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Abstract

Purpose—Cancers may resist single-agent targeted therapies when the flux of cellular growth
signals is shifted from one pathway to another. Blockade of multiple pathways may be necessary
for effective inhibition of tumor growth. We document a case in which a patient with anaplastic
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thyroid carcinoma (ATC) failed to respond to either mTOR/PI3K or combined RAF/MEK
inhibition, but experienced a dramatic response when both drug regimens were combined.

Experimental Design—Multi-region whole-exome sequencing of five diagnostic and four
autopsy tumor biopsies was performed. Meta-analysis of DNA and RNA sequencing studies of
ATC was performed.

Results—Sequencing revealed truncal BRAF and PIK3CA mutations, which are known to
activate the MAPK and PI3K/AKT pathways respectively. Meta-analysis demonstrated 10.3% co-
occurrence of MAPK and PI3K pathway alterations in ATC. These tumors display a separate
transcriptional profile from other ATC, consistent with a novel subgroup of ATC.

Conclusions—BRAF and PIK3CA mutations define a distinct subset of ATC. Blockade of the
MAPK and PI3K pathways appears necessary for tumor response in this subset of ATC. This
identification of synergistic activity between targeted agents may inform clinical trial design in
ATC.

Introduction

Anaplastic thyroid carcinoma (ATC) is among the most aggressive solid tumors, with an
almost uniformly fatal prognosis. Most patients (70%) present with metastatic disease(1)
and survive for an average of 4.2 months(2). Genomic interrogation of ATC patients has
demonstrated a spectrum of mutated genes including 7P53 NRAS, BRAF, and PIK3CA(3,
4). A subset of these patients carry BRAFYB00E and activating P/K3CA mutations. Animal
studies have shown that co-mutation of BRAFand PIK3CA is sufficient to robustly establish
ATC in mice, whereas mutation of either gene alone is not(5). No effective systemic
therapies exist for ATC(6), although recent reports of exceptional responders to single-agent
targeted therapies(7, 8) provide support for the use of targeted therapies in this disease.
Broadly, combinations of targeted therapies in patients with activating alterations in multiple
oncogenic pathways have been incompletely characterized. Furthermore, tumor genomic
heterogeneity, or lack thereof, in the context of exceptional responders has not yet been
explored. Here we perform multi-regional genomic analysis of an exceptional responder to
dual inhibition of the MAPK and PI3K/AKT pathways to determine genomic features
driving this clinical phenotype.

Materials and Methods

Study Oversight

The tissue collection study and tumor profiling study was approved by the institutional
review board of the Dana—Farber/Harvard Cancer Center (protocols #09-472 and #11-104).
The patient provided written informed consent for treatment and genomic sequencing.

Pathology

All tumor samples underwent pathology review (VAP, JAB) prior to DNA extraction.
Kinome assay was performed per manufacturer’s instruction by the Brigham and Women’s
Hospital Clinical Pathology department. The Human Phospho-Kinase Array Kit was
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purchased from R&D systems (Minneapolis, MN) and used according to the manufacturer’s
instructions.

DNA sequencing

Tumor genomic DNA was isolated from formalin-fixed paraffin embedded blocks of tissue
using the QlAamp DNA FFPE Tissue Kit (Qiagen)(9). Normal DNA was isolated from
whole blood. Targeted sequencing of 301 genes (442X average coverage) was performed on
the initial tumor biopsy(10). Samples were sequenced on an Illumina HiSeq-2000 to an
average of depth of 206X(9). Sequencing was performed with paired-end reads and an
average read length of 76. The average rate of read alignment was 98.6%. FASTQ files were
aligned to the reference genome and quality control metrics were computed using the Broad
Institute Picard software suite version 3.

Somatic mutation calling

Somatic mutations were called with MuTect(11). OxoG artifacts were removed using the
Broad Institute OxoG3 filter(12). Insertions and deletions (indels) were called with
Strelka(13). All mutations were filtered against a panel of normal genomes sequenced at the
same institute to remove sequencing artifacts.

Targeted Panel Sequencing of Anaplastic Thyroid Carcinoma

Specimens were collected under institutional protocol number 09-472. Samples were
sequenced using a capture array of 300 known cancer genes(10). Sequencing and mutation
calls were performed by the Center for Cancer Genome Discovery at DFCI.

Copy humber determination

Relative copy number profiles were determined using ReCapSeg as described in the Broad’s
GATK documentation (http://gatkforums.broadinstitute.org/categories/recapseg-
documentation). Briefly, exome sequencing coverage data were normalized against exome
coverage data from a panel of blood controls to generate probe level copy-level data that are
subsequently segmented using circular binary segmentation(14). These segmented copy
number profiles were paired with read counts at germline heterozygous sites to generate
allele-specific relative copy number profiles using Allelic Capseg(15). Allele-specific copy
number data was paired with exomic mutations as input to ABSOLUTE for final
computation of discrete allele-specific copy number profiles(16).

Phylogenetic Tree Reconstruction

We used a force-calling strategy to recover evidence of any mutations that failed to reach the
threshold of Mutect in a given biopsy at sites that were called confidently in other
biopsies(15).

Phylogenetic trees were constructed from mutation data using an implementation of clonal
ordering(17). Mutations were converted into a binary incidence-matrix depending on their
absence/presence in each biopsy. These data were paired with a calculation of the power to
detect each mutation in each biopsy given the purity, local ploidy and sequencing coverage.
Mutations that were absent in one biopsy but present in others were marked as absent with a
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probability proportional to the power to detect the mutation (using independent sampling at
each entry of the incidence matrix). A distance matrix was computed from the final
incidence matrix using the following distance metric:

1
1+m, - mp

da,b =

where 757 corresponds to the binary vector of mutations in biopsy aand j5; is the vector
describing biopsy 4. Hierarchical clustering of this distance matrix was performed using the
complete linkage method in R. This procedure was performed 1,000 times to obtain a
consensus tree. The reliability of specific splits was measured by their presence across
permutations (Supplementary Figure 1). A given split was considered reliable across
different trees if all of the members of the two branches are the same.

Chromosome arm level losses in each samples were recorded by manual review of the
ABSOLUTE copy number plots (Supplementary Figure 2). Once one chromosome arm is
lost, its alleles cannot be regained, thereby making these losses informative phylogenetic
events. The phylogenetic tree in Figure 2 was generated by clonal ordering of these events, it
is concordant with the tree built from the mutation data and allows for more accurate
placement of several biopsies such as biopsies 4, 9 and 2.

A 62-year-old woman presented with a two-month history of dysphagia, throat irritation and
a rapidly expanding neck mass. Fine needle aspiration of the dominant nodule demonstrated
a high-grade malignancy suggestive of anaplastic thyroid carcinoma. The patient underwent
near-total thyroidectomy to preserve the right recurrent laryngeal nerve and parathyroid.
Only subtotal resection was possible due to tumor infiltration of the trachea. A right level VI
lymph node dissection was performed as well. Pathologic analysis showed a 4.5 cm
anaplastic thyroid carcinoma with extensive squamous differentiation and lymphovascular
invasion. Tumor was present at the surgical resection margins. One week after surgery, the
patient underwent a staging PET-CT with no evidence of FDG-avid metastatic disease. The
patient received concurrent radiosensitizing chemoradiotherapy with carboplatin and
paclitaxel. She was also started on a regimen of levothyroxine for TSH suppression. After
completing chemoradiation, a re-staging PET-CT was performed and no residual disease
was detected.

Nine months after completing chemoradiation, the patient’s tumor locally recurred. She
received re-treatment with carboplatin and paclitaxel for palliation, but demonstrated
radiographic evidence of progression. Next, the patient was placed on everolimus (an mTOR
inhibitor) empirically. After four weeks, the patient showed disease progression by CT
(Figure 1A-B) and everolimus was discontinued. Clinical targeted sequencing of a tumor
biopsy from the original resection revealed BRAFV0E and PIK3CAHI04TR mytations. On
the basis of the BRAF mutation, therapy with combined dabrafenib and trametinib was
initiated. After six weeks, the patient was evaluated by CT and her tumor had continued to
grow. The patient developed stridor and a second biopsy was obtained. Kinome analysis was
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markedly positive for pS6, a marker of PI3K/MTOR pathway activation. Because the patient
experienced minimal side effects with dabrafenib/trametinib, triple therapy with dabrafenib/
trametinib/everolimus was initiated. Five weeks later, physical exam revealed reduced
stridor, and the patient reported decreased shortness of breath. CT evaluation showed
dramatic tumor shrinkage, with increased patency of the airway (Figure 1A-B).

Eight weeks after the initiation of dual pathway inhibition, the patient became acutely short
of breath with worsening stridor and ultimately died. Clinically, fatal tracheomalacia
secondary to rapid death of tumor cells was suspected. Autopsy revealed that approximately
half of the tumor showed necrosis, fibrosis and calcification, consistent with a dramatic
response to therapy. In addition, there was devitalization and erosion of adjacent cartilage.

Biopsies of the diagnostic resection and on-treatment autopsy tumor were obtained for
genomic characterization and comparison with the diagnostic resection from 16 months
prior. A total of 10 tumor biopsies that were subjected to genomic profiling, 9 of which were
subjected to high-depth (mean 205X) whole-exome sequencing (WES). We identified a total
of 99 coding mutations. A phylogenetic tree was constructed that revealed clonal and known
activating BRAFVS00E and pIK3CAHI047R mutations in all biopsies profiled (Figure 2A-C).
The mutational structure of the phylogenetic tree demonstrated heterogeneity that was
mostly restricted to mutations private to individual biopsies. Only 22 of 99 single nucleotide
mutations were detected in all biopsies (Figure 2C). Of the remaining mutations, 54 were
detected in only a single biopsy.

As with the mutational heterogeneity between biopsies, somatic copy number alterations
differed. While all biopsies displayed clonal losses of chromosomes 9,10,16 and 18q, ten
other chromosome-level copy number alterations were heterogeneous. Three of four
pretreatment biopsies displayed clonal loss of chromosomes 4 and 13, whereas none of the
biopsies obtained at autopsy displayed loss of these chromosome arms (Supplementary
Figure 2). Only 3 of 5 biopsies from the post-resection on-treatment tumor clustered into a
single branch of the phylogenetic tree, indicating that multiple subclones survived surgical
resection and chemoradiation.

Given the genotype-phenotype relationship in this case, we sought to determine the rate at
which BRAFand PIK3CA are co-mutated in ATC more generally. We combined data
obtained from targeted sequencing at our institution with two previously published next-
generation sequencing studies of ATC(3, 4). BRAF was co-mutated with PIK3CA in 10.3%
of patients (9/87, Figure 3A). We identified an additional two tumors that had co-mutation
of other MAPK and PI3K pathway genes, one with ARAFP-S214F_pTENP-Q17IH co-mytation
and the other with MAPK1P-P319L_pTENP-R335X co_mutation. Unsupervised clustering of
expression data from ATC samples, demonstrated that the tumors with BRAF/PIK3CA co-
mutation clustered together (p=0.006, Figure 3A). These data suggest that BRAF/PIK3CA
co-mutated tumors define a distinct biological subset of ATC.

We then analyzed 5,255 cancer exomes in the Cancer Genome Atlas (TCGA) to determine
whether similar cancer genomes occurred outside of anaplastic thyroid carcinoma(17). We
identified 11 tumors with BRAFYE0E and non-synonymous P/K3CA mutations. Seven

Clin Cancer Res. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gibson et al. Page 6
individuals were identified with BRAFYE00E and PTEN co-mutation. Affected tumor types
included melanomas (n=11), glioblastoma multiforme (n=2), lung adenocarcinoma (n=2),
head and neck squamous cancers (n=1), and papillary thyroid cancers (n=2) (Figure 3B).
While BRAFand PIK3CA were significantly co-mutated in ATC (p=0.03), this finding was
not replicated across other head and neck cancers (Figure 3C).

Discussion

Preclinical ATC cell line and mouse models suggest that neither BRAFY600E nor
PIK3CAHI047R mutations alone are sufficient to induce ATC-like tumors(18). However,
mice bearing activating mutations of BRAFand P/IK3CA develop tumors that resemble
ATC. Similarly, mouse tumors and human cell lines bearing the same genetic architecture as
our patient respond only to co-treatment with MAPK and mTOR inhibitors and not to either
treatment alone(19, 20). These pre-clinical data anticipated the response observed in this
patient. In this case, we were able to show that MAPK inhibition alone did not inhibit tumor
growth while the PIK3CA pathway was still active providing a rationale for dual blockade,
which resulted in tumor response. Taken together, these observations suggest that MAPK
and PIBK/MTOR pathway blockade represents an effective dual therapy aimed at the
founding oncogenic lesions in a subset of ATC. To our knowledge, this is the first instance
of clinical response to dual pathway inhibition in ATC, and the prevalence of such genetic
co-occurrence in this disease may warrant clinical trial development favoring combination
therapies.

Furthermore, extensive WES of tumor tissue obtained at various points during the patient’s
treatment showed a notable absence of potential new driver mutations, despite the
emergence of multiple subclones typically associated with poor response to therapy(21). It is
unclear whether homogeneity among drivers is a common characteristic of ATC. We
speculate that the driver homogeneity in this tumor, as revealed through it's phylogenetic
structure, may have resulted in a durable response, but unfortunately the patient experienced
a catastrophic complication from the rapid initial treatment response.

If supported with larger cohorts, the observation that certain targeted therapies have little
efficacy as single agents, but are clinically synergistic in combination suggests that
monotherapy clinical trial strategies may fail to recognize drugs that could help genomically
defined patient populations. Combination clinical trials may enable repurposing of therapies
and targets that were ineffective as monotherapies or in unstratified clinical subgroups.

Questions remain as to whether dual pathway blockade will be effective in ATC with
different genotypes, or in other tumor types. Within ATC, RAS mutations are frequent and
function in part by activating both the MAPK and PI3K pathways, suggesting that dual
pathway blockade could help these patients as well. Furthermore, while no previously
profiled tumor type shares the same frequency of BRAF/PIK3CA co-mutation as ATC, there
has been broad interest in combination therapy trials targeting the MAPK and PI3K
pathways in other tumor types. An extensive body of data supports the idea that PI3K
pathway activation is frequently responsible for acquired resistance to BRAF inhibition and
combination therapy is necessary for durable responses across a variety of cancers,
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particularly in melanoma (23, 24). On the basis of these data, MAPK/PI3K combination
therapy is being evaluated in several early stage clinical combination therapy trials in
multiple tumor types including melanoma and colorectal cancer(22). Despite this
widespread hope, our findings contrast with the modest preliminary clinical data observed in
other tumors types(23). This difference may be accounted for by the lower rate of BRAF/
PIK3CA co-mutation in other tumor types. Alternatively, ATC may represent a tumor-type
with unusually strong dependence on a limited number of mitogenic signals from its
activated oncogenes.

Finally, the use of both targeted therapeutics individually and in concert were all off-label in
this case. Off-label therapy administration is increasingly common in the oncology
community with the identification of actionable targets and available inhibitors(25). In our
case, no viable treatment alternatives were available and the evidence from in vitro
laboratory data and results from our kinome analysis could justify the combination of drugs
that have not been tested together in a clinical trial. While we do not encourage the use of
untested drug combinations, this case illustrates the critical need to capture clinical actions
being made as a result of cancer genotyping data and off-label use across the broader clinical
oncology community in order to identify these outlier events for systematic study and
connection with clinical trial development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

Activating mutations in BRAFand P/IK3CA define a subset of anaplastic thyroid
carcinoma and activate the MAPK and PI3K/mTOR pathways respectively. We identified
a patient who had an exceptional response to simultaneous inhibition of both of these
pathways, while inhibition of either alone was insufficient. Analysis of the clonal
architecture of the tumor revealed the truncal role of these mutations. To our knowledge,
this is the first report of synergistic activity between oncogene-targeted agents in
anaplastic thyroid cancer, and may have relevance in other cancer types harboring truncal
activating mutations in these pathways.
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Figurel.
Clinical history of an exceptional responder to combined MAPK and PI3K inhibition. A,

Graphical description of clinical events. B, Radiographic documentation of response. The
patient’s tumor continued to grow through everolimus and dabrafenib monotherapies
individually. When combined, the patient’s tumor showed a dramatic response.
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18q

Genomic features of an exceptional responder to combined MAPK and PI3K inhibition. A,
Biopsy locations from the tumor following near-total thyroidectomy (left), at recurrence
(middle) and at autopsy (right). B, Phylogenetic architecture of the tumor. Putative cancer
driver mutations are annotated. Red font indicated copy number gain of the indicated
chromosome, blue font indicates copy number loss. Branch lengths are not proportional to

number of mutations. C, Mutations detected in each biopsy.

Clin Cancer Res. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Gibson et al.

Page 13

Mutations Source
[ missense [ Compound [l DFCI [l Yale Il MSKCC

BRAF IIIIIIIII’IIIIIIIIIIIIIII

PIK3CA ||||||

aormmnml

Patients

Percentage of Tumors with
BRAF/PIK3CA co-mutation (%)

L

\l\lll |

= BRAF/PIK3CA co-mutated
(@ non-BRAF/PIK3CA co-mutated

Head and Neck
Squamous Cancer

Anaplastic Thyroid Cancer Papillary Thyroid Cancer (TCGA)

(TCGA)

- PIK3CA

BRAF V600E | BRAF VB00E (17.8%)
(68.1%) [ ) RAF VOO

(0.2%)

p= 017

p=003

p= 051

Figure 3.
Prevalence of BRAF/PIK3CA co-mutation. A, (top) Co-mutation of BRAF and P/IK3CA in

sequencing studies of anaplastic thyroid cancers. Each column of blocks represents an
individual patient’s tumor. The source of the sequencing data, the presence of BRAFand
PIK3CA mutations are represented from top to bottom. (bottom) Unsupervised clustering of
expression data from ATC samples in MSKCC cohort. BRAF/PIK3CA co-mutated samples
are indicated in red and cluster together (p = 0.006). B, Prevalence of BRAFVE00E co-
mutation with non-synonymous P/K3CA mutations across tumor types. Only tumor types
with non-zero co-mutation rates are depicted (17 other tumor types had no cases of co-
mutation). C, Overlap of BRAFVS00E and PIK3CA mutations in head and neck cancers for
which sequencing data is available. Circle area is proportional to the fraction of patients
harboring mutations in the indicated gene.
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