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Abstract
The discovery of actionable kinase gene rearrangements has revolutionized the therapeutic landscape of thyroid carcinomas.
Unsolved challenges include histopathologic recognition of targetable cases, correlation between genotypes and tumor
behavior, and evolving resistance mechanisms against kinase inhibitors (KI). We present 62 kinase fusion-positive thyroid
carcinomas (KFTC), including 57 papillary thyroid carcinomas (PTC), two poorly differentiated thyroid carcinomas
(PDTC), two undifferentiated thyroid carcinomas (ATC), and one primary secretory carcinoma (SC), in 57 adults and 5
adolescents. Clinical records, post-operative histology, and molecular profiles were reviewed. Histologically, all KFTC
showed multinodular growth with prominent intratumoral fibrosis. Lymphovascular invasion (95%), extrathyroidal
extension, gross and microscopic (63%), and cervical lymph node metastasis (79%) were common. Several kinase fusions
were identified: STRN-ALK, EML4-ALK, AGK-BRAF, CUL1-BRAF, MKRN1-BRAF, SND1-BRAF, TTYH3-BRAF, EML4-
MET, TFG-MET, IRF2BP2-NTRK1, PPL-NTRK1, SQSTM1-NTRK1, TPR-NTRK1, TPM3-NTRK1, EML4-NTRK3, ETV6-
NTRK3, RBPMS-NTRK3, SQSTM1-NTRK3, CCDC6-RET, ERC1-RET, NCOA4-RET, RASAL2-RET, TRIM24-RET,
TRIM27-RET, and CCDC30-ROS1. Individual cases also showed copy number variants of EGFR and nucleotide variants
and indels in pTERT, TP53, PIK3R1, AKT2, TSC2, FBXW7, JAK2, MEN1, VHL, IDH1, PTCH1, GNA11, GNAQ,
SMARCA4, and CDH1. In addition to thyroidectomy and radioactive iodine, ten patients received multi-kinase and/or
selective kinase inhibitor therapy, with 6 durable, objective responses and four with progressive disease. Among 47 cases
with >6 months of follow-up (median [range]: 41 [6–480] months), persistent/recurrent disease, distant metastasis and
thyroid cancer-related death occurred in 57%, 38% and 6%, respectively. In summary, KFTC encompass a spectrum of
molecularly diverse tumors with overlapping clinicopathologic features and a tendency for clinical aggressiveness.
Characteristic histology with multinodular growth and prominent fibrosis, particularly when there is extensive
lymphovascular spread, should trigger molecular testing for gene rearrangements, either in a step-wise manner by
prevalence or using a combined panel. Further, our findings provide information on molecular therapy in radioiodine-
refractory thyroid carcinomas.

Introduction

Protein kinases are important signaling mediators that reg-
ulate cell survival, growth and differentiation through
intricate molecular pathways. Receptor tyrosine kinases
(RTK), such as ALK, RET, MET, NTRK, FGFR, and
ROS1, upon binding ligands, transduce signals to the RAS/
RAF/MAPK, PI3K/AKT/mTOR, and JAK-STAT path-
ways, whose deregulated overactivation plays a central role
in human carcinogenesis. The RAS/RAF/MAPK, PI3K/
AKT/mTOR, and JAK-STAT signaling cascades are com-
posed of multiple cytoplasmic tyrosine kinases (CTK),
serine/threonine kinases (S/TK), and lipid kinases [1]. The
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activation of most RTK requires molecular dimerization.
Rearrangements of RTK-encoding genes lead to ligand-
independent dimerization and are well-recognized onco-
genic drivers in thyroid, lung, salivary gland, breast, kidney,
colorectal, pancreatic and soft tissue malignancies [2–4].
Most fusion partners provide dimerization domains, such as
the coiled coil domains in CCDC6, NCOA4, TRIM24, TPR,
PPL, CCDC30, TPM3, ERC1, the Phox and Bem1p (PB1)
interaction domains in SQSTM1 and TFG, the helix-loop-
helix domain in ETV6, the zinc finger domain in IRF2BP2,
the WD domains in STRN, and EML4, and the RNA
recognition motif of RBPMS, to be joined with the kinase
domain of the RTK in forming fusion oncoproteins that are
capable of autonomous activation [5–7]. At a much lower
frequency, transforming rearrangements of downstream
signaling S/TK, such as BRAF and AKT, have also been
reported. BRAF fusions are found in 60–80% of pilocytic
astrocytomas and rare lung and thyroid carcinomas [8–10].
The N-terminus autoinhibitory domain of BRAF is lost as
the C-terminus kinase domain fuses with a partner
sequence, leading to uncontrolled activation [8]. Recently,
rare cases of ovarian, peritoneal and breast tumors have
showed AKT fusions that remove the autoregulatory
pleckstrin homology domain from the kinase domain of
AKT1/2/3 [11–13]. In the thyroid gland, kinase fusion-
related carcinomas are uncommon occurrences that have
been most frequently noted in children and young adults, as
well as post-Chernobyl radiation exposure victims. How-
ever, given a shift toward pre-operative molecular testing
for treatment planning, these tumors are finding an estab-
lished presence in sporadic thyroid malignancies in middle
aged and elderly populations. Cases involving ALK, RET,
MET, NTRK1/3, ROS1, FGFR1, and BRAF fusions have
been increasingly discovered with a wide range of partner
genes [10, 14–19].

As genomics-driven precision oncology has brought
significant changes to thyroid cancer diagnosis and ther-
apeutics over the past several years, one pivotal break-
through has been the successful translation of protein
kinase inhibitors (KI) into clinical therapeutic use. While
earlier multi-kinase inhibitors (MKI), such as lenvatinib,
sorafenib, vandetanib and cabozantinib showed efficacy in
thyroid cancer, MKI therapy is associated with frequent
off-target side effects. Newer, more selective agents, such
as larotrectinib (anti-TRK), entrectinib (anti-ALK, ROS1,
and TRK), selpercatinib, and pralsetinib (both anti-RET),
have demonstrated significant efficacy with more favorable
side effect profiles. Recent trials in non-medullary thyroid
carcinomas (mostly PTC) have reported an objective
response rate of 62% and 79% for selpercatinib and laro-
trectinib, respectively; a duration of response was not
reached in either study due to few progress events [20–24].
Nevertheless, several challenges remain to be addressed.

Firstly, immunohistochemical markers are still unavailable
or yet to be fully validated for most kinase rearrangements.
With costly molecular methods being the current mainstay
for detecting targetable alterations, it is essential to develop
a clinicopathologic case triage approach for selective
genetic testing. Secondly, due to the rarity of kinase fusion-
related thyroid carcinomas (KFTC), their genomic make-up
and long-term clinical behavior are not well understood.
Furthermore, acquired resistance to kinase inhibitors has
been increasingly noted. While isolated cases have been
associated with secondary mutations that cause target
modifications (eg. RET G810S, NTRK G595R, ALK
G1202R, ROS1 G2032R) and bypass signaling [2, 25, 26],
the mechanisms of acquired resistance remain obscure in
many cases. There exists an ongoing need for patient-based
data focused on pre- and post-KI genotype-phenotype
correlation in order to tailor individualized treatment
for KFTC.

In this study, we present a large, single-institutional
cohort of KFTC with two main purposes: [1] to describe the
cardinal clinicopathologic features of KFTC to guide
diagnostic recognition and molecular testing referral, and
[2] to contribute to the current literature on the genomic
landscape of KFTC with correlation to clinical findings
including KI therapy response.

Materials and methods

Case identification

With the approval by the Massachusetts General Hospital
(MGH) institutional review board (2012P001024), we ret-
rospectively queried the MGH molecular pathology data-
base for primary thyroid carcinomas that underwent
targeted gene rearrangement analysis (described below)
from 2013 through the May of 2020, and reviewed the test
results. Since 2013, the pathologists and other providers at
MGH have been selectively submitting cases for genetic
profiling based upon unusual histology, aggressive pre-
sentation, and/or negative BRAF V600E mutant-specific
immunohistochemistry, or for clinical decision-making. For
cases that showed kinase gene rearrangements, histologic
slides were obtained from the MGH surgical pathology
archive and reviewed by three pathologists (PMS, VN, and
YHC). Patient clinical information, surgical and molecular
pathology reports were accessed through the electronic
medical record interface at MGH. Histologic findings, such
as clear cell, oncocytic, tall cell, hobnail, and high-grade
(defined as solid, trabecular, or insular pattern with necrosis
and/or ≥3 mitoses per 10 high-power fields [HPF]) features,
were semi-quantified as focal (<30% of sampled tumor
volume) versus diffuse.
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Immunohistochemistry

We recently described the immunohistochemistry (IHC)
setup at MGH [27]. IHC markers that were employed in this
study as needed to characterize morphologically unusual
and genetically altered cases included TTF1 (performed in
cases 1, 52, 53; clone 8G7G3/1; dilution 1:300; Dako,
Carpinteria, CA), BRG1 (performed in case 9; clone
EPR3912; dilution 1:50; Abcam, Cambridge, United
Kingdom), GATA3 (performed in case 25; clone L50-823,
dilution 1:200; Cell Marque, Rocklin, CA), mammaglobin
(performed in case 25; clone 304-1A5; dilution 1:250;
Dako, Carpinteria, CA), S100 protein (performed in case
25; polyclonal and prediluted; Ventana, Oro Valley, AZ),
PAX8 (performed in cases 25, 52, 53; polyclonal, dilution
1:1000; Proteintech, Rosemont, IL), thyroglobulin (per-
formed in cases 25, 52; dilution 1:800; Cell Marque,
Rocklin, CA), E-cadherin (performed in case 46; clone
36B5; Leica Biosystems, Buffalo Grove, IL), p40 (per-
formed in case 52; clone BC28, Biocare, Concord, MA) and
BRAF V600E (performed in all cases; clone VE1; dilution
1:200; Abcam, Cambridge, United Kingdom).

Targeted gene rearrangement next-generation
sequencing (NGS) analysis

An Anchored Multiplex PCR (AMP) assay developed at
MGH [28] was performed for detecting targeted gene
fusions by next-generation sequencing (NGS) using total
nucleic acid extracted from formalin-fixed paraffin embed-
ded (FFPE) tumor tissue. The details of the assay were as
we recently described [27] and covered the following genes
(exons): ALK (19–22, intron 19), BRAF (7–12, 15), EGFR
(2–7 exon skipping/vIII variant, 7–9, 16, 20, 24, 25),
EWSR1 (4–14), FGFR2 (2, 8–10, 17), MAML2 (2,3), MET
(exon 14 skipping), NRG1 (1–3, 6), NUTM1 (3), RET
(8–13), ROS1 (31–37), AKT3 (1–3), ARHGAP26 (2,
10–12), AXL (19,20), BRAF (7–12, 15), BRD3 (9–12),
BRD4 (10, 11), ERG (2–11), ESR1 (3–6), ETV1 (3–13),
ETV4 (2, 4–10), ETV5 (2, 3, 7–9), ETV6 (1–7), FGFR1 (2,
8–10, 17), FGFR3 (8–10, 17, intron 17), FGR (2), INSR
(12–22), JAZF1 (2–4), MAML2 (2,3), MAST1 (7–9, 18–21),
MAST2 (2, 3, 5, 6), MET (13, 15), MSMB (2–4), MUSK
(7–9, 11–14), MYB (7–9, 11–16), NOTCH1 (2, 4, 26–31,
internal exon 3–27 deletion), NOTCH2 (5–7, 26–28), NRG1
(1–3, 6), NTRK1 (8,10–13), NTRK2 (11–17), NTRK3
(13–16), NUMBL (3), PDGFRA (7, exon 8 deletion,
10–14), PDGFRB (8–14), PIK3CA (2), PKN1 (10–13),
PPARG (1–3), PRKCA (4–6), PRKCB (3), RAF1 (4–7,
9–12), RELA (3, 4), RSPO2 (1, 2), RSPO3 (2), TERT (2),
TFE3 (2–8), TFEB (1,2), THADA (28), and TMPRSS2
(1–6). Illumina MiSeq 2 × 147 base paired-end reads were
mapped to the hg19 human reference genome using BWA-

MEM [29] and interpreted by a molecular pathologist
(DDS).

SNaPshot mutational profiling

As previously described [30], the SNaPshot assay was
AMP-based and validated for clinical application at MGH.
Utilizing the ArcherDx and Illumina NextSeq platforms, the
assay targeted single nucleotide variants (SNVs) and
insertion/deletions (indels) in the following genes (exons):
ABL1 (4–7), AKT1 (3,6), ALK (21–23,25), APC (16),
ARID1A (1–20), ATM (1–63), ATRX (1–35), AURKA
(2,5–8), BRAF (11,15), BRCA1 (2–23), BRCA2 (2–27),
CCNB1 (2,[3-partial],5,[6-partial],7), CCND2 ([2-partial],3-
4,[5-partial]), CCND3 (2–5-partial), CCNE1 (3–8,10,12),
CDH1 (1–16), CDK4 (2–7), CDK6 (6), CDKN2A (1–3),
CIC (1–20), CSF1R (7,22), CTNNB1 (3), DAXX (1–8),
DDR2 (12–18), DDX3X (1–17), EGFR (3,7,15,18–21),
ERBB2 (8,10,19–21,24), ERBB3 (2-3,7-8), ERBB4 (3-
4,6–9,15,23), ESR1 (8), EZH2 (16), FBXW7 (1–11),
FGFR1 (4,7-8,13,15,17), FGFR2 (7,9,12,14), FGFR3
(7–9,14–16,18), FLT3 (11,14,16,20), FOXL2 (1), GNA11
(5), GNAQ (4-5), GNAS (6–9), H3F3A (2), HNF1A (3-4),
HRAS (2-3), IDH1 (3-4), IDH2 (4), JAK2 (11,13-14,16,19),
JAK3 (4,13,16), KDR (6-7,11,19,21,26-27,30), KEAP1
(2–6), KIT (2,8–11,13–15,17-18), KRAS (2–5), MAP2K1
(2,3,6-7), MAP3K1 (1–20), MDM2 (2–4,6,8,10), MDM4
([4-partial],5-6,[7,9–11-partial]), MEN1 (2–10), MET
(2,11,14,16,19,21), MITF (1-partial), MLH1 (12), MPL
(10), MSH6 (1–10), MSI, MYC (1–3), MYCN (3), NF1
(1–58), NF2 (1–15), NKX2-1 (1-partial), NOTCH1
(25–27,34), NPM1 (11), NRAS (2–5), PDGFRA (12,14-
15,18,23), PIK3CA (2,5,7-8,10,14,19,21), PIK3R1 (1–10),
POLE (9–14), PTCH1 (1–23), PTEN (1–9), PTPN11 (3,13),
RB1 (1–27), RET (10-11,13–16), RHOA (2-3), RNF43
(2–10), ROS1 (36–38), SDHB (1–8), SMAD2 (7), SMAD4
(2–12), SMARCA4 (3–36), SMARCB1 (2,4,5,9), SMO (3,5-
6,9,11), SRC (14), STAG2 (3–34), STK11 (1–9), SUFU
(1–12), TERT (1), TP53 (1–11), TP63 (1–14), TSC1 (3–23),
TSC2 (2–42), TSHR (10), and VHL (1–3). In addition, the
following copy number variations (CNVs) were covered:
ABL1, AKT1, ALK, APC, ARID1A, ATM, ATRX, AURKA,
BRAF, BRCA1, BRCA2, CAMTA1, CCNB1, CCND1,
CCND2, CCND3, CCNE1, CDK4, CDKN2A, CDK6, CIC,
CDH1, CSF1R, DAXX, DDR2, DDX3X, EGFR, ERBB2
(HER-2), ERBB3, ERBB4, FBXW7, FGF19, FGFR1,
FGFR2, FGFR3, FLT3, FOXL2, GLI2, GNA11, GNAQ,
GNAS, HNF1A, HRAS, IDH1, JAK2, JAK3, KDR, KEAP1,
KIT, KRAS, MAP2K1, MAP3K1, MDM2, MDM4, MEN1,
MET, MITF, MLH1, MSH6, MYC, MYCN, NF1, NF2,
NKX2-1, NOTCH1, NRAS, PDGFRA, PIK3CA, PIK3R1,
PLAUR, POLE, PTCH1, PTEN, PTPN11, RB1, RET,
RHOA, RNF43, SDHB, SMAD2, SMAD4, SMARCA4,
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SMARCB1, SMO, SRC, STAG2, STK11, SUFU, TERT,
TP53, TP63, TSC1, TSC2, and VHL. Sequencing results
were interpreted by a molecular pathologist (DDS).

Results

Clinical presentation

A total of 395 primary thyroid carcinomas underwent tar-
geted gene rearrangement panel assay from 2013 to the May
of 2020, including 212 (54%) papillary thyroid carcinomas
(PTC), 55 (14%) medullary thyroid carcinomas, 39 (10%)
undifferentiated (anaplastic) thyroid carcinomas (ATC), 36
(9%) follicular thyroid carcinomas, 24 (6%) Hürthle cell
carcinomas, 23 (6%) poorly differentiated thyroid carcino-
mas (PDTC), one (<1%) primary thyroid secretory carci-
noma (SC) and five (1%) unclassifiable carcinomas.
Various kinase fusions were detected in 62 (16%) cases,
including 57 (14%) PTC (including 29 classical type, 21
diffuse sclerosing variant, four solid variant, two follicular
variant, and one tall cell variant), two (<1%) PDTC, two
(<1%) ATC, and one SC. The most commonly rearranged
kinase gene was RET, positive in 31 (8%) cases, followed
by NTRK3 in 11 (3%) cases, NTRK1 in 8 (2%) cases, BRAF
in 6 (2%) cases, ALK in 3 (<1%) cases, MET in two cases,
and ROS1 in one case. The observed fusions and clin-
icopathologic characteristics of all patients are summarized
in Table 1 and Fig. 1, including the references for 16 pre-
viously published cases [16, 17, 27, 28, 31].

The median (range) age for patients with KFTC was 36
(13–76) years, including 57 adults and five adolescents. The
female-to-male ratio was 1.8 (40:22). Except for case 16,
who received low-dose radiation therapy for acne >30 years
prior to developing thyroid cancer, all other cases were
radiation-naïve. Tumor size ranged from 0.2 to 10.5 cm
(median 3.0 cm), staged as pT1 in 15 (24%, including five
microcarcinomas), pT2 in 8 (13%), pT3 in 33 (53%) and
pT4 in 5 (8%) at the time of diagnosis. T stage was una-
vailable for case 52, whose thyroidectomy was in 1984, and
neither the original histopathologic report nor the slides
were available for review. Cervical lymph node metastases
were noted in 49 (79%) patients, and the lateral compart-
ment was involved (N1b) in 36 (58%). Four patients had
distant metastases to lung (cases 17, 23, 53), mediastinum
(case 13) and bone (case 53) at the initial presentation.

Histologic and molecular features

As listed in Table 1, 25 different kinase fusions were found,
each with a preserved kinase domain. Interestingly, all cases
showed remarkably similar histologic features at low mag-
nification. Multinodular growth was consistently observed,

with dense arborizing bands of fibrosis entrapping and
encircling irregular-shaped tumor nodules in a pattern
somewhat reminiscent of hepatic cirrhosis (Figs. 2–6). At
higher magnification, the cellular architecture varied with the
underlying molecular alterations, as described below. Extra-
thyroidal extension was present in 39 (63%) cases, involving
the strap muscle in seven (11%) cases and beyond (T4 dis-
ease) in five (8%) (Fig. 1). Lymphovascular invasion was
seen in most patients (95%) except for cases 3, 10, and 49.
The histopathologic and genetic findings of all the cases are
summarized in Fig. 1. A list of gene transcripts based on
which we annotated the observed fusions is provided in
Supplementary Table S1. All the kinase fusion-related cases
underwent the BRAF V600E mutant-specific immunohisto-
chemical staining and were all negative. All the cases profiled
using SNaPshot lacked the BRAF V600E mutation (Fig. 1).

ALK-rearranged thyroid carcinomas

ALK rearrangements were found in one PDTC (case 1) and
two PTC (cases 2 and 3). The two PTC, despite having
different fusion partners (STRN and EML4), were morpho-
logically similar with multinodular growth and pre-
dominantly follicular architecture (Fig. 2a, b). Scattered
papillary architecture was present in case 3 (5% of tumor
volume) whereas case 2 was entirely follicular-patterned.
Calcifications were seen in case 2 (mostly dystrophic with
rare psammoma bodies) but not in case 3. There was no
additional genetic alteration in either PTC by SNaPshot.
Case 1, a PDTC harboring both a STRN-ALK fusion and a
pathogenic TP53 mutation c.772G>C (p.Glu258Gln), con-
sisted of solid nests of polygonal malignant cells with
admixed clear, oncocytic and squamoid features, along with
frequent mitoses and necrosis (Fig. 2c, d). One 0.1 cm focus
of follicular-patterned PTC was found within the tumor with
abrupt transition into the predominantly poorly differ-
entiated morphology (Fig. 2d). IHC showed diffuse TTF1
expression supporting a PDTC diagnosis.

BRAF-rearranged thyroid carcinomas

BRAF fusions were found in six PTC (cases 4–9) including
two with high-grade features (cases 7 and 8). A packeted,
papillary appearance was seen in cases 4, 5, 6, and 9, char-
acterized by nodules of papillae encircled by dense fibrosis
(Fig. 3a, b). The two BRAF-SND1 fusion PTC (cases 7 and
8) were histologically unique for having admixed classical
(accounting for 40% and 20% of tumor volume, respec-
tively), tall cell (40% and 10%), solid (10% and 30%), and
follicular (10% and 40%) components and focal high-grade
features (up to 4 mitoses/10 HPF in case 7; focal necrosis in
both cases; Fig. 3c, d). Psammomatous calcifications were
numerous in case 4, rare in case 5, and absent in cases 6–9.
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Table 1 Clinical characteristics of kinase fusion-related thyroid carcinomas.

Casea Rearrangement Fusion exons Age
(years)

Sex Stage Distant metastasis Treatment Followup
(months)

Outcome Ref

1 STRN-ALK S3; A20 61 M T3 N1b Skin, mediastinum
(both R)

Sorafenib,
crizotinib,
lenvatiniba

22 R; on
hospice

2 STRN-ALK S3; A20 66 F T1 N0 – – 19 NED

3 EML4-ALK E6; A20 32 M T1 N0 – – 96 NED [17]

4 AGK-BRAF A2; B8 15 F T3 N1b Lung (R) RAI 33 AWD

5 CUL1-BRAF C7; B9 67 M T4a N1b – RAI 27 AWD

6 MKRN1-BRAF M3; B10 55 M T1 N1a – RAI 5 NED

7 SND1-BRAF S14; B11 75 M T3 N0 – RAI 15 NED

8 SND1-BRAF S14; B9 76 F T2 N0 – RAI 30 NED

9 TTYH3-BRAF T12; B8 60 M T4a N1b – XRT, RAI 24 NED

10 EML4-MET E6; M15 61 F T2 N0 – RAI 46 NED

11 TFG-MET T5; M15 44 F T1 N0 – – 2 NED [17]

12 IRF2BP2-NTRK1 I1; N10 36 F T1 N0 – – 1 NED

13 PPL-NTRK1 P21; N11 62 M T3 N1b Mediastinum (D),
lung (R)

RAI, trametinib,
larotrectiniba

80 R; AWD [28]

14 SQSTM1-NTRK1 S5; N10 37 F T2 N1a – RAI 44 AWD [27]

15 SQSTM1-NTRK1 S5; N10 74 F T1 N0 – – 1 NED

16 TPR-NTRK1 T20; N11 54 M T3 N1b Lung (R) RAI, larotrectiniba 144 R
x2; AWD

[27]

17 TPR-NTRK1 T21; N12 24 M T3 N1b Lung (D) RAI 34 AWD [27]

18 TPM3-NTRK1 T7; N10 40 M T3 N1a – – 1 AWD

19 TPM3-NTRK1 T7; N12 27 M T3 N1b – – 0.2 AWD

20 EML4-NTRK3 E2; N13 42 M T3 N1b Lung, brain (both R) RAI, XRT,
entrectiniba

480 R
x2; AWD

[27]

21 ETV6-NTRK3 E3; N13 74 F T3 N1b – RAI; XRT 13 R; AWD [27]

22 ETV6-NTRK3 E4; N13 32 F T3 N1b – RAI 39 NED [27]

23 ETV6-NTRK3 E4; N13 14 F T3 N1b Lung (D) RAI 80 R; AWD [27]

24 ETV6-NTRK3 E5; N14 71 F T3 N1a –- RAI, XRT,
larotrectiniba

71 R x2; NED [27]

25 ETV6-NTRK3 E4; N13 23 F T1 N0 – – 1 NED

26 RBPMS-NTRK3 R5; N13 22 F T3 N1a – RAI 44 NED [27]

27 RBPMS-NTRK3 R5; N13 60 F T3 N1a Lung (R) RAI, proton beam
radiation

121 R
x2; AWD

[27]

28 SQSTM1-NTRK3 S5; N13 43 F T3 N1b Lung (R) RAI 16 AWD [27]

29 SQSTM1-NTRK3 S5; N13 29 F T1 N0 – – 0.5 AWD

30 SQSTM1-NTRK3 S5; N13 26 F T2 N1a – – 1 AWD

31 CCDC6-RET C1; R12 72 M T3 N1b Brain, lung (both R) RAI, SRS,
doxorubicin,
docetaxel,
selpercatiniba

35 R; AWD [31]

32 CCDC6-RET C1; R12 40 F T3 N1b – RAI 41 R
x2; AWD

33 CCDC6-RET C1; R12 19 F T3 N1b – RAI 69 R; AWD

34 CCDC6-RET C1; R12 19 F T3 N1b – RAI 27 AWD

35 CCDC6-RET C1; R12 37 F T1 N1b – RAI 19 R; AWD

36 CCDC6-RET C1; R12 17 F T3 N1b – RAI 49 AWD

37 CCDC6-RET C1; R12 23 F T1 N1b – RAI 20 R; AWD

38 CCDC6-RET C1; R12 23 F T3 N1b – RAI 63 R; AWD
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SNaPshot mutational profiling revealed a TERT patho-
genic mutation c.−146C>T (C250T) in three out of the five
tested (60%) patients (Fig. 1). A TP53 in-frame deletion (p.
Val218_Pro219delinsAla) was found in case 5. A
SMARCA4 mutation (p.Gly1030Ser) of unknown sig-
nificance was detected in case 9, which showed retained
nuclear BRG1 expression by IHC.

MET-rearranged thyroid carcinomas

EML4-MET and TFG-MET fusions were detected in cases
10 and 11, respectively. The two PTC were similar in
having a lobulated appearance, traversing fibrosis, and

predominantly follicular architecture (Fig. 4a). A papillary
component was present in case 10 (20% of tumor volume;
Fig. 4a, b) whereas case 11 was entirely follicular-patterned.
In addition, case 11 showed diffuse clear cell change, as
previously described [17].

NTRK-rearranged thyroid carcinomas (NRTC)

We recently described 11 NRTC [27], and since then seven
new NRTC have been identified (cases 12, 15, 18, 19, 25,
29, 30) using our proposed morphologic approach. The new
cases were all PTC and harbored fusions that included
IRF2BP2-NTRK1, SQSTM1-NTRK1, TPM3-NTRK1, ETV6-

Table 1 (continued)

Casea Rearrangement Fusion exons Age
(years)

Sex Stage Distant metastasis Treatment Followup
(months)

Outcome Ref

39 CCDC6-RET C1; R12 26 M T3 N1b – RAI 6 AWD

40 CCDC6-RET C1; R12 16 M T2 N1b – RAI 2 AWD

41 CCDC6-RET C1; R12 44 M T4a N1b Spine, axilla
(both R)

RAI, XRT, SBRT,
selpercatiniba

136 R
x2; AWD

42 CCDC6-RET C1; R12 51 M T3 N1b Lung (R) RAI 47 AWD

43 CCDC6-RET C1; R12 39 F T3 N1b Lung (R) RAI 41 AWD

44 CCDC6-RET C1; R12 53 M T2 N1a – RAI 3 AWD

45 CCDC6-RET C1; R12 67 F T1 N1a – RAI 54 NED

46 CCDC6-RET C1; R12 33 F T1 N1a – RAI 6 NED

47 CCDC6-RET C1; R12 25 F T1 N0 – RAI 27 NED

48 CCDC6-RET C1; R12 19 F T3 N0 – RAI 32 NED

49 CCDC6-RET C1; R12 51 F T2 N0 – – 0.03 NED

50 CCDC6-RET C1; R12 21 M T3 N1b – – 1 AWD

51 CCDC6-RET C1; R12 25 F T3 N1b – – 1 AWD

52 ERC1-RET E7; R12 13 F Tx N1b Lung, brain, bone,
breast (all R)

RAI, XRT, SRS,
kinase inhibitorsa

441 R x2; DOD

53 NCOA4-RET N8; R12 61 M T4a N1b Lung (D), bone (D) Inoperable
presentation; XRT,
kinase inhibitorsa

35 DOD

54 NCOA4-RET N8; R12 58 F T2 N1b – RAI 3 AWD

55 NCOA4-RET N8; R12 31 M T3 N1b – RAI 21 R; AWD

56 NCOA4-RET N8; R12 26 F T3 N1b – RAI 63 NED

57 NCOA4-RET N7; R12 55 F T3 N1b – RAI 7 NED

58 NCOA4-RET N8; R12 36 F T1 N1b Liver, lung, pleura,
bone, abdominal
wall (all R)

RAI, XRT,
lenvatiniba

250 R x2; DOD

59 RASAL2-RET R17; R12 33 F T1 N1a – RAI 61 NED

60 TRIM24-RET T10; R12 20 F T3 N1b Lung (R) RAI 372 AWD

61 TRIM27-RET T3; R12 26 M T3 N1b Lung (R) RAI 54 AWD

62 CCDC30-ROS1 C10; R36 24 F T4a N1b – RAI 20 NED [16]

D at diagnosis, na not available, R recurrence, RAI radioactive iodine, XRT external radiation therapy, SRS stereotactic radiosurgery, SBRT
stereotactic body radiation therapy, AWD alive with disease, NED alive with no evidence of disease, DOD died of disease.
aSee Table 2 for treatment details.
bThyroidectomy was performed prior to 2000 with limited staging information in the archived pathology reports, histologic slides were no longer
in storage.
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NTRK3, and SQSTM1-NTRK3 (Table 1). In addition,
although case 13 has been previously included in a vali-
dation study for the gene rearrangement NGS panel [28], its
histopathologic features are first reported here. Overall,
cases 12 (harboring IRF2BP2-NTRK1), 13 (PPL- NTRK1),
and 25 (ETV6-NTRK3) were morphologically similar,
composed of lobules of partially fused papillae with scat-
tered glomeruloid structures and scant colloid production
(Fig. 5a, b). IHC was performed in case 25 to exclude the

possibility of SC phenotype and were positive for PAX8
(diffuse) and thyroglobulin (focal); S100, mammaglobin,
and GATA3 were all negative. The two TPM3-NTRK1
fusion PTC (cases 18 and 19) were both predominantly
follicular-patterned with abundant colloid production and
isolated foci of papillary architecture (Fig. 5c). Case 15
(SQSTM1-NTRK1) had a mixture of 60% follicular, 20%
solid, and 20% papillary growth. The two SQSTM1-NTRK3
fusion PTC (cases 29 and 30) were architecturally different.

Fig. 1 Clinicopathologic and molecular features of kinase fusion-related thyroid carcinomas. This figure is a concise summary of reported
MGH KFTC cases, including gene fusions, subsequent/current gene mutations, and clinical outcomes.

Fig. 2 ALK-rearranged
thyroid carcinomas. Case 2, an
ALK-STRN fusion PTC, showed
multinodular growth at low
magnification with traversing
fibrosis (a). Follicular
architecture was seen at high
magnification (b). Case 1, an
ALK-STRN fusion PDTC with a
concurrent TP53 mutation
c.772G>C, consisted of
numerous solid tumor nodules
with comedo-type necrosis and
extensive fibrosis (c). One 0.1
cm focus of follicular-patterned
PTC was found within the tumor
with abrupt transition to
predominantly high-grade
morphology characterized by
admixed clear, oncocytic and
squamoid cells and necrosis (d).
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Case 29 was entirely solid with scattered microfollicles
(Fig. 5d), whereas case 30 was entirely papillary. Psam-
momatous calcifications were seen in all the cases except
for case 29.

RET-rearranged thyroid carcinomas

RET fusions were detected in 28 PTC, one PDTC, and two
ATC. As summarized in Fig. 1, most RET-rearranged PTC

were morphologically similar, composed of nodules of
crowded papillae with a minor follicular component and
arborizing sclerosis (Fig. 6a). The majority also showed
squamous metaplasia, lymphocytic infiltration, and exten-
sive lymphovascular spread of tumor cells and numerous
psammoma bodies throughout the thyroid, thus fulfilling the
defining features of the so-called diffuse sclerosing variant
(Fig. 6a, b). Nine other cases had fewer psammoma bodies
and lacked squamous metaplasia and were hence

Fig. 3 BRAF fusion-related
thyroid carcinomas. Case 5,
despite having additional TP53
and TERT promoter mutations,
was histologically similar to
cases 4, 6, and 9, consisting of
multiple nodules of well-formed
papillae encircled by dense
fibrosis (a, b). Case 7, an SND1-
BRAF fusion tall cell variant of
PTC, showed extensive fibrosis
that divided neoplastic cells into
irregularly shaped islands
(c, inset showing tall cell
features). In approximately 10%
of the tumor volume, a solid to
trabecular architecture was noted
along with increased mitotic
activity (up to 4 mitoses per
10 high-power fields, inset) and
focal necrosis (d).

Fig. 4 MET-rearranged
thyroid carcinoma. Case 10, an
EML4-MET fusion PTC, was
characterized by a lobulated
appearance, traversing fibrosis,
and predominantly follicular
architecture with a minor
papillary component (around
20% of tumor volume) (a, b).
Case 62, a CCDC30-ROS1
fusion PTC, was composed of
numerous solid nodules of pale
to clear tumor cells with
arborizing fibrosis (c, d).
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categorized as classical PTC. Case 46 was unique as a solid
variant PTC with focal high-grade features (3 mitoses/10
HPF and focal necrosis; Fig. 6c). Several mutations of
uncertain significance were found in RET-rearranged PTC,
including an in-frame duplication within VHL (p.Ser43_-
Glu47dup; case 32), a PIK3R1 splice site variant
(c.1020G>A; case 33), and missense mutations in GNAQ
(p.Arg166His; case 34), AKT2 (p.Asp151Glu; case 42),
CDH1 (p.Asp334Glu in case 46, with retained membranous

E-cadherin expression by IHC), JAK2 (p.Met88Thr; case
54), and TP53 (p.Val31Ile; case 61).

The only RET-rearranged PDTC was case 53, which
presented as a mostly intra-mediastinal mass extending
from the left inferior thyroid. The mass remained subclinical
until extensive intrathoracic metastatic disease caused
hoarseness due to recurrent laryngeal nerve involvement.
Given the unresectable presentation, the patient underwent a
core biopsy that showed monotonous malignant cells

Fig. 5 NTRK-rearranged
thyroid carcinomas. Case 12,
an IRF2BP2-NTRK1 fusion
PTC, was composed of lobules
of partially fused papillae with
scant colloid production (a) and
scattered glomeruloid structures
and (b). Case 18, a TPM3-
NTRK1 fusion PTC, was
predominantly follicular-
patterned with abundant colloid
production and isolated foci of
papillary formation (c). Case 29,
an SQSTM1-NTRK3 fusion PTC
demonstrated solid architecture
with scattered microfollicles and
prominent streaming fibrosis (d).

Fig. 6 RET fusion-related
thyroid carcinomas. Case 51, a
CCDC6-RET fusion PTC,
showed numerous cellular
nodules and stromal sclerosis
(a). Frequent, variably-sized
psammoma bodies and tumor
nests with squamous morular
metaplasia were seen scattered
within background thyroid
(a, b). Case 46, a CCDC6-RET
fusion PTC with concurrent
CDH1 mutation, showed a solid
architecture with up to three
mitoses per 10 high-power fields
and focal necrosis (c). Case 52,
after a long-standing history of
PTC since childhood, showed
anaplastic transformation in the
scapular metastatic tumor. The
cells displayed moderate
pleomorphism, frequent mitoses,
and squamoid cytology (d).
PAX8 was diffusely positive
(d, inset).
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diffusely expressing TTF1 and PAX8. SNaPshot did not
reveal additional genetic changes.

The two RET-rearranged ATC were cases 31 and 52. The
histology and genetic abnormalities of case 31 were pre-
viously reported [31] with recent clinical progress updated in
Table 2. Case 52 initially presented as a childhood PTC in
1984, which, after two recurrences in 1998 and 2012,
exhibited accelerated progression in 2013 with widespread
metastases to the sternum, scapula, brain, lung, and breast.
Resections of sternal and scapular metastases showed high-
grade carcinoma with squamous differentiation (Fig. 6d).
There was diffuse expression of PAX8 (Fig. 6d, inset) and
p40 but TTF1 and thyroglobulin were lacking. The initial
molecular characterization performed in a sample of post-
radiation sternal metastatic tumor revealed a ERC1-RET
fusion, a PTCH1 mutation of uncertain pathogenicity (p.
His739Phe), a TERT promoter mutation c.−124C>T
(C228T), and an NF2 deletion/insertions (delins) (p.GluLeu-
GluArgArgLeuLeuGln355TerLeuGluArgArgLeuLeuHis).
After progressing on lenvatinib and selpercatinib therapy, re-
profiling of her intrapulmonary tumor showed the same RET
fusion as well as pTERT and PTCH1 mutations but the NF2
deletion was no longer detected. In addition, a copy number
gain of EGFR was newly identified.

ROS1-rearranged thyroid carcinomas

A CCDC30-ROS1 fusion was observed in a young adult
with a solid variant PTC (case 62), which had a prior case
report at the time of diagnosis in 2016 [16]. Briefly, the 3.5
cm tumor was composed of numerous oval solid nodules of
pale to clear cells encircled by branching collagenous
bundles (Fig. 4c, d). SNaPshot revealed an FBXW7 splice
acceptor variant (c.585-5T>A). The patient was subse-
quently followed for 20 months as presented below.

Treatment and outcome

All patients except for case 53 had total thyroidectomy, and
most received adjuvant radioactive iodine (RAI)(Table 1).
We evaluated patients for response to RAI; 32 out of 62 did
not have adequate follow-up information or received RAI in
the adjuvant setting, and their response was thus not eva-
luable. Among the 30 patients with evaluable data, there
were 26 showing evidence of refractoriness based on the
2015 American Thyroid Association guidelines [32],
whereas four patients were responsive (Supplementary
Table S2). Overall, among the 47 KFTC cases with at least
6 months of follow-up (median [range]: 41 [6–480]
months), 20 (43%) patients had no evidence of recurrent
disease, despite 10 of them having presented with nodal
metastasis. The other 27 (57%) patients had persistent or
recurrent disease and 18 (38%) developed distant

metastases. The distant metastatic rate appeared to be the
highest in NTRK-rearranged thyroid carcinomas (7 out of 12
cases [58%] with >6 months follow-up), followed by RET-
rearranged thyroid carcinomas (9/25, 36%), ALK-rearranged
thyroid carcinomas (1/3, 33%), and BRAF-rearranged
thyroid carcinomas (1/5, 20%). All MET- or ROS1-rear-
ranged cases remained free of locoregional and distant
metastatic disease at last follow-up. Three (6%) patients
eventually died of advanced RET-rearranged thyroid carci-
nomas (cases 52, 53, and 58), while mortality was not noted
in patients with tumors driven by other kinases. When only
PTC cases were considered, a total of 42 PTC cases had
>6 months of follow-up (median [range]: 41 [6 to 480]
months); persistent/recurrent disease, distant metastasis, and
thyroid cancer-related death was noted in 59% (25/42), 33%
(14/42), and 2% (1/42) of PTC, respectively, at the last
follow-up (Table 1, Fig. 1). Multi-kinase and/or selective
kinase inhibitors were prescribed to ten patients, and their
treatment history, response, and toxicity profiles are sum-
marized in Table 2.

Discussion

Targeted KI play a prominent role in the modern
advancement of oncologic care. Their successful application
has proven highly efficacious in patients with advanced
cancers who had previously been deemed to be terminal. KI
also represent a substantial cause of healthcare expenditure,
and the importance of laboratory guidance, both histologic
and molecular, in identifying targetable cases cannot be
overstated. In this study, we pointed out a characteristic and
reproducible histologic pattern of KFTC. The triad of
multinodularity, prominent fibrosis, and lymphovascular
invasion were seen in 95% of the cases, and the former two
features were present in 100% of our cohort, which
encompassed PTC, SC, PDTC, and ATC driven by a wide
range of kinase fusions involving ALK, BRAF, MET,
NTRK1/3, RET, and ROS1. In addition, we also observed
high percentages of extrathyroidal extension, micro and
macroscopic (63%), lymph node involvement, central and
lateral neck (79%), and distant metastasis (38%). Of note,
our cohort was mostly radiation-naïve adults, whereas most
of the existing KFTC literature had been conducted in
pediatric and radiation-associated patients. Recently, Prasad
et al. reported similar histologic findings of multinodularity,
scar-like fibrosis and frequent lymphovascular spread in
pediatric NTRK-rearranged thyroid carcinomas [33]. In
another study, Pekova et al. examined 52 pediatric KFTC
carrying RET, NTRK1/3, ALK, BRAF, and MET fusions and
noted frequent multifocality (53.8%), extrathyroidal exten-
sion (40.9%), and lymph node metastasis (62.4%). Elevated
metastatic rates have also been reported by other researchers
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in postradiation and sporadic thyroid carcinomas driven by
RET [34–36], BRAF [37], NTRK [38], and ALK [39, 40]
fusions. Although our MET fusion cases were non-meta-
static, one of the only two previously published MET-
rearranged PTC [15, 41] had lymph node and pulmonary
metastases. Both case 62 and the only other known case of
ROS1-rearranged thyroid carcinoma were metastatic [42].
Overall, KFTC appeared to form a group of clinically
aggressive tumors with overlapping clinicopathologic
characteristics which can serve as helpful clues for pathol-
ogists to initiate molecular testing. An algorithmic approach
for identifying actionable kinase fusions in thyroid carci-
nomas is proposed in Fig. 7.

The histologic concept of “diffuse sclerosing variant
(DSV)” of PTC has been commonly associated with RET
rearrangements in the literature [43, 44]. Rendering a DSV
diagnosis can be somewhat subjective, but the main defin-
ing features include extensive lymphovascular involvement,
stromal sclerosis, prominent lymphocytosis, squamous
metaplasia, and numerous psammoma bodies. Although the
former two features were present in the vast majority of our
KFTC cohort regardless of fusion type, we saw squamous

morule formation exclusively in the RET fusion cases.
Moreover, while most of our RET fusion tumors showed
countless psammoma bodies, cases driven by other kinases
had few or none with rare exceptions (cases 4, 13, 16, 17).
As a result, among a total of 21 DSV PTC in our cohort, 18
(86%) were associated with RET fusions, while NTRK1 and
BRAF fusions were implicated in two (10%) and one (5%)
case, respectively. Previously, Joung et al., in examining 37
DSV PTC, reported BRAF V600E mutation in 24% [44].
Taken together, one plausible approach for identifying
therapeutic targets in DSV cases may include immunohis-
tochemical staining for BRAF V600E mutation, followed by
molecular testing for RET, NTRK, and BRAF rearrange-
ments if negative. Another histologic type that is histori-
cally associated with RET fusions is the solid variant PTC,
which was also seen in NTRK- and ROS1-rearranged PTC
in our cohort (Fig. 1).

Although previous studies have suggested that CCDC6-
RET fusion PTC were generally indolent with a low pro-
pensity for high grade transformation [45], cases 31 (a
CCDC6-RET fusion ATC) and 46 (a CCDC6-RET fusion
PTC with high-grade features) exemplified the dediffer-
entiating potential of these tumors. It was noteworthy that
both cases had genetic co-alterations. In addition to the
CCDC6-RET fusion, case 46 also carried a CDH1 missense
variant of uncertain pathogenicity. We performed immuno-
histochemistry and noticed retained membranous E-cadherin
staining. Nevertheless, it has been documented in the lit-
erature that aberrant E-cadherin expression can occasionally
occur with carcinogenic CDH1 mutations [46]. Case 46 had
four co-occurring mutations involving TP53, TERT pro-
moter, TSC2, and PTCH1 [31]. We also noted various
degree of high-grade features in other RET fusion partners
(cases 52 and 53) as well as ALK, BRAF, and NTRK-rear-
ranged tumors (cases 1, 7, 8, and 28; Fig. 1). The average
number of co-altered genes were 3.50, 0.50, and 0.50 and
0.45 per case for ATC, PDTC, PTC with high-grade fea-
tures, and PTC without high-grade features, respectively
(Fig. 1). The increasing number of co-alterations accom-
panied by higher histologic grade supports a significant role
for mutation accumulation in escalating the biological
potential of KFTC. Previous genomic studies in RET, ALK,
BRAF, and NTRK fusion-related ATC and PDTC using
larger sequencing panels have reported similar mutation
burdens involving a similar set of genes, such as TP53,
pTERT, and SMARCA4 [47–49]. It should be noted that we
performed molecular analysis only in tumor tissue samples
without paired normal tissue testing. Therefore, we cannot
exclude the possibility that some of the detected variants,
particularly those that lack clear pathogenicity data in the
literature, may represent rare germline variants.

We were particularly interested in correlating genetic
abnormalities with patient response to kinase inhibitor

Fig. 7 Proposed algorithmic approach for identifying actionable
kinase gene fusions in thyroid carcinomas. This simple algorithm
provides a stepwise assessment for when further workup of thyroid
carcinoma cases may yield therapeutically targetable gene fusions.
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therapy. As summarized in Table 2, four cases exhibiting
kinase inhibitor resistance were encountered (cases 1, 52, 53,
and 58). Case 1 was found harboring both a STRN-ALK
fusion and TP53 c.772G>C mutation before starting crizo-
tinib treatment. His tumor burden initially appeared to sta-
bilize but progressed within a year. STRN-ALK fusion
thyroid and lung carcinomas, although rare, have been
putatively sensitive to crizotinib based on a total of three case
reports and one in vitro study [39, 40, 50, 51]. Although no
prior study has examined the drug sensitivity of TP53-mutant
STRN-ALK fusion tumors, Kron et al. have recently
demonstrated that concurrent TP53 mutations represent a
significant unfavorable outcome predictor in ALK-rearranged
lung cancer patients in all the analyzed treatment subgroups
(crizotinib, next-generation ALK inhibitors, chemotherapy)
[52]. Several other studies have also associated TP53
mutations with poor crizotinib response [53–55]. Cases 52,
53 and 58 initially received lenvatinib, a repurposed VEGFR
inhibitor with suboptimal efficacy against RET-driven tumors
[2], and experienced disease progression. Cases 52 and 53
were subsequently treated with selpercatinib. Interestingly,
both patients had been showing clear response (63% and
72% reduction of tumor burden) for longer than a year before
developing resistance (Table 2). Posttreatment tumor genetic
profiling was performed in case 52 and revealed a new copy
number gain of EGFR, which had been absent in the pre-
treatment sample. Activation of bypass signaling is a well-
recognized mechanism for kinase inhibitor resistance [2].
Although secondary EGFR gain has not been previously
reported in selpercatinib-treated patients, EGFR is a well-
established mediator of acquired resistance to kinase inhi-
bitor therapy in ALK, RET, and ROS1 fusion-driven lung
cancers [56–59]. The mechanism of acquired resistance in
case 53 was unclear since no posttreatment molecular pro-
filing was performed. It was noteworthy that several co-
alterations were found in patients with durable response to
kinase inhibitors, such as pTERT c.−124C>T (cases 20 and
31), MEN1 p.Pro55LeufsTer64 (case 20) [27], TP53 p.
Pro152TrpfsTer10 (case 31), PTCH1 (p.Ala4Thr, case 31),
and TSC2 (p.Gly1356Ser, case 31) [31].

BRAF fusions occur in around 1–2% of thyroid carci-
nomas, mainly PTC, with a largely uncharacterized prog-
nosis [60, 61]. The frequency is higher in pilocytic
astrocytoma (60–80%), cutaneous Spitzoid melanomas
(75%), and pancreatic acinar cell carcinomas (20%)
[61–63]. The clinical management of BRAF fusion-driven
tumors represents an active area of research that currently
has very limited patient data. Isolated case studies in
astrocytoma and melanoma have showed highly variable
patient response to RAF and MEK inhibitors [64, 65].
Most interestingly, one recent study using patient-derived
melanoma cells expressing BRAF fusion transcripts have
found the sensitivity to RAF inhibitors dependent on

whether the 5′ end fusion partner contributes additional
dimerization domain(s). Partner-derived dimerization
domains cause conformation change-mediated paradoxical
activation of MAPK pathway and accelerated tumor growth
when treated with first and second generation RAF inhibi-
tors [66]. Although BRAF fusions with (e.g., AKAP9-
BRAF) and without (eg. AGK-BRAF, CUL1-BRAF) partner-
derived dimerization domains have both been discovered in
thyroid carcinomas [14, 15, 67], none of the fusion partners
in our cases have a known dimerization domain. Since our
cases did not receive kinase inhibitor therapy, their sensi-
tivity cannot be determined. Nevertheless, compared to the
NTRK and RET fusion cases, BRAF fusion tumors appeared
to have a better prognosis in our cohort, with the majority
achieving remission after thyroidectomy and RAI treatment
(Fig. 1). Additional clinical research is needed to elucidate
the behavior of BRAF fusion-driven thyroid carcinomas and
the therapeutic utility of MAPK pathway inhibitors.

In summary, our findings highlight a unique histologic
pattern shared by a wide morphologic (PTC, SC, PDTC,
and ATC) and molecular (RET, NTRK, BRAF, ALK, MET,
and ROS1 driven) spectrum of KFTC. The triad of multi-
nodularity, intratumoral fibrosis, and lymphovascular
involvement can serve as a helpful diagnostic aid for
pathologists’ recognition of these clinically aggressive but
highly treatable tumors. In addition, we uncovered multiple
genetic co-alterations in KFTC, which demonstrated sig-
nificant consequence to patient response to targeted kinase
inhibitor therapy. The study had several limitations,
including a lack of paired normal tissue genetic testing and
possible selection bias resulting from preferential sequen-
cing of clinically aggressive cases. Nevertheless, we expect
these data to contribute to the current understanding of
KFTC with anticipated benefit for patients.
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