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Abstract

Targeted inhibition of BRAF V600E achieves tumor control in a subset of advanced 

thyroid tumors. Nearly all tumors develop resistance, and some have been observed to 

subsequently undergo dedifferentiation. The molecular alterations associated with thyroid cancer 

dedifferentiation in the setting of BRAF inhibition are unknown. We analyzed targeted next-

generation sequencing data from 639 advanced, recurrent and/or metastatic thyroid carcinomas, 

including 15 tumors that were treated with BRAF inhibitor drugs and had tissue sampled during 

or post treatment, 8 of which had matched pre-therapy samples. Pre- and post-therapy tissues from 

one additional patient were profiled with whole exome sequencing and RNA expression profiling. 

Mutations in genes comprising the SWI/SNF chromatin remodeling complex and the PI3K/AKT/

mTOR, MAPK, and JAK/STAT pathways all increased in prevalence across more dedifferentiated 

thyroid cancer histologies. Of 7 thyroid cancers that dedifferentiated after BRAF inhibition, 6 had 

mutations in these pathways. These mutations were mostly absent from matched pre-treatment 

samples and were rarely detected in tumors that did not dedifferentiate. Additional analyses in 

one of the vemurafenib-treated tumors before and after anaplastic transformation revealed the 

emergence of an oncogenic PIK3CA mutation, activation of ERK signaling, dedifferentiation, 

and development of an immunosuppressive tumor microenvironment. These findings validate 

earlier preclinical data implicating these genetic pathways in resistance to BRAF inhibitors, and 

suggest that genetic alterations mediating acquired drug resistance may also promote thyroid 

tumor dedifferentiation.
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Introduction

The vast majority of cancers arising from the thyroid gland are papillary thyroid carcinomas 

(PTC), a disease with generally indolent course and a high rate of cure after standard 

therapy. However, through a process of gradual microevolution, aggressive variants of PTC 

can develop and transition to dedifferentiated histologies with poorer prognoses, such as 

poorly differentiated thyroid carcinoma (PDTC) and anaplastic thyroid carcinoma (ATC) 

(1,2). After evolution to anaplastic histology, the disease generally becomes incurable, with 

1-year overall survival rates of 35% in the era of concurrent chemoradiation therapy (3,4).

A deeper understanding of the genetic alterations underlying thyroid cancer has facilitated 

the development of targeted therapies for clinically aggressive tumors; for example, 

inhibition of oncogenic drivers such as the BRAF V600E oncoprotein. Tumor responses 

to these drugs are often short-lived and drug resistance is inevitable. Many tumors harbor 

genetic alterations that may confer primary resistance. Alternatively, other tumors develop 

acquired resistance, either via restoration of MAPK signaling via mutations in RAS (5) or 

other genes (6), or via pathway bypass by signaling through alternative pathways such as 

PI3K/AKT (7), JAK/STAT (8), EGFR (9) or HER2/HER3 (10).

A third mechanism of resistance to targeted therapy is the development of an alternative 

cell state, often involving tumor dedifferentiation as a result of selective pressures exerted 

by pathway blockade (11). Dedifferentiation has been demonstrated to occur after BRAF 

inhibition in melanoma (12,13) and thyroid tumors (9). Although rare, there have been a 

small number of reported cases of differentiated thyroid cancers transforming to ATC after 

BRAF inhibition (14). The mechanism underlying this phenomenon is unclear. While past 

studies have evaluated the molecular correlates of anaplastic evolution (15) and BRAF 

inhibitor resistance separately (16), anaplastic transformation in the setting of BRAF 

inhibitor therapy has yet to be specifically explored, to our knowledge.

To better understand possible mechanisms of this phenomenon, we performed genomic 

analyses in thyroid cancers across the spectrum of histologic differentiation, and in matched 

samples before and after exposure to BRAF inhibitors for thyroid cancers harboring BRAF 
V600E mutations, some of which underwent dedifferentiation.

MATERIALS AND METHODS

Study Oversight

This study was approved by the Memorial Sloan Kettering Cancer Center (MSKCC) 

Institutional Review Board. Patients provided written informed consent for collection and 

analysis of tumor and blood samples.
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Specimen Collection

DNA was extracted from 639 formalin-fixed, paraffin-embedded advanced, recurrent and/or 

metastatic thyroid cancers treated at MSKCC between April 2015 and September 2020. 

Tumor DNA and patient-matched normal samples were profiled on the MSK-IMPACT 

(Integrated Mutational Profiling of Actionable Cancer Targets) targeted next-generation 

sequencing platform (details below).

Tumors from one additional patient (MSK-THY1), whose tumor underwent anaplastic 

transformation subsequent to vemurafenib therapy, were profiled with whole exome 

sequencing (WES) and RNA expression profiling. One specimen was collected 25 months 

prior to the first dose of vemurafenib, at which time the pathologic diagnosis was 

histologically confirmed to be PTC. Two additional specimens were collected 11 months 

after the start of vemurafenib therapy, at which time the tumor had transformed to ATC. 

Samples from MSK-THY1 were all immediately snap frozen in liquid nitrogen and stored 

at −80°C. For pathologic confirmation of diagnoses, specimens were formalin fixed, paraffin 

embedded and sectioned onto glass slides at 4-μm thickness. Slides were prepared with 

hematoxylin and eosin stains by standard procedures and reviewed by board-certified sub-

specialty thyroid pathologists at our institution. Histologic diagnoses were made according 

to the World Health Organization’s classification of endocrine tumors (17). Briefly, PTCs 

are characterized by two cardinal morphologic features including the presence of papillae 

and alterations in nuclei (e.g., characteristic changes in size or shape, nuclear membrane, 

and/or chromosomal features). PDTCs are tumors of follicular cell origin that have solid, 

trabecular, or insular growth pattern, absence of typical nuclear features of PTC, and at least 

one of the following: convoluted nuclei, ≥ 3 mitoses per 10 high-power fields, and tumor 

necrosis. ATCs are undifferentiated at the histologic level, having lost the ability to form 

follicles, papillae or even solid nests of follicular monomorphic cells.

Of the 639 MSK-IMPACT profiled tumors, there were 15 (designated MSK-THY2 through 

MSK-THY16) that received treatment with the BRAF inhibitors vemurafenib or dabrafenib 

for non-ATC differentiated thyroid cancer and had tissue sampled during or after treatment 

available for sequencing. Of these 15 patients, 5 had tissue profiled on-treatment (median 

time from first BRAF inhibitor dose to tumor sampling: 9.9 months, range 0.1-66.5) and 10 

had tissue profiled after treatment (median time from BRAF inhibitor end of treatment to 

tumor sampling: 20.8 months, range 0.2-44.4).

DNA Sequencing

DNA was extracted from tumor specimens of MSK-THY1 using the Blood and Tissue Kit 

(Qiagen) and assessed for quality and integrity with BioAnalyzer (Agilent Technologies). 

The SureSelectXT Library Preparation Kit (Agilent) was used to prepare WES libraries 

per manufacturer’s specifications. Extracted DNA was sheared using a LE220 Focused 

Ultrasonicator (Covaris). DNA fragments were end repaired, adenylated, ligated to Illumina 

sequencing adaptors, and amplified by PCR. The SureSelectXT v4 51 Mb capture probe 

set (Agilent) was used to build captured exome libraries, which were then amplified 

by PCR. The final libraries were quantified using the KAPA Library Quantification 

Kit (KAPA Biosystems), Qubit Fluorometer (Life Technologies), and 2100 BioAnalyzer 
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(Agilent). Sequencing was performed using 2 × 125 bp cycles. Mutations were called 

using a previously described algorithm (18) and allele-specific copy-number analyses 

were performed using FACETS (19). All mutations were orthogonally validated with 

next-generation sequencing using a custom Ion AmpliSeq panel on the IonTorrent PGM 

sequencer at mean target coverage of 9546×. Intratumor genetic heterogeneity was analyzed 

based on cancer cell fractions in the validated mutations as determined using PyClone 

as previously described (20,21). To determine cancer cell fractions, we used aberrant cell 

fraction and major and minor allele copy number data from FACETS, and variant allele 

frequencies for validated somatic mutations. These data were inputed into PyClone, which 

estimates the cancer cell prevalence for each somatic mutation in each tumor sample, and 

subsequently uses Bayesian methodology to cluster cancer cell prevalence estimates into 

clonal populations. Intratumor heterogeneity was depicted as the number of clusters, or 

(sub)clonal populations.

DNA from 639 thyroid tumors treated at MSK was sequenced with MSK-IMPACT. 

The technical details for tumor collection, processing and sequencing by MSK-IMPACT 

have been previously described (22). MSK-IMPACT profiles matched tumor and normal 

(peripheral blood-derived) DNA samples for 341, 410 or 468 genes with known roles 

in oncogenesis and/or targeted therapy. Of 639 thyroid cancer cases profiled with MSK-

IMPACT, there were 369 with PTC (mean target coverage: 575×), 164 with PDTC (627×), 

and 106 with ATC (724×). The prevalence of mutations with described roles in BRAF 

inhibitor resistance and/or ATC pathogenesis were compared between PTCs, PDTCs, and 

ATCs. Of the subset of 15 patients treated with BRAF inhibitors for non-ATC differentiated 

thyroid cancers, mean target coverage was 661×.

Transcriptomic Analyses

RNA was extracted from tumor specimens from patient MSK-THY1 using the RNeasy Plus 

Mini Kit (Qiagen), in vitro transcribed to cRNA using the Affymetrix IVT Kit, hybridized 

to Affymetrix U133 plus 2.0 microarrays, and data RMA normalized and analyzed in Partek 

Genomics Suite 6.1, as previously described (23).

Thyroid Differentiation Scores (TDS) were calculated using the normalized expression 

levels of 16 thyroid metabolism and function genes as previously described (24). TDS 

scores have been shown to accurately identify thyroid tumor dedifferentiation (25). Pathway 

analyses were performed using Gene Set Enrichment Analysis (GSEA) and Qiagen 

Ingenuity Pathway Analysis (IPA) with Benjamini-Hochberg false-discovery rate correction.

Tumor Immune Infiltration and Activity

Tumor microenvironment immune infiltration and immune activity were evaluated using 

several tools. Cell-type Identification by Estimating Relative Subsets of RNA Transcripts 

(CIBERSORT) estimates the prevalence of various cell types within complex tissues 

using a linear support vector regression to adaptively select genes from a reference 

gene expression signature (26). Single-Sample Gene Set Enrichment Analysis (ssGSEA) 

estimates infiltration levels of 24 immune cell types by calculating enrichment scores for 

sample and gene set pairs (27), also inferring aggregate immune infiltration scores (IIS) 
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based on both innate and adaptive cell populations and T-cell infiltration scores (TIS) based 

on nine T-cell subtypes. Estimation of Stromal and Immune Cells in Malignant Tumor 

Tissues using Expression Data (ESTIMATE) is based on ssGSEA and infers the proportion 

of stromal and immune cells in tumor samples using a 141-gene signature derived from 

differential expression analysis of tumors with high and low immune cell infiltration (28). 

Tumor Immune Dysfunction and Exclusion (TIDE) models two primary mechanisms of 

immune evasion, T-cell dysfunction and exclusion, by applying genetic signatures of these 

two processes to batch-corrected normalized data (29).

Data Availability Statement

The sequencing variant calls and gene expression data used in this paper are provided in 

Supplementary Tables.

RESULTS

Genomic evolution during dedifferentiation to anaplastic carcinoma

The timeline of clinical events for patient MSK-THY1 is shown in Figure 1A–C. This 

patient was first diagnosed with classic PTC in 2001 at age 55 and treated with total 

thyroidectomy and adjuvant radioactive iodine (RAI) therapy. Between 2004 and 2010, she 

underwent additional surgical resections and RAI therapy for recurrences in regional lymph 

nodes in the neck, all of which revealed classic PTC on surgical pathology. One sample from 

the PTC nodal metastasis in 2010 was snap frozen for WES and RNA sequencing. In 2011, 

lung metastases were diagnosed, and she was treated with sorafenib and temsirolimus (30), 

with tumor experiencing partial response (31). Treatment was continued for 13 months until 

disease progression. In 2012, a BRAF V600E mutation was identified and vemurafenib 

therapy was initiated (32). Best response on vemurafenib was stable disease (−20% 

tumor regression from baseline) and treatment was discontinued after five months due to 

progression of disease. Subsequently, she was started on pazopanib, but was treated for less 

than one week before it was discontinued for toxicity. Two months after discontinuation 

of vemurafenib, she was first noted to have metastatic tumor in soft tissues, which quickly 

progressed to biopsy-proven ATC in multiple regions, including scalp, upper extremities, 

kidneys and brain. At this time, tissue from biopsies of 2 separate scalp metastases were 

snap-frozen for correlative studies.

WES of the pre-treatment PTC nodal metastasis and post-transformation ATC distant 

metastases, followed by orthogonal next-generation deep sequencing (9,546× mean target 

coverage) for validation of mutations, demonstrated aspects of genomic evolution during 

the course of anaplastic transformation (Figures 1D–E, Supplemental Tables 1–2). The 

BRAF V600E mutation was identified in all samples, as was a TERT promoter mutation 

(at position 1,295,228). In addition, 17 new mutations emerged in the ATC metastases, 

including genes involved in PI3K/AKT/mTOR signaling (PIK3CA H1047R, KIAA1024 
P412Q), cell-cell adhesion (CTNNA3 M568I), cell division (GORAB P119L, NCAPH2 
N533S), epigenetic regulation (MBD1 I550N), transcriptional regulation (ZNF90 A321V), 

RNA splicing and editing (CELF3 T392N), cell survival (MANF M1I), and DNA repair 

(PALB2 R753Q).
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PIK3CA mutations have been previously described as a mechanism of resistance to BRAF 

inhibition in thyroid carcinoma (33) and melanoma (34). In both ATC metastases, the 

PIK3CA H1047R mutation was observed to have high cancer cell fraction (0.90 and 0.97). 

Orthogonal next-generation sequencing of the index PTC tumor did not identify PIK3CA 
mutations in the PTC tumor, despite high-depth coverage of this gene target (>15,000×). 

These data suggest that the PIK3CA mutation was likely to have been present, but spatially 

heterogeneous, in the original PTC tumor and that subclonal populations containing the 

PIK3CA mutation later seeded the ATC metastases. It is possible that selective pressure 

exerted by BRAF inhibitor therapy may have contributed to the outgrowth of cellular 

subpopulations that were initially spatially constrained, such as PIK3CA-mutated cells.

To examine this more broadly, we performed analyses of intra-tumor genetic heterogeneity 

(Supplemental Figure 1), which demonstrated limited genetic heterogeneity in the PTC 

sample (2 clonal populations), which increased during the course of anaplastic evolution 

(ATC Metastasis 1 had 5 clonal populations; ATC Metastasis 2 had 4 clonal populations). 

In concert with the increase in mutations in the ATC tumors, many more copy number 

alterations were observed in the ATC metastases (mean ploidy 2.88 and 1.75, total copy 

number altered segments 311 and 108), compared to the PTC primary tumor, which 

exhibited fewer copy number alterations (mean ploidy 1.91, total copy number altered 

segments 63; Supplemental Figure 2), indicative of increased chromosomal instability.

Transcriptomic changes during dedifferentiation to anaplastic carcinoma

Gene expression data confirmed that cell cycle and DNA replication pathways were enriched 

in ATC metastases compared to the pre-treatment PTC, consistent with increased cellular 

proliferation (Supplemental Figure 3, Supplemental Table 3). Transcriptomic data were used 

to determine the degree of thyroid cellular differentiation. The TDS (Thyroid Differentiation 

Score), consisting of 16 thyroid metabolism and function genes (24), was significantly lower 

(difference in z-scores: p < 0.001) in the ATC metastases compared to the pre-treatment PTC 

sample (Figure 2A), consistent with the histologic observation of dedifferentiation. Nearly 

all 16 genes were markedly downregulated in the ATC metastases, with the exception of 2 

genes that were low at baseline and did not change: SLC5A5 (encoding the sodium-iodide 

symporter) and THRB (thyroid hormone receptor beta) (Figure 2A). While iodine uptake 

and retention are governed by multiple genes within the TDS, the low baseline expression 

of SLC5A5 was observed in all samples, consistent with its downregulation by BRAF 
V600E signaling (24). Of note, DUOX1, DUOX2, and TPO—all of which play key roles in 

thyroid hormone production—were amongst the genes markedly downregulated in the ATC 

metastases.

Confirming the functional relevance of the PIK3CA mutations in the ATC samples, 

Ingenuity Pathway Analysis of transcriptomic data indicated that the ATC metastases had 

undergone coordinate enrichment in signaling through the PI3K/AKT (FDR-corrected p = 

3.8 x 10−5) and mTOR (FDR-corrected p = 4.9 x 10−9) pathways, together with the gene set 

regulating downstream targets eIF4E binding protein and p70 ribosomal protein S6 kinase 

(p70S6K; FDR-corrected p = 4.5 x 10−8) (Figure 2F). Hippo signaling (p = 9.5 x 10−7) was 
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also one of the most significantly enriched pathways. Both PI3K and Hippo signaling play 

key roles in the dedifferentiation, and aggressive behavior, of thyroid cancers (25,35).

Despite therapy with BRAF inhibition, the post-treatment ATC tumors demonstrated 

enrichment of the 52-gene thyroid-specific ERK signaling signature (24) which was derived 

from BRAF V600E-mutated thyroid cells and evaluated in thyroid cancers (Supplemental 

Figure 3). ERK signaling activity was enriched in the ATC metastases (FDR-corrected q = 

0.005), in line with prior findings in mouse models that ERK signaling can be paradoxically 

upregulated by BRAF inhibition in the setting of upstream activating mutations, such as 

PIK3CA (33,36,37). Taken together, these data reveal upregulated signaling through several 

pathways in concert with BRAF inhibition and the expansion of PIK3CA-mutated cells 

during the evolution of this thyroid cancer.

Immune microenvironmental evolution during dedifferentiation to anaplastic carcinoma

Gene expression data were then used for deconvolution of infiltrating immune populations 

(Figures 2B–2E). Overall, there was a mixed picture of change in immune infiltration during 

the evolution from PTC to ATC. The ATC tumors had an increased presence of infiltrating 

M0 and M2 macrophages, myeloid-derived suppressor cells, as well as fibroblasts, all of 

which are consistent with an immune-suppressive environment. M1 macrophage prevalence 

was similar in both pre-vemurafenib and post-anaplastic transformation specimens, and 

CD8+ T-cells became less prevalent in ATC metastases. Despite a higher degree of CD8+ 

T-cell exclusion, T cell dysfunction scores were also lower in ATC metastases compared 

to pre-vemurafenib PTC. Overall, infiltration by immunosuppressive cell types may have 

contributed to immune evasion during the evolution of this thyroid cancer.

Mutations associated with dedifferentiated thyroid cancers

Given the potential mechanistic role of PIK3CA mutations in resistance to BRAF inhibitors, 

further analyses in an expanded cohort were conducted to investigate the association 

between PIK3CA mutations and thyroid cancer dedifferentiation. We examined PIK3CA 
mutations in 496 patients with primary PTC from The Cancer Genome Atlas cohort (24) and 

compared these primary tumors to 639 advanced, recurrent and/or metastatic thyroid cancers 

(including PTC, PDTC, and ATC) undergoing targeted next-generation sequencing on the 

MSK-IMPACT platform.

In the primary PTCs in the TCGA cohort, PIK3CA mutations were uncommon (2/496; 

0.4%, Supplemental Figure 4, Supplemental Table 4). PIK3CA mutations were more than 

10 times as common in advanced/recurrent/metastatic PTCs in the MSK-IMPACT cohort 

(19/369, 5.1%; OR = 13.4, p < 0.001) and in PDTCs (9/164, 5.5%; OR = 14.3, p < 0.001); 

and over 40 times as common in ATCs (17/106, 16.0%; OR = 47.2, p < 0.001).

The prevalence of other previously described alterations linked to BRAF inhibitor primary 

or acquired resistance or ATC pathogenesis (25,35,36,38–42) were also explored in these 

cohorts (Supplemental Figure 4, Supplemental Table 4). Mutations in ARID2, MTOR, NF2, 
NRAS, and PBRM1 were all observed to increase in prevalence in more dedifferentiated 

categories of thyroid cancers, consistent with prior findings (25,38).
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Mutations in BRAF inhibitor-treated thyroid cancers

Of the 639 advanced, recurrent, and/or metastatic thyroid tumors, 77 were cases of PTC or 

PDTC that were treated with BRAF inhibitor targeted therapy (vemurafenib or dabrafenib). 

Of these, 15 had tissue sampled during or after treatment available for sequencing on the 

MSK-IMPACT platform (MSK-THY2 through MSK-THY16). Of these 15 patients, 8 also 

had matched pre-therapy tissue available for sequencing.

Subsequent to BRAF inhibitor therapy, 6 of 15 patients had tumors that underwent 

transformation to more dedifferentiated histology, which was confirmed with biopsy (Table 

1, Supplemental Figure 5), and 9 patients had no clinical or histological evidence of 

dedifferentiation. It is important to clarify that this proportion (6/15) does not necessarily 

represent the rate of transformation among all treated patients. Additional biopsies after 

BRAF inhibitor therapy are not routine and are often prompted by observations of disease 

progression. As such, patients for whom such biopsies are pursued may be enriched 

for dedifferentiated tumors. Also, 1 of the patients (MSK-THY3) also received systemic 

therapies other than BRAF inhibitors prior to post-therapy sequencing. Therefore, genomic 

changes in these patients may be in part attributable to these other agents.

The mutational landscapes (Figure 3, Supplementary Figure 6A, Supplemental Table 5) 

of these dedifferentiated tumors were reviewed for alterations that have been linked to 

resistance to BRAF inhibition and/or ATC pathogenesis. These tumors underwent high 

coverage next-generation sequencing (mean target coverage 659×) which offered high 

sensitivity for the detection of subclonal variants with low allelic fraction. As expected 

in a cohort of thyroid tumors with aggressive clinical behavior and treated with BRAF 

inhibitor drugs, all tumors had mutations in BRAF as well as the TERT promoter (43–

47). Genetic alterations of potential relevance identified in this cohort include mutations 

in genes involved in the SWI/SNF chromatin remodeling complex (ARID2, PBRM1), 

PI3K/AKT/mTOR pathway (MTOR, PIK3CA), MAPK/ERK pathway (MET amplification, 

NF2, NRAS, RASA1), and JAK/STAT pathway (JAK1).

The data from these 15 patients are summarized in Figure 3. Including patient MSK-THY1 

(in Table 1), a total of 6 of 7 (86%) tumors that dedifferentiated after BRAF inhibition were 

observed to harbor mutations in one or more of these genes. In the dedifferentiated tumors 

with matched sequencing (MSK-THY1-2 & 5-7), 8 of the 9 (89%) mutations appeared to 

be acquired in on-therapy or post-therapy tissues, with the exception of 1 pre-treatment 

tumor that also had a mutation in MTOR. Notably, 1 tumor had a PIK3CA mutation before 

BRAF inhibition that was not detected in subsequent sequencing. In contrast, among tumors 

that did not undergo dedifferentiation (Figure 3, Supplementary Figure 6B), fewer tumors 

(3 of 9, 33%) had mutations in any of these genes, including one sample with a mutation 

in ARID2 and two samples with mutations in KRAS (9). The rate of mutations in these 

genes was enriched, although not to a statistically significant degree (RR=2.57, 95%CI 

0.97-6.80, p=.06), in those tumors that de-differentiated. These data indicate that among 

tumors exposed to BRAF inhibitor therapy, mutations associated with resistance to BRAF 

inhibition were more frequently observed in those that evolved to more dedifferentiated 

states.
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DISCUSSION

Papillary thyroid cancers are genetically defined by alterations that converge on the mitogen-

activated protein kinase (MAPK) pathway (24), most commonly (60%) mutations in 

BRAF, followed by mutations in RAS genes (15%), and less commonly, rearrangements 

affecting other kinase genes such as RET and NTRK. Most aggressive variants of PTC 

have mutations in both BRAF and the TERT promoter (43–47), and this combination is 

commonly associated with evolution of differentiated thyroid carcinoma to more aggressive, 

poorly differentiated histology. The accumulation of additional genetic alterations such as 

TP53 mutation and alterations in the PI3K/AKT/MTOR pathway, the SWI/SNF complex 

and other epigenetic regulators, are associated with the evolution to ATC (25,39). At the 

same time, these genetic alterations are also associated with thyroid cancer resistance to 

BRAF inhibition (25,35,36,38–42). Here, by examining tumors that were treated with BRAF 

inhibitor drugs, we describe the evolution of genetic alterations, gene expression landscape, 

and immune microenvironment that occurs among tumors that undergo transformation to 

dedifferentiated or ATC histology.

We found that these genetic alterations were associated with both resistance to therapy and 

dedifferentiation after BRAF inhibitor therapy. Our findings in clinical samples validate 

a large body of preclinical research implicating several genetic programs and pathways. 

Thyroid tumors that dedifferentiated commonly had, or acquired, mutations in genes 

comprising the SWI/SNF chromatin remodeling complex (25,39) and PI3K/AKT/mTOR 

(33), MAPK/ERK (35,36,40,41), and JAK/STAT signaling pathways (42). In contrast, 

tumors that were not observed to undergo dedifferentiation did not commonly harbor these 

mutations. Mutations in these pathways, uncommon in PTC, were also observed to increase 

in prevalence in a stepwise fashion across the spectrum of more clinically aggressive and 

histologically dedifferentiated thyroid carcinomas.

It is unknown whether the mechanisms of drug resistance and microevolution to more 

dedifferentiated histologies are related, and whether BRAF inhibition promotes these 

processes. One mechanism of resistance to targeted therapy is the development of an 

alternative cell state, such as tumor dedifferentiation, as a result of selective pressures 

exerted by pathway blockade (11). After BRAF inhibition, dedifferentiation has been 

demonstrated to occur in melanoma (12,13). The findings in this study lend themselves 

to a hypothesis that inhibition of BRAF may, in some cases, drive the acquisition of aberrant 

oncogenic signaling that can both mediate drug resistance and accelerate the outgrowth of 

more aggressive subclonal cellular populations.

The transformation of differentiated thyroid cancer in the context of BRAF inhibition is a 

rare event, which to our knowledge, has only been formally reported in 2 prior cases (14). 

The 7 cases in this study were drawn from a cohort of 639 genomically profiled advanced 

thyroid cancers and represent a reasonably sized cohort of a rare phenotype.

This phenotype was most comprehensively examined in patient MSK-THY1. In this 

patient’s tumor, after treatment with BRAF inhibition, a PIK3CA H1047R-mutated 

cellular population was observed to undergo clonal expansion, driving PI3K/AKT/mTOR 
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signaling in the tumor. At the same time, the tumor concomitantly underwent marked 

dedifferentiation, as evidenced by the downregulation of thyroid metabolism and function 

genes, and morphologic transformation to anaplastic thyroid carcinoma. Confirming the 

importance of this pathway, we found mutations affecting the PI3K/AKT/mTOR pathway 

to be present in tumors transforming subsequent to BRAF inhibition, with 2 of 7 (29%) 

dedifferentiating tumors in this series harboring alterations in PIK3CA or MTOR, compared 

to 0 of 9 (0%) in the non-dedifferentiating group. Across the spectrum of progressively less 

differentiated thyroid carcinoma histologies, we found that mutations in PIK3CA increased 

markedly from a low prevalence in localized PTC (0.4%) to higher rates in advanced/

recurrent/metastatic PTC (5.1%), PDTC (5.5%) and ATC (16.0%).

These clinical and genomic data validate an earlier preclinical finding that PIK3CA 
contributes both to therapeutic resistance and the evolution of ATC. Roelli and colleagues 

used a transgenic mouse model of thyroid cancer with conditional tamoxifen-inducible 

Cre-mediated Braf V600E and Pik3ca H1047R mutations under a thyroid-specific promoter, 

and found these tumors to be resistant to treatment with PLX-4720, a BRAF inhibitor (33). 

After BRAF inhibition, these tumors were observed to develop paradoxically increased ERK 

pathway activation. This is attributable to release of feedback inhibition of ERK after BRAF 

V600E inhibition, which can then facilitate enhanced signaling of an upstream signal, such 

as activated PI3 kinase, through the wild-type BRAF allele and CRAF (48). Interestingly, 

these Braf/Pik3ca co-mutated thyroid tumors treated with PLX-4720 were observed to 

develop foci of ATC, which were also observed, but to a lesser degree, in the Braf/Pik3ca 
co-mutated tumors that did not receive BRAF inhibitor therapy.

Because of the overlap in molecular alterations that contribute to resistance to BRAF 
inhibitors and occur during thyroid tumor dedifferentiation (16), mutation in PIK3CA is 

only one of multiple potential mechanisms for this observed phenotype. In addition to 

PIK3CA mutations, a number of other resistance mechanisms have been described in prior 

preclinical literature. For example, mutations affecting the SWI/SNF chromatin remodeling 

complex (e.g., ARID2, PBRM1) are suspected to promote stem-cell like properties, negating 

the effects of BRAF inhibitors in re-establishing regular thyroid iodine metabolism and 

function (25,39). Mutations of NF2 (35), RASA1 (40), and NRAS (41), and amplification of 

MET (36) have been shown to reactivate MAPK/ERK signaling. JAK1 deregulation through 

inhibition of RNF125 has been described as a mechanism of resistance to BRAF inhibitors 

in melanoma (42). The results of this study, albeit derived from a small cohort of a rare 

phenotype, confirm these earlier findings and illustrate the suite of genetic alterations that 

can converge on these three pathways.

These findings have potential implications for the management of thyroid malignancies, 

particularly related to current areas of active investigation, including combination targeted 

therapies and immunotherapy. Given the near inevitable progression of disease with single-

agent targeted therapy (49), consistent with the diversity of molecular alterations that may 

lead to resistance and/or dedifferentiation observed in our cohort, recent studies have 

focused on addressing complimentary pathways concurrently. A number of the resistance 

mechanisms described above are potentially targetable, including: MTOR with everolimus, 

PI3K with alpelisib and buparlisib, MET with crizotinib, and JAK1/2 with momelotinib. In 
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addition, based on gene expression data, cell-cycle targeted therapies such as palbociclib, 

targeting CDK4 and CDK6, may have utility, possibly when combined with PI3K inhibition 

(50). Consistent with computational models (49) and experience with dual therapy in other 

cancer types (51,52), combination therapy may provide superior disease control in thyroid 

cancer. In BRAF V600E-mutated ATC, the combination of dabrafenib with trametinib is 

now commonly used, achieving high rates of partial response, albeit with few complete 

responses (53,54). However, the benefit of combination therapy is not clear in PTC—a 

randomized phase II study in radioiodine-refractory PTC did not show clinical benefit 

to the addition of trametinib compared to dabrafenib alone (55). Importantly, it is not 

known whether such approaches would mitigate the selective pressure that may drive 

dedifferentiation or anaplastic transformation. For example, in the study of Braf and Pik3ca 
co-mutated mouse tumors, treatment with dual inhibition of Braf and Pik3ca with PLX-4072 

and GDC-0941 was more effective at achieving tumor size reduction, but not in preventing 

the development of ATC foci (33). These data suggest a treatment strategy of combination 

targeted therapy in the neoadjuvant setting to achieve tumor volume reduction, followed 

by complete surgical resection, an approach that is being investigated in localized but 

unresectable, aggressive thyroid cancers.

Combination therapy with BRAF inhibition and immunotherapy is currently under 

investigation (56); in addition to data with BRAF inhibitors, the widely used multi-

kinase inhibitor lenvatinib has also been shown to increase CD8+ T-cell infiltration (57). 

In the serial analyses of the tumor immune microenvironment in patient MSK-THY1, 

we observed evidence of immune escape as well as infiltration by immunosuppressive 

cellular populations. These findings may reflect mechanisms of immune escape during 

dedifferentiation of this thyroid tumor but may also in part represent effects of BRAF 

inhibition on the tumor immune microenvironment. While BRAF inhibition is generally 

associated with a shift toward stronger anti-tumor immunity, such as enhanced T cell 

infiltration and function (58), it also drives an increase in infiltration by macrophages, 

which are able to mediate resistance to BRAF inhibition via macrophage-derived secreted 

factors TNF-α and VEGF (59). Ongoing clinical investigation will help determine whether 

enhanced immune surveillance can potentially constrain the transformation of PTCs to more 

dedifferentiated forms.

There are several important caveats to these findings; because of these limitations, we 

note that our data do not prove a causal link between BRAF inhibition and thyroid tumor 

dedifferentiation. Although our data do provide clinical validation of the prior mouse data 

indicating the role of PIK3CA mutations in both mediating resistance to BRAF inhibition 

as well as driving anaplastic transformation of PTC, conclusive data for other pathways 

is currently incomplete. While it is quite plausible that BRAF inhibition promoted the 

upregulation of these compensatory signaling pathways, it is also possible that these 

mutations and signaling pathways were already active in the primary tumor and were 

merely unmasked by undergoing clonal expansion during treatment with BRAF inhibitors. 

With these data, we cannot conclusively distinguish between dedifferentiation that was an 

inevitable part of the natural history of these tumors, as opposed to a phenomenon that 

was driven by BRAF inhibition. For example, the interval between the development of 

dedifferentiation and the last dose of BRAF inhibitor therapy was close for most, but not all 
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patients—2 patients had an interval of over 2 years. In some cases, other factors may have 

in part contributed to the observed genomic changes, such as other systemic therapies in two 

patients.

Nevertheless, these data suggest that those genetic pathways that mediate resistance to 

BRAF inhibition may also be linked to transformation to ATC. The genetic alterations 

in the above pathways, which were observed in nearly all dedifferentiating tumors, were 

not commonly observed in the heavily-treated BRAF-mutated thyroid tumors that did not 

undergo dedifferentiation after BRAF inhibitor therapy. An additional important caveat is 

that this is a selected cohort, and these data should not be extrapolated to estimate the 

frequency of dedifferentiation after BRAF inhibition, since the decision to re-biopsy after 

therapy was generally performed after tumor progression, and not universally performed. 

Lastly, insights into tumor immune microenvironment were made by deconvolution of 

immune cells with transcriptomic data rather than immunohistochemical markers; however, 

these methods have been shown to be highly correlated in prior studies (26–29).

In conclusion, we have analyzed genomic data from thyroid cancers that progressed to 

more advanced histologies subsequent to BRAF inhibitor targeted therapy, and found 

that this event is associated with a diverse array of genetic alterations with known 

roles in either BRAF inhibitor resistance or ATC pathogenesis. These data indicate that 

alterations in SWI/SNF, PI3K/AKT/MTOR, MAPK/ERK and JAK/STAT may underlie both 

the processes of drug resistance and dedifferentiation to ATC. The diversity of potential 

mechanisms that may lead to resistance and/or dedifferentiation may explain the elusiveness 

of disease control with single-agent targeted therapy for advanced thyroid malignancies, and 

emphasizes the need to investigate combination therapies. Further research will be needed to 

determine the degree to which these genomic changes can be attributed to BRAF inhibitor 

therapies and resulting selective pressure. To this end, studies that incorporate long term 

clinical outcomes and genomic analyses in thyroid cancer patients with BRAF mutations 

will be informative.
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Implications:

The possibility that thyroid cancer dedifferentiation may be attributed to selective 

pressure applied by BRAF inhibitor targeted therapy should be investigated further.
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Figure 1. 
Clinical and genomic features of patient MSK-THY1 with differentiated thyroid cancer that 

underwent anaplastic transformation subsequent to treatment with vemurafenib. A, Clinical 

timeline with major events indicated. Serial radiographic images illustrate progression of 

papillary thyroid cancer to widely disseminated anaplastic malignancy. Time of imaging 

relative to vemurafenib start date is provided for each image and areas of disease are 

indicated by arrows. Panel 1: PET/CT, Panels 2-4: CT with contrast, Panel 5: T1-weighted 

MRI with contrast, RAI: radioactive iodine, PR: partial response, ATC: anaplastic thyroid 
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cancer. B & C, Pre-treatment and post-transformation hematoxylin-and-eosin-stained slides 

show histologic transformation from papillary to anaplastic thyroid carcinoma. D, Number 

of shared and exclusive mutations in classic-type papillary thyroid cancer (PTC) compared 

to anaplastic metastases (ATC Met 1 & ATC Met 2). E, Landscape of single nucleotide 

variants of the PTC tumor and ATC metastases. Each mutation color coded by cancer cell 

fraction (CCF). Unsupervised hierarchical clustering identified subsets of related samples 

and mutations.
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Figure 2. 
RNA expression profiling for MSK-THY1. A, Thyroid differentiation scores (TDS), overall 

and stratified by gene, for the papillary thyroid carcinoma (PTC) sample and anaplastic 

metastases (ATC Met 1 and ATC Met 2). Immune deconvolution by CIBERSORT (B), 

ESTIMATE (C), ssGSEA (D), and T cell dysfunction and exclusion (TIDE) (E) for the 

PTC and ATC samples. F, Most enriched molecular pathways among alterations in ATC 

metastases compared to the PTC sample
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Figure 3. 
Frequency of genetic alterations linked to BRAF inhibitor resistance and/or anaplastic 

thyroid cancer pathogenesis for tumors that dedifferentiated after vemurafenib or dabrafenib 

(MSK-THY2-7) compared to those that did not dedifferentiate (MSK-THY8-16). Filled in 

squares represent mutated genes, with the exception of MET amp, indicating amplification. 

Pre: before BRAF inhibition, Post: during or after BRAF inhibition, PTC: Papillary Thyroid 

Cancer, PDTC: Poorly Differentiated Thyroid Cancer, ATC: Anaplastic Thyroid Cancer
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