102/109)
of specimens harbored the variant.!® Patients with the SNP
52305089 variant had significantly improved survival compared
to those without the variant (median survival 7.6 yr compared to
3.8 yr).

To evaluate whether Brachyury could be a targetable alteration
in patients with chordoma, a phase I trial evaluated GI-6301, a
yeast-Brachyury vaccine, in 7 patients with advanced chordoma
(NCT01519817)."7 Of the 7 patients, 5 had progressive disease
at the start of the study, resulting in one partial response,
one patient with stable disease, and 3 patients with progressive
disease at day 141 restaging. Analysis confirmed safety of the
vaccine with corresponding immune response. Such promising
results led to conducting a phase II trial of GI-6301, which is
currently underway (NCT02383498) (Table).

NEURO

A second phase I trial evaluated the safety of a Modified
Vaccinia Ankara vector-based vaccine that expresses the trans-
genes for Brachyury as well as B7.1, ICAM-1, and LFA-3
(NCT02179515)!® in 38 patients with advanced chordoma.
T-cell responses were seen at all dose levels, and there
were no reported dose-limiting toxicities. These findings
resulted in a phase II trial in combination with radiation in
patients with advanced chordoma, which is currently underway

(NCT03595228).

GENOME AND EXOME VARIANTS

Comprehensive genomic evaluation of 104 cases of chordoma
revealed recurrent somatic duplication of Brachyury in 27%
of cases.!” Additionally, 17% of samples had alterations in
chromatin modeling genes, including ARIDIA, PBRMI, and
SETD2, as well as 16% in PI3K signaling genes, including
PIK3CA, PIK3R1, and PTEN. Interestingly, recurrent alterations
in LYST were identified in 10% of samples, a finding that may
indicate a novel cancer gene in chordomas. Moreover, no fusion
events were identified. Although these results are encouraging
to inform the tumor biology of chordomas, the authors make
a point to identify that 47/104, or 45.2%, of tumors did not
have a single plausible driver variant. Such a finding strongly
suggests that alterations beyond the genome and exome support
chordoma oncogenesis. Likely, multiplatform analyses will be
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required to elucidate chordoma oncogenesis, including epigenetic
changes.

Indeed, one informative region of the genome outside of the
coding exome region is the promoter region. The promoter region
of TERT, telomerase reverse transcriptase, is frequently mutated
in cancer and has prognostic significance.?**?! Mutations within
the 7ERT promoter result in increased transcription and maintain
telomere length in dividing cancer cells.?” In meningiomas,
TERT promoter mutations have been associated with higher-
grade lesions and shorter time to progression23; in glioblastoma,
there is shorter overall survival, independent of /DH status.>*

On the other hand, in a cohort of 92 spinal chordomas, a
C228T or C250T TERT promoter mutation was observed in
8.7% of samples.”> Ten-year survival for chordoma patients with
a TERT promoter mutation was 100% (n = 8), compared to 67%
(n = 56) of patients without the mutation. Given the favorable
clinical outcome for chordomas patients with 7ERT promoter
mutations, compared to a more aggressive clinical course that
is seen in other cancers, interrogation of the clinical implication
of TERT promoter status in chordomas in a validation cohort is
advised.

The current clinical trial landscape of EGFR, PDGEFR, and
CDKN2A inhibitors in chordomas is presented here.

EGFR

The epidermal growth factor receptor (EGFR) is frequently
altered in cancer,”® especially in nonsmall cell lung cancer.”’
Within chordomas, several studies found varying degrees of
EGFR expression.zg’f’0 In a study of 160 patients, 69% of cases
harbored EGFR expression using immunohistochemistry (IHC).
Notably, however, EGFR mutation status from sequencing is a
stronger predictor of response to EGFR inhibitors than is evalu-
ation of EGFR expression with immunohistochemistry, especially
in lung cancer.”>31-32

Additionally, in vitro inhibition of EGFR using a tyrphostin
EGFR inhibitor in the well-established U-CH1 chordoma cell
line resulted in inhibited proliferation.®® Such a finding was
recapitulated in an iz vivo patient-derived chordoma xenograft
with erlotinib, an EGFR small molecule inhibitor.>?

Given the above data, several case reports evaluating EGFR
inhibitors in chordoma patients found meaningful responses
using several EGFR inhibitors including cetuximab, gefitinib,
and erlotinib.’*3% A phase II study of lapatinib in 18 EGFR-
positive patients with progressive chordomas reported stable
disease as the best response outcome; median progression-free
survival was 8 mo.?” As such, a phase II trial of afatinib in patients
with advanced chordoma with confirmed EGFR expression is
currently underway (NCT03083678).

PDGFR

Platelet-derived growth factor receptor (PDGFR) is a second
targetable alteration implicated in chordoma genomics. In
one series, PDGFRB expression was seen in all 18 analyzed
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chordomas, and to a lesser extent PDGFRA, and KIT, too.*°
Increased PDGFRB expression has also been associated with
increased dural penetration in clival chordomas, as well
as worse prognosis.’! Because of the evidence suggesting
increased PDGFRB expression in chordomas, 6 patients
with advanced chordoma underwent treatment with imatinib
mesylate, an inhibitor of BCR-ABL, KIT, PDGFRA, and
PDGFRB, which demonstrated evidence of antitumor
activity.”? Efficacy of imatinib was evaluated in a phase II
trial (NCT00150072/CSTI571BIT15). With intention-to-treat
analysis of 56 patients, median overall survival was 34.9 mo and
median progression-free survival was 9.2 mo. A total of 32.4%
of patients had clinical benefit; however, the objective response
rate was 0%.

Beyond imatinib, in a phase I trial of nilotinib, another
tyrosine kinase inhibitor that targets PDGFRB, the safety profile
is currently under study when in use with combination radiation
therapy in patients with high-risk chordoma (NCT01407198).

CDKN2A

Cyclin-dependent kinase inhibitor 2A (CDKN2A) encodes
for pl6, which is a known tumor suppressor in cancer,
and is frequently altered in chordomas.”> In 100% of estab-
lished chordoma cell lines (n = 8), loss of CDKN2A was
evident and palbociclib, a CDK4/6-specific inhibitor, resulted
in tumor cell growth inhibition.** The efficacy of palbociclib is
currently being tested in a phase II trial in patients with locally
advanced/metastatic chordoma (NCT03110744).

TRANSCRIPTOME

The advent of RNA-Seq allows for comprehensive charac-
terization of the transcriptome, thereby allowing for a better
understanding of the functional landscape of the genome.®
Bell and colleagues®® reported a cohort of 14 skull base
chordomas, and analysis using RNA-Seq revealed 222 cancer-
related transcripts, including upregulation of 7, LMXIA, ZIC4,
LHX4, and HOXAI, genes known to be related to devel-
opment. Interestingly, additional work by this group using RNA-
Seq revealed location specific transcripts unique to spinal and
skull base chordomas.*” As confirmed by THC, LMXIA was
enriched in skull base chordomas, compared to SALL3 in spinal
chordomas. Indeed, Brachyury expression was common amongst
both chordoma subtypes.

Comparative RNA expression analysis from 3 clival chordoma
and 9 sacral chordoma cell lines revealed no or very low levels
of HOXAL10 protein in the clival cell lines, compared to strong
expression in the sacral cell lines,”® an important aforemen-
tioned regulator of development. This evidence suggests unique
tumor biology may be associated with chordoma location from
skull base, to spinal, and sacral. Future work ought to address
this hypothesis and evaluate impact on clinical outcomes and
treatment resistance.
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PROTEOME

In addition to exome and transcriptome alterations in
chordomas, with the use of mass spectroscopy,” investigators
compared the proteomic profile of a primary and recurrent
chordoma sample.”® The recurrent chordoma sample had 359
proteins that had unique protein expression. Notably, the
recurrent sample had increased expression of activated leukocyte
cell adhesion molecule (ALCAM or CD166), which was
confirmed using IHC. Others identified 14 upregulated and 5
downregulated proteins in chordomas with higher expression
of alpha enolase (ENO1), pyruvate kinase M2 (PKM2), and
gp96 in recurrent compared to primary samples.’! Although
univariate analyses demonstrated an association with ENO1 and
PKM2 with disease-free survival, these markers were not signif-
icant in multivariate analysis with known prognostic clinical
factors. Potentially, such analysis with larger cohorts could yield
promising results to support a clinically informative protein
biomarker, especially in the recurrent setting.

EPIGENETIC BIOMARKERS

Genomic alterations in cancer are common in genes with
epigenetic mechanisms, including the SWI/SNF
chromatin-remodeling complex and histone modification.
Therefore, systematic interrogation of epigenetic biomarkers
within chordomas could provide novel therapeutic targets for
which targeted therapies are available or in development.’?->4
Epigenetic mechanisms, including DNA methylation and post-
transcriptional gene regulation by noncoding RNA (miRNA),
have been recently shown to play a role in chordoma.

known

DNA Methylation

Hypermethylation of promoter regions of tumor suppressor
regions results in silencing of transcription and facili-
tates a mechanism to support definitive oncogenesis across
cancers.”” Rinner and colleagues®® explored DNA methy-
lation in 10 chordoma samples, identifying 9 regions that
were hyper/hypomethylated: C3, XIST, TACSTD2, FMRI,
HICI, RARB, DLECI, KL, and RASSFI. DNA methy-
lation of an additional 26 chordomas matched to normal
nucleus pulposus samples confirmed areas of cancer-specific
hyper/hypomethylation.”” The MGMT promoter was always
unmethylated in clival chordomas without recurrence (n = 15)
but was frequently methylated in a portion of recurrent clival
chordomas (4/15, 26.7%).>® Thus, future work ought to focus
on how methylation status may play a role as a biomarker for
prognostication in sufficiently powered cohorts.

miRNA

Expression levels of several miRNA candidates that regulate
gene function have been associated with clinical outcomes
in chordomas: miR-219-5p with tumor extent and recur-

NEURO
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rence’”; miR-1273-3p with tumor invasion and recurrence-free

survival®’; miR-155 with disease stage, presence of metastasis, and
clinical outcome®; and miR-140-3p with recurrence and tumor
invasion.%?

Although the aforementioned miRNA candidates ought to be
externally validated, there has been agreement of the potential
interaction between miRNA and c-MET, a tyrosine kinase of
the hepatocyte growth factor and its recepror,” in chordomas.*t
Bayrak and colleagues® performed functional analysis of miR-
31, revealing an apoptotic effect on chordoma cells. Expression
correlated with downregulation of ¢-MET expression. Others
confirmed these findings that miR-31-5p overexpression was
associated with decreased c-MET expression and even activation
of the PI3K/AKT signaling pathway.*®

Another group found that miR-1 expression correlated with
clinical prognosis in chordomas, and was inversely associated with
MET expression.®” Furthermore, a third group identified that
miR-34a inversely correlated with MET expression.®® Given these
converging data that support a role of microRNA expression in
chordoma with known pathways that support oncogenesis, future
work should attempt to better elucidate how relative miRNA
expression affects clinical outcomes, especially across chordoma
samples from the skull base, spine, and sacrum.

CHECKPOINT INHIBITORS

The success of checkpoint inhibitors in diseases with previ-
ously dismal prognosis such as metastatic melanoma and small
cell lung cancer has led to an interest in potential biomarkers
that portend successful response to immunotherapy. One such
biomarker is programmed death-1 ligand (PD-L1).*” A study
of 54 spinal chordomas had 68.5% of samples with PD-
L1 positivity using IHC. PD-L1 expression only in tumor-
infiltrating lymphocytes was a favorable independent prognostic
marker for local recurrence-free survival (HR = 0.298) and overall
survival (HR = 0.188). Analysis by another group revealed PD-
L1 positivity in 94.9% of 78 chordoma samples from a tissue
microarray.”® In a small series, 2 chordoma patients were treated
with a checkpoint inhibitor.”! One patient with a C3 vertebral
chordoma was treated with pembrolizumab, which resulted in
rapid clinical improvement within 6 wk of treatment and 6 mo of
disease control. A second patient had a petroclival chordoma who
was treated with nivolumab and who similarly experienced rapid
clinical improvement and 9 mo of disease control.

Given these findings, there are currently 3 open clinical
trials evaluating the role of checkpoint inhibitors in patients
with chordomas. NCT02989636 is a phase I trial evaluating
nivolumab with or without stereotactic radiosurgery in the
recurrent setting. Additionally, NCT02834013 is testing the role
of nivolumab and ipilimumab and NCT03173950 is testing
nivolumab in patients with chordomas. An additional phase II
trial, NCT 03623854, will evaluate the role of nivolumab and
relatlimab (an anti-LAG-3 monoclonal antibody) in patients with
chordoma, and is soon to open for enrollment.
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CONCLUSION

Knowledge of the genomic drivers of chordomas has advanced

greatly. Despite such advances, however, there is still much to
learn. There remains a paucity of information to guide how
alterations in the genome, exome, transcriptome, proteome,
and even epigenetic changes may influence clinical presentation,
management, and survival outcomes of chordoma patients.
Moreover, preliminary evidence suggests that unique tumor
biology may be associated with tumor location in chordoma, from
the skull base to the spine and finally to the sacrum. Larger,
consortium-based, focused efforts to address such differences and
their clinical implications are warranted to help support neuro-
surgical management.
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COMMENT

his review of the potential emerging therapeutic targets in

chordomas is a nice touchstone for those interested in furthering
these investigations. The amount of work being done with chordoma
signals the grim realization that despite improving surgical techniques
and extents of resection and sophisticated radiation planning we are
simply not curing the majority of these patients. Recurrences are
common and each recurrence makes it less and less likely that further
surgical or radiotherapeutic interventions will convey any meaningful
outcome benefit. Perhaps one of the most significant findings impacting
the construction of future therapeutic trials for chordoma are the
distinct location-specific transcripts identified by tumor location. Sacral
chordomas are not the same as clival chordomas and therapeutic trials
will likely need to be location specific.
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