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ABSTRACT

BRAF V600E mutations occur in approximately 40% of all patients
with papillary thyroid cancer (PTC) and are associated with a worse
prognosis in population studies. Treatment with single-agent BRAF
inhibitors can result in nondurable partial responses (PRs) in clinical
trials, but resistance inevitably develops. The mechanisms of resistance
are not completely understood, but in non-thyroid tumors harboring
BRAF V600E mutations, resistance has been ascribed to concurrent or
acquiredmutations inMEK1/2, RAC1, KRAS, andNRAS. This case report
describes a patient with radioactive iodine–refractory metastatic PTC
treated in a clinical trial with combination BRAF and MEK inhibition who
achieved a durable PR. At time of progression, biopsy revealed an ac-
quired KRAS G12V–activating mutation. The patient subsequently went
on to have a PR to cabozantinib therapy in the clinical trial. This is the first
reported case of an acquired KRAS-activating mutation that developed
during treatment with BRAF andMEK inhibition in a patient with BRAF-
mutated PTC. The KRASmutation was also detected in peripheral blood
samples taken as part of the trial, indicating that resistant mutations may
be identified through noninvasive means. The identification of resistant
mutations in patients at time of progression is necessary to identify
possible therapeutic options including potential clinical trials.
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Over the past several years, clinical trials have led to
FDA approval of the multikinase inhibitors (MKI)
lenvatinib (February 2015)1 and sorafenib (November 2013)2

for treatment of radioactive iodine (RAI)–refractory,
progressive, differentiated thyroid cancer (DTC). Yet, for
both of these MKIs, acquired resistance is universal, ad-
verse events are common, and no overall survival benefit
has been demonstrated. Papillary thyroid cancer (PTC) is
primarily driven by constitutive activation of the RAS/
RAF/MEK/ERK pathway, a key oncogenic signaling cas-
cade for many human malignancies.3 Activating BRAF
mutations are the most common cause for this activation
in PTC, occurring in 25% to 49% of tumors. Moreover, the
presence of thismutation is associatedwithmore advanced
disease and poorer prognosis.4–6 Although there are cur-
rently no approved BRAF-targeted treatments for patients
with PTC, a phase II trial of the BRAF inhibitor vemurafenib
in patients with RAI-refractory, BRAF-mutated PTC dem-
onstrated a response rate of 35%.7 Resistance to BRAF
inhibition is likely to develop eventually, which has been
demonstrated in melanoma, and is thought to occur
through reactivation of the MAPK pathway.8

Combination dabrafenib/trametinib is now the
standard therapy for patients with melanoma harboring
BRAF V600E mutations based on increased response
rates and overall survival.9 However, resistance to dual
inhibition eventually develops in most patients due
to somatic mutations in MEK1/2, KRAS, or NRAS, and
amplification of the BRAF V600E mutant alleles.10–13

Mechanisms of resistance to combination BRAF and
MEK inhibition remain to be fully elucidated in PTC.
Danysh et al14 reported in vitro studies wherein a BRAF
V600E–mutated thyroid cancer cell line selected for re-
sistance to vemurafenib developed an acquired novel
KRAS G12D–activating mutation. Cabanillas et al15 re-
ported a case of a patient with anaplastic thyroid car-
cinoma treated with dabrafenib/trametinib in whom an
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NRAS Q61K mutation was discovered on tumor tissue
after 4 weeks of treatment. The present case report de-
scribes for the first time the development of an activating
KRAS G12V mutation as a potential resistance mecha-
nism in a patient with PTC treated with combination
dabrafenib/trametinib who experienced a subsequent
response to cabozantinib.

Case Report
A 67-year-old woman diagnosed with PTC underwent
total thyroidectomy with central neck dissection, which
revealed a 7.2-cm extensive right lobar, poorly differ-
entiated PTC with 3 of 9 lymph nodes positive and a
background of Hashimoto thyroiditis. Following surgical
resection, imaging revealed bilateral pulmonary nodules
and mediastinal adenopathy. She received 100.9 mCi of
RAI therapy, and a posttreatment scan showed uptake in
the thyroid bed but none in the chest. The tumor was
staged as a pT3pN1aM0 poorly DTC. Repeat imaging 6
months after initial diagnosis and treatment revealed
increasing adenopathy in the neck and bilateral
subcentimeter pulmonary nodules, and the patient
underwent right radical neck dissection with 4 of 52
examined lymph nodes positive for PTC, with no
extranodal extension noted. Six months later, imaging
again revealed an enlarged right paratracheal node and
anterior paratracheal node, which were resected and
determined to be positive for PTC. The patient went on to
receive external-beam radiotherapy to the neck at an
outside institution. She was then started on sorafenib,
400 mg twice daily, which initially was poorly tolerated
and she developed hand-foot syndrome and diarrhea.
With the aid of supportive measures and minimal dose
interruption, she was able to remain on sorafenib at
400 mg twice daily for 2 years with stable disease as the
best response (supplemental eFigure 1, available with
this article at JNCCN.org).

After experiencing progressive disease, the patient
was enrolled in a clinical trial and started on lenvatinib
(ClinicalTrials.gov identifier: NCT01321554).1 She remained
on lenvatinib, 24 mg daily, for 6 months before experi-
encing progressive disease in both the neck and chest.
Her treatment course was complicated by hypertension,
hand-foot syndrome, hypercalcemia, and proteinuria,
requiring dose interruptions and reductions. Her tissue
from previously resected metastatic lymph nodes was
assessed by PCR for the presence of a BRAFmutation and
found to be positive for BRAF V600E. She was then en-
rolled in another clinical trial (NCT01723202) and ran-
domly assigned to combination therapy with dabrafenib,
150 mg twice daily, and trametinib, 2 mg daily. After
2 cycles, she sustained a partial response (PR) in the
thyroid bed, cervical and intrathoracic lymph nodes, and
pulmonary lesions, with a RECIST v1.1 decrease of 67% in

the target lesions, including a dramatic decrease in the
size of the thyroid bed tumor from 6.1 to 2.3 cm
(Figure 1). Thyroglobulin levels initially increased from
1,601 ng/mL at baseline to 3,620 ng/mL after 2 months of
therapy, before decreasing steadily to a nadir of 385 ng/mL
at the time of disease progression. The patient’s treatment
course was complicated by rash and fevers, which required
low doses of prednisone and reduced doses of dabrafenib
(100 mg orally twice daily) and trametinib (1.5 mg daily).
She also experienced an episode of cholecystitis that
was treated with cholecystectomy after 8 cycles, but
otherwise experienced minimal toxicities.

The patient wasmaintained on combination therapy
for 18 months before discontinuing the trial due to
progressive disease. A biopsy was obtained at progres-
sion andwhole-exome sequencing was performed on the
biopsy tissue, her germline DNA, and DNA purified from
the archival primary tumor (eAppendix 1). BRAF V600E
mutation was verified in both the archival and pro-
gression tumor biopsies, in addition to 24 other delete-
rious mutations found in the original tumor. Mutations
detected at progression were cross-referenced against
Condel, SIFT, PolyPhen, and PROVEAN and were con-
sidered a candidate if they were identified as deleterious
or damaging on at least 3 of the 4 platforms (supple-
mental eTables 1–3). Of these mutations, the KRAS G12V
mutation was most likely the driver of resistance to
therapy. In addition, blood-based digital droplet PCR
(ddPCR) was performed as part of the clinical study
(eAppendix 1), which demonstrated both a rapid decline
in BRAF V600E copies after therapy initiation and a re-
emergence of BRAF V600E in addition to KRAS G12V at
clinical progression (Figure 2). Both BRAF and KRAS
ddPCR were detectable 2 cycles before treatment dis-
continuation due to clinical progression. The patient
subsequently received cabozantinib therapy on a clinical
trial (ClinicalTrials.gov identifier: NCT01811212) and
experienced a PR, with a 45% reduction in target lesions.
She continued on therapy for 9 months at a reduced
dose due to hand-foot syndrome and hyponatremia,
before experiencing a decline in performance status and
progressive disease, and died soon thereafter.

Discussion
Thyroid cancer is the most common form of endocrine
malignancy worldwide, and DTC is the most common
histologic subtype, which includes papillary, follicular,
and Hürthle cell histologies. Treatment is typically sur-
gery, and in select cases is followed by RAI and thyroid-
stimulating hormone suppression therapy. For patients
who develop metastatic RAI-refractory disease, treatment
options are limited. Recently, the 2 MKIs sorafenib and
levatinib were FDA-approved for this population based on
large phase III trials, yet neither have demonstrated
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complete remission or improved survival.1,2 As our afore-
mentioned experience demonstrates, these medica-
tions are associated with significant toxicities, including
hypertension, hand-foot syndrome, fatigue, nausea, di-
arrhea, bleeding, thrombosis, and cardiac arrhythmias.16

Oncogenic mutations in BRAF V600E occur in roughly
half of patients with PTC and are associated with poor
prognosis.6 We and others17 have demonstrated that
clinical trial populations are enriched for patients with
this mutation. Clinical trials are ongoing with BRAF in-
hibitors, including a recently completed phase II trial
of vemurafenib in 51 patients, which demonstrated
an overall response rate of 35%.7 Based on studies in
patients with melanoma in which combined BRAF and
MEK inhibition was observed to improve response and
survival,18 a clinical trial of dabrafenib alone or in

combination with trametinib in patients with RAI-
refractory, BRAF-mutated thyroid cancer is underway
(ClinicalTrials.gov identifier: NCT01723202). Further-
more, preclinical and clinical studies of BRAF and/or
MEK inhibitors in early-stage, RAI-refractory DTC show
promising new avenues for treatment of these patients;
this is based on the ability of BRAFand/orMEK inhibitors
to stimulate RAI uptake, thereby regaining iodine avidity
that can be targeted by RAI. Such therapy may be more
suitable for patients with low tumor burden and indolent
disease before FDA-approved MKIs are considered.19–22

As with other targeted agents, resistance eventually
develops in patients treated with combination BRAF and
MEK inhibitors. Previously described mechanisms of
resistance to BRAF inhibition in thyroid cancer have
been focused on primary resistance and included al-
ternate BRAF splicing,23 c-MET–mediated reactivation of
the PI3K/AKT pathway,24 and copy number gain of MCL1
and loss of CDKN2A.25 Potential resistance mechanisms
to BRAF and/or MEK inhibition, described in other solid
tumors, include mutations in MEK1/2, RAC1, KRAS, or
NRAS, and amplification of the BRAF V600E mutant
alleles.11,12 KRAS, ARAF, and MEK1-resistance mutations
have been described in patients with BRAF-mutated
colon cancer treated with combination dabrafenib/
trametinib.10,13 Recently, a study found that prolonged
treatment of thyroid cancer cell lines with vemurafenib
led to the development of a KRAS G12Dmutation, which
the investigators proposed may confer resistance by
sustaining RAS/MEK/ERK signaling and PI3K/AKT path-
way activation through EGFR and HER3.14 Importantly,
although these cells were resistant to vemurafenib mon-
otherapy, combination treatment of vemurafenib and PI3K
and ERK1/2 inhibitors remained active, whereas BRAF
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Figure 2. Blood-based monitoring of BRAF V600E and KRAS G12V
mutations demonstrate possible emergence of resistance that cor-
responded to clinical disease progression.
Abbreviation: EOT, end of treatment.

Figure 1. Clinical response to combined BRAF and MEK inhibition. Representative images are from chest CT (A–D) and neck CT (E–H) of the
target lesions in the left upper lobe (arrows) and right thyroid bed (asterisk) at baseline (A, E), after 2 cycles (B, F), after 10 cycles (C, G), and at
progressive disease after 20 cycles (D, H).
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and MEK inhibition did not. This is further supported by
the recent report of an NRAS Q61K mutation seen in a
patient with anaplastic thyroid cancer after 4 weeks of
treatment with combination BRAF andMEK inhibition.15

By the time our patient began BRAF and MEK com-
bination therapy, she had exhausted all standard options
for PTC, including surgical resection, RAI, external-beam
radiotherapy, and both FDA-approvedMKIs sorafenib and
lenvatinib. She had significant tumor burden in her neck,
chest, and bones. Despite this, she experienced a sus-
tained PR to treatment with BRAFandMEK inhibition for
18 months with improvement in her tumor burden. Our
patient’s trend in serum thyroglobulin levels is also of high
interest, with an initial uptrend despite PR and levels
decreasing to nadir at progression. This is possibly sec-
ondary to tumor redifferentiation that can be seen with
BRAF inhibitor therapy.19,26,27 The finding of a KRAS G12V
mutation supports the preclinical models of resistance to
single-agent BRAF inhibition in thyroid cancer and com-
bination BRAF and MEK inhibition in both melanoma
and colon cancer.10,13,14 For example, preclinical studies in
colorectal cancer have revealed that KRAS mutations in
G12D and G13D led to resistance to combined BRAF and
MEK inhibition, and in a clinical study of dabrafenib, tra-
metinib, and panitumumab in patients with BRAF-mu-
tated colon cancer, KRAS or NRAS mutations were
detected at the time of disease progression but not at
baseline.10,13 A second preclinical study of colorectal
cancer found acquired KRAS mutations in exons 2 and 4
(G12D, G13D, and A146T/V) to combination therapies
with BRAF and EGFR inhibition or combination BRAF,
EGFR, and PI3K-a inhibitors, while the same authors re-
ported the emergence of an acquired mutation in KRAS
G12C in a patient with colorectal cancer treated with
combinationBRAFandMEK inhibition in a clinical trial.28 In
melanoma, mutations in NRAS and KRAS have been re-
ported in patients who developed resistance to BRAF in-
hibitors, butNRASmutations were far more common (17%
vs 2%), and specific allelic mutations were not reported.29

A limitation of our study is that the archival tumor
specimenwas obtained at the time of surgical reresection
before treatment with external-beam radiotherapy, sor-
afenib, and lenvatinib. Ideally, both tissue and cell-free
DNA would be evaluated at baseline before BRAF and
MEK inhibition to ensure that the KRASmutation did not
develop as a result of prior treatment, although the
absence of KRAS on cell-free DNA at baseline is reas-
suring. Further research is needed to confirm this re-
sistance mechanism, and to develop strategies to both
prevent resistance and prolong clinical responses, such
as combination therapy with downstream ERK inhibi-
tors. In preclinical models, MEK-resistant cell lines
retained sensitivity to selective ERK1/2 inhibition in
colorectal cell lines.30 Clinical trials with ERK inhibitors

are ongoing with dose escalation in both a single-
agent (ClinicalTrials.gov identifier: NCT01781429) and
in combination with chemotherapy (NCT02608229). Our
patient’s subsequent response to cabozantinib indicates
the importance of identifying the optimal sequencing
strategy for patients who develop resistance to targeted
therapy. In a subset analysis of a phase III trial of
cabozantinib in medullary thyroid cancer, patients with
RASmutations seemed to derive clinical benefit in terms
of response rates and progression-free survival.31 The
mechanism through which cabozantinib may exert its
effect on RAS-mutated tumors remains unclear, but
preclinical models suggest that MET signaling may be
essential for KRAS-mediated, anchorage-independent
cell growth.32 MET inhibition by cabozantinib may im-
pact downstream ERK and AKT and may therefore have
contributed to the clinical response seen in our patient.
Finally, the clinical responses observed by Iyer et al33 in
patients with resistant anaplastic thyroid cancer treated
with pembrolizumab and targeted therapy indicates the
possible role of checkpoint inhibitors in this setting.

Conclusions
This report presents a patient with BRAF-mutated PTC
who initially sustained an excellent response to treat-
ment with BRAFandMEK inhibition butwas found to have
developed a KRAS G12V mutation at time of progression
that may be a secondary resistance mechanism. This ob-
servation is further supported by data from peripheral
blood ddPCR showing a decline in BRAF V600E detection
during treatment, followed by the redetection of both
BRAF V600E and KRAS G12V mutations at the time of
clinical progression. Further research, including pro-
spective clinical trials, should include assessment ofBRAF
V600E at the time of disease progression both within the
tumor and from blood-based assays. Finally, strategies to
prevent the development of resistance should be explored.
For instance, our patient’s subsequent response to cabo-
zantinibmay implicate AKT and ERK as viable therapeutic
targets, as suggested in preclinical studies. In addition,
combination or sequential treatment with immune check-
point inhibitorsmay abrogate the development of resistance.
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eFigure 1. Treatment timeline from initial surgery.
Abbreviations: LNs, lymph nodes; RAI, radioactive iodine.

eTable 1. Candidate Mutations Detected at Time of Progression

Gene Mutation Allelic Frequency Consequence Condel Score

KRAS G12V 0.322 Missense Damaging

UGGT1 E1391Q 0.134 Missense Damaging

RASGEF1C A164P 0.317 Missense Neutral

ZNF35 S291* 0.448 Stop-gain N/A

LEUTX S104* 0.115 Stop-gain N/A

PDHA1 W421* 0.522 Stop-gain N/A

Mutations detected at time of progression not present in archival specimen. Mutations detected at progression were cross-referenced with Condel, SIFT, PolyPhen,
and PROVEAN and were considered a candidate if the mutation had deleterious or damaging scores on at least 3 of the 4 platforms (or stop codon).
Abbreviation: N/A, not applicable.
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eTable 2. All Mutations Detected on Progression Tissue Sample

Gene Amino Acid Change Position Progression Allelic Frequency Archival Allelic Frequency Consequence Condel Score

CDKN2C A/P 144 0.903 0 Missense_variant Neutral, 0.516

PPCS S/L 113 0.842 0 Missense_variant Neutral, 0.513

KLHL21 F/L 144 0.778 0 Missense_variant Neutral, 0.519

TBXA2R V/M 153 0.595 0 Missense_variant Damaging, 0.534

USP29 S/Y 534 0.566 0 Missense_variant Neutral, 0.33

P4HTM Y/F 179 0.565 0 Missense_variant Damaging, 0.547

XPO1 L/V 23 0.552 0 Missense_variant Neutral, 0.504

PDHA1 W/* 421 0.522 0 Stop-gain

WNK4 K/N 387 0.492 0 Missense_variant Neutral, 0.41

KPNA3 E/G 8 0.475 0 Missense_variant Neutral, 0.454

KPNA4 E/G 9 0.475 0 Missense_variant Neutral, 0.454

ZNF35 S/* 291 0.448 0 Stop-gain

HELZ R/* 597 0.440 0.01 Stop-gain

OR10H2 V/A 124 0.385 0 Missense_variant Neutral, 0.276

KRAS G/V 12 0.322 0 Missense_variant Damaging, 0.699

RASGEF1C A/P 164 0.317 0 Missense_variant Neutral, 0.415

FOXRED2 F/C 345 0.250 0 Missense_variant Neutral, 0.426

IGFN1 E/K 1718 0.240 0 Missense_variant Neutral, 0.464

ADCY10 E/D 847 0.239 0 Missense_variant Neutral, 0.445

KIF14 S/A 1298 0.233 0.01 Missense_variant Damaging, 0.533

TRAF3IP3 E/K 456 0.211 0 Missense_variant Damaging, 0.538

RELN M/V 1 0.194 0 Start_lost Neutral, 0.312

CDC40 E/Q 86 0.160 0 Missense_variant Damaging, 0.593

IKBKAP Q/E 1127 0.147 0 Missense_variant Neutral, 0.416

UGGT1 E/Q 1391 0.134 0 Missense_variant Damaging, 0.560

PRKG1 D/N 117 0.120 0 Missense_variant Damaging, 0.599

LEUTX S/* 104 0.115 0 Stop-gain

EPS8L2 Q/H 274 0.108 0 Missense_variant Neutral, 0.481
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eTable 3. Mutations Detected on Archival Tissue Specimen

Gene Amino Acid Change Position
Archival Allelic
Frequency

Progression Allelic
Frequency Consequence Condel Score

POTEC A/T 119 0.333 0.179 Missense_variant Neutral, 0.417

IFIT1B D/N 455 0.129 0.547 Missense_variant Neutral, 0.416

ESF1 E/Q 750 0.289 0.419 Missense_variant Neutral, 0.391

RBM26 F/L 311 0.227 0.543 Missense_variant Neutral, 0.46

BRAF V/E 600 0.250 0.467 Missense_variant Damaging, 0.536

SLC25A24 R/W 6 0.465 0.750 Missense_variant Neutral, 0.521

NBPF10 D/G 1168 0.075 0.068 Missense_variant Neutral, 0.304

KCNK3 S/F 83 0.350 0.491 Missense_variant Neutral, 0.484

BSN P/L 1894 0.379 0.544 Missense_variant Neutral, 0.389

RAG1 S/R 609 0.324 0.478 Missense_variant Damaging, 0.702

TCHH E/K 669 0.160 0.273 Missense_variant Neutral, 0.356

NUP93 Q/* 15 0.265 0.493 Stop-gain N/A

ANKRD30B G/V 494 0.412 0.424 Missense_variant,
splice_region_variant

Neutral, 0.418

KRBOX4/ZNF673 S/L 148 0.325 0.423 Missense_variant Neutral, 0.282

KIAA1024 A/V 897 0.292 0.528 Missense_variant Neutral, 0.413

CBR4 M/I 122 0.225 0.590 Missense_variant Damaging, 0.589

ASCC3 G/S 1122 0.190 0.434 Missense_variant Neutral, 0.412

SLC45A2 P/S 241 0.199 0.503 Missense_variant Damaging, 0.643

RAB12 V/I 241 0.269 0.495 Missense_variant Neutral, 0.438

HEATR5B L/S 1173 0.311 0.385 Missense_variant Damaging, 0.623

RSPH10B2 T/M 148 0.321 0.500 Missense_variant Neutral, 0.503

Abbreviation: N/A, not applicable.
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eAppendix 1. Supplemental Methods
The patient was treated on a clinical trial (ClinicalTrials.gov identifier: NCT01723202), which was approved by The Ohio
State University Cancer Center Institutional Review Board. Tissue was extracted from the dominant cervical nodal
metastasis (see Figure 1) using ultrasound guidance of a 22-gauge needle.During the trial, the samenodalmetastasis was
sampled before drug initiation (Figure 1E), after 2 weeks on the study drug (Figure 1F), and at the time of disease
progression, before drug discontinuation (Figure 1H).

Whole-Exome Next-Generation Sequencing
For the archival tumor tissue, a hematoxylin and eosin–stained section of the block was marked by a pathologist and
tumor-containing regionsweremacrodissected fromserial sections toenrich for tumorcontent.DNAwasextractedusing
the Maxwell 16 FFPE Tissue LEV DNA Purification Kit (Promega, Inc.). Germline DNA was extracted from whole blood
using the Maxwell 16 Blood DNA Purification Kit, and the Maxwell 16 Tissue DNA Purification Kit was used for the fine
aspirate biopsy collected at progression. DNA was quantitated using the Quant-iT PicoGreen dsDNA Assay Kit (Thermo
Fisher Scientific).Whole-exome sequencing libraries were prepared using 200 ng of genomicDNAwith the SureSelectXT
Reagent Kit and the SureSelectXT Clinical Research Exome capture baits (Agilent Technologies). Libraries were se-
quenced on an IlluminaHiSeq 4000 to obtain paired-end 150 bp reads. The average number of reads with a quality score
.30was 75million for the tumorDNA samples and 25million for the germline bloodDNA,with coverage of 92%and 55%
targeted bases at .203, respectively.

Raw sequence readswere processed and aligned to the human reference genomeusing theGenomeAnalysis Toolkit
(GATK) workflow.1 MuTect (v1.1.4) and VarScan 2 (v2.3.7)2,3 were used to identify tumor-specific variants for each the
archival and progression samples. The Ensembl Variant Effect Predictor was used to annotate and determine functional
consequences of tumor-specific variants.4 VarScan 2 was also used to identify copy number changes in tumor samples
compared with matching normal samples.

BRAF and KRAS Plasma Circulating Tumor DNA Assay
Circulating cell-freeDNA (ccfDNA)was purified from4mLof plasma using the PromegaMaxwell HT ccfDNAPlasmaKit.
Circulating tumor DNA analysis was performed by quantifying levels of the BRAF and KRASmutations in ccfDNA using
the Bio-Rad Droplet Digital PCRMutation Detection Assays (Bio-Rad BRAF assay ID: dHsaMDV2010027; KRAS assay ID:
dHsaMDV2510592) on theQX200Droplet Digital PCR System (Bio-Rad). Droplets were analyzedwith theQX200Droplet
Reader (BioRad) for fluorescent measurement of FAM and HEX probes. Gating was performed based on positive and
negative controls, and mutant populations were identified. All reactions were run in duplicate. The digital droplet PCR
datawereanalyzedwithQuantaSoft Analysis Software (BioRad) toobtain fractional abundanceof themutantDNAalleles
in the wild-type/normal background.
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