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Anaplastic thyroid carcinoma (ATC) is an aggressive cancer that requirements rapid diagnosis and
multimodal treatment. Next-generation sequencing (NGS) aids in personalized therapies and
improved trial enrollment. The role of liquid-based NGS in ATC remains unclear. This study analyzed
ATC samples using tissue-based NGS, liquid-based NGS, or both platforms. Genetic alterations
showedhighly heterogeneity, includingmutations inRAS/RAF/MEK/ERK,PI3K/AKT/mTOR, cell cycle
regulation, other receptor tyrosine kinases, DNA damage response, mismatch repair, and chromatin
remodeling. TP53 (65.4%) and BRAF (30.8%) were the most frequently mutated genes in tissue NGS.
In paired samples, the concordance rates were 69.2% for TP53 and 84.6% for BRAF. One of two
patients treated with dabrafenib and trametinib showed a copy number gain in post-treatment tissue
NGS, potentially indicating resistance. Liquid biopsy provides valuable supplementary information
when tissue samples are insufficient. Further studies are necessary to understand resistance
mechanisms and develop strategies to overcome them in BRAF-targeted therapy.

Anaplastic thyroid cancer (ATC) accounted for 1.3–9.8% of all thyroid
cancers based on various studies worldwide1. It is one of the most lethal
malignancies with amedian overall survival (OS) of only 4–6months2,3 and
disease-specific mortality of nearly 100%. To enhance survival, previous
studies have focused on surgical techniques improvement, radiotherapy
design, and the development of novel systemic treatments, including tar-
geted- and immuno-therapies4–7, however, the treatment outcomes of ATC
remain unsatisfactory. Several prognostic factors, including age, leukocy-
tosis, acute symptoms, disease stage, tumor size, prior surgery, prior
radiotherapy, and chemotherapy have been identified4,8,9, however, novel
treatments are still required to overcome the aggressiveness of ATC.

The BRAF (V600E) mutation is commonly found in thyroid carci-
noma, and the prevalence of BRAFmutations in ATC has been reported to
be 35–40%10. Dabrafenib and trametinib are tyrosine kinase inhibitors
(TKIs) against BRAF V600E and MEK1/2, respectively, and have demon-
strated promising effects in BRAF-mutant ATC11,12. In our previous study,
we retrospectively analyzed the effect of dabrafenib and trametinib on
BRAF-mutated ATC in real-world practice and found that dabrafenib and
trametinib were effective and significantly improved theOSof patients with

ATC. However, the benefit was limited in BRAF-mutated ATC. Resistance
inevitably occurs, and patients succumb to the disease soon after progres-
sion. Identifying additional possible targets andmechanisms of resistance to
targeted therapy is critical for improving the survival of patients with ATC.

This study aimed to conduct comprehensive genomic profiling to
identify common driver mutations in Taiwanese patients with ATC, assess
the frequency of established genetic events in tumorigenesis, identify
potential novel driver genetic events, and characterize candidates for tar-
geted therapy. Furthermore, we aimed to investigate the role of liquid next-
generation sequencing (NGS) and elucidate the resistance mechanisms
associated with BRAF-targeted therapy.

Results
The baseline characteristics of 26 patients with ATC enrolled in
the current study
The overall cohort in the current study comprised 26 samples subjected to
tissueNGS and 15 samples subjected to liquidNGS (Fig. 1a). Among the 26
patients who underwent tissue NGS, the median follow-up time was
5.4 months (range 0.3 to 35.7 months) until January 2024. The median age
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Fig. 1 | The sample collection and survival curve analysis of 26 ATC patients
enrolled in this study. a The overall cohort in the current study comprised
26 samples subjected to tissue NGS and 15 samples subjected to liquid NGS. Among

these, two patients had both pre- and post-treatment samples following BRAF-
targeted agents. b Kaplan–Meier curve of OS in 26 patients with tissue NGS.
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of the patients was 72.7 years, and their sex distribution was equal. Most
patients exhibited a good or intermediate performance status (Eastern
Cooperative Oncology Group Performance Status 0–1:61.5%), had no
previous history of differentiated thyroid cancer (de novoATC: 69.2%), and
were diagnosed with distant metastases at the time of the initial ATC
diagnosis (stage IVC: 57.7%). The detailed baseline characteristics are
summarized in Table 1. Median OS was 6.3 months (95% CI:
1.8–10.8 months, Fig. 1b).

Tissue NGS
The genetic alterations of SNV in ATC were highly heterogeneous, invol-
ving several pathways, including RAS/RAF/MEK/ERK (73.1%), PI3K/
AKT/mTOR (57.7%), cell cycle regulation (92.3%), other receptor tyrosine
kinases (65.4%), DNA damage response (50.0%), and DNA mismatch
repair (MMR, 34.6% including MLH1, MSH6, MSH2, and PMS1), and
chromatin remodeling (76.9%) (Fig. 2 and Supplementary Fig. 1-2). While
nomutations in PMS2were detected in our cohort, it is important to clarify
that PMS2 was carefully evaluated. Alongside the more widely recognized
MMR genes (MLH1, MSH6, MSH2, and PMS2), PMS1 is also acknowl-
edged as a DNA MMR gene according to OncoKB. Although 34.6% of
patients with ATC harbor MMRmutations, all mutations were variants of
uncertain significance (VUS), leading to the absenceofMSI-H in the current
cohort. Among 24 ATCs with evaluable TMB, only one ATC (TMB: 7.5
mut/Mb) had TMB-H (≥7.5mut/Mb).

TP53mutationswere themost prevalent (65.4%) in this cohort. BRAF,
NF1, NRAS, KRAS, and HRAS mutations accounted for 30.8%, 19.2%,
19.2%, 11.5%, and 3.8% of cases, respectively. All BRAFmutations were the
V600E mutation. The KRAS mutations comprised one G12V, one Q61H,
and one Q61K. The NRAS mutations included four Q61R mutations and
one G13R mutation. Only one HRAS mutation (Q61R) was identified.
Mutations in other receptor tyrosine kinases, including FGFR3 (19.2%) and
ALK (15.4%), were the most frequent. Mutations in HER, FGFR, NTRK,
KIT, PDGFR, MET, and ROS-1 were also found (Supplementary Fig. 2).

Regarding the PI3K/AKT/mTOR pathway, 57.5% of patients with
ATC harbored genetic alterations. PTEN loss (19.2%) was the most com-
mon, followed byMTOR (11.5%) andPI3KCA(11.5%)mutations. In terms
of theDNAdamage response, BRCA2andBRCA1accounted for 15.4%and
11.5%, respectively. Due to the lack of paired normal tissue for further
analysis, germline BRCA1/2 was suspected in some cases based on the
variant allele frequency. Additionally, only a single mutation in BRCA1/2
was detected in each patient, which likely excludes the occurrence of second
hits.Othergenes involved in theDNAdamage responsewere also identified.

CNV was also evaluated. Genes involved in receptor tyrosine kinase
(42.3%), cell cycle (42.3%), and DNA damage response (38.5%) were the
major pathways in ATC. The CNV details of specific genes are shown in
Fig. 3 and Supplementary Fig. 3.

Liquid NGS
Overall, 15 patients underwent liquid NGS, including 13 with paired tissue
NGS and two with insufficient tissue for NGS. TP53 and BRAF mutations
were detected in four out of 15 (26.7%) patients (Fig. 4), which was lower
than that detected by tissue NGS. In cases with limited tissue availability or
where tissue NGS is not feasible, liquid biopsy, which detects a BRAF
mutation, serves as a complementary method for genetic profiling. How-
ever, eight out of 15 patients had no detectable genetic alterations and
required paired samples to assess the concordance between tissue and
liquid NGS.

Paired tissue and liquid NGS
Among the 13 paired tissue and liquid NGS samples, no genetic alterations
were found in seven liquid NGS reports, suggesting that liquid NGS has an
intrinsic limitation in identifying genetic alterations in ATC (Fig. 5). Gen-
erally, liquid NGS did not reveal additional genetic alterations compared
with tissue NGS, except for two samples that reported ATM and EGFR
mutations that were not detected by tissue NGS (Fig. 5).

In five of the 13 ATC patients with BRAF mutations by tissue NGS, 3
(60%) were detected by liquid NGS, resulting in a sensitivity of 60% and
specificityof 100% forBRAFdetectionby liquidNGS.The concordance rate
for BRAF mutations was 84.6% and for TP53 was 69.2%.

Resistance
TwopatientswithATCwere treatedwithdabrafenib and trametinib, andon
progression on targeted therapy (Fig. 6), they underwent a series of NGS
analyses. The first patient experienced progression twice, which led to two
additional tissueNGS analyses. No differences were found in terms of SNV,
but a gain in copy number (copy number: 4–6)was observed for some genes
(GNAS, AURKA, SRC, TOP1, etc.) in one patient.

Discussion
The poor prognosis associated with ATC is primarily attributed to the
limited efficacy of conventional treatment modalities and an incomplete
understanding of the underlying mechanisms driving ATC tumorigenesis.
This study aimed to address these challenges by conducting comprehensive
genomicprofiling of 26ATCcases inTaiwan and assessing the concordance
between tissue and liquid NGS in 13 ATC cases. The genomic landscape of
ATC revealed the intricate involvement of multiple pathways, including
RAS/RAF/MEK/ERK (73.1%), PI3K/AKT/mTOR (57.7%), cell cycle reg-
ulation (92.3%), other receptor tyrosine kinases (65.4%), DNA damage
response (50.0%), DNA mismatch repair (34.6%), and chromatin

Table 1 | Basic characteristics of patients (n = 26)

Characteristics No. of patients %

Age (years) (Medium SD) 72.7± 10.6

≤65 6 23.1

>65 20 76.9

Sex

Male 13 50.0

Female 13 50.0

Performance score

0–1 16 61.5

2–4 10 38.5

De novo ATC

Yes 18 69.2

No 8 30.8

Stage

IVA 2 7.7

IVB 9 34.6

IVC 15 57.7

Metastatic site

Lung 13 50.0

Bone 3 11.5

Brain 2 7.7

Operation

Curative 9 34.6

Palliative 5 19.2

Radiotherapy 15 57.7

Systemic treatment

Chemotherapy 9 34.6

Pembrolizumab 5 19.2

Sorafenib 3 11.5

Lenvatinib 6 23.1

Dabrafenib + Trametinib 9 34.6
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remodeling (76.9%). Liquid NGS demonstrated the capability to detect
more BRAF mutations in cases where tissue was either unavailable or
insufficient13. These findings underscore the highly heterogeneous genetic
background of ATC, revealing previously unexplored genetic events.
Notably, mutations in HER1/2/3, FGFR2/4, NTRK 1/2/3, and genes

associated with the DNA damage response have been identified, presenting
intriguing possibilities, as pharmaceuticals targeting these genes are cur-
rently in clinical or experimental use. Finally, the mutation landscape of the
cohort was characterized, revealing diverse frequencies of recognized
thyroid malignancy genes in the majority, though not all, of ATC cases.

Fig. 2 | Summary of genomic alterations, including single nucleotide variants (SNV), and associated pathways in 26 ATC patients analyzed with tissue NGS. a SNV,
small insertions, and deletions identified through tissue NGS. b Pathways involved based on the identified SNV.
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The detection of driver mutations is a key factor in ATC treatment, as
most patients cannot be cured by surgery alone. The commonly mutated
genes were TP53 in 17/26 (65.4%) patients, and BRAF in 8/26 (30.8%)
patients,which is consistentwithprevious reports14–17. Regarding the impact

of BRAF and TP53 mutations on survival, no significant difference was
observed between mutated and wild-type ATC (p = 0.729 for BRAF,
p = 0.426 for TP53, Supplementary Fig. 4). In addition to tumor agnostic
therapy, combination therapy with dabrafenib and trametinib is the only

Fig. 3 | Summary of genomic alterations, including specifically copy number variations (CNV), and associated pathways in 26ATCpatients analyzed with tissueNGS.
a CNV, small insertions, and deletions identified through tissue NGS. b Pathways involved based on the identified CNV.
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targeted therapy that has been approved for ATC harboring the BRAF
V600E mutation since 2018, based on the ROAR study (BRF117019 study,
NCT02034110)11,12. A few retrospective studies also confirmed the role of
targeted therapy for BRAF-mutated ATC18,19. Tumor agnostic treatment
was applied for ATC with NTRK fusion, RET fusion, and MSI-H, which
were not found in the current cohort. However, other possible novel targets
have been identified, providing evidence for the development of targeted
therapies.

Regarding KRAS mutations, we identified one G12V, one Q61H, and
oneQ61Kmutation. Sotorasibandadagrasibhavebeenapproved forpatients
with non-small cell lung cancer (NSCLC) harboring theKRASG12C20. In 14
patients (10 with pancreatic ductal adenocarcinoma (PDAC) and four with
NSCLC) harboring G12X mutations other than G12C and treated with
RMC-6236 at least 8weeksbefore thedata cut-off date, the objective response
rate was 36%21. Ongoing investigations into targeted therapies offer hope for
the treatment of cancers with various KRAS mutations20.

Four patients with NRAS mutations were identified, including four
with Q61R and one with G13R mutations. Currently, there is no approved
treatment for cancers with NRAS mutations. However, MEK inhibitors
such as cobimetinib, trametinib, and binimetinib may stabilize NRAS-
mutated metastatic melanoma, with an objective response rate (ORR) of
18.2% and a disease control rate (DCR) of 48.5%22. Recently, the ORR
reportedwas 46.7% in patients withNRAS-mutatedmelanoma treatedwith

naporafenib (a pan-RAF kinase inhibitor, 200mg twice a day) plus tra-
metinib (1mg once daily)23. SEACRAFT-1 is an open-label study designed
to assess the safety and efficacy of naporafenib administeredwith trametinib
in previously treated patients with locally advanced unresectable or meta-
static RAS Q61X solid tumor malignancies including thyroid cancer
(ClinicalTrials.gov Identifier: NCT05907304).

Other genetic alterations involving the DNA damage response (DDR)
and cell cycle may have implications in specific targeted therapies. Cur-
rently, homologous recombination deficiency (HRD) is the only available
predictive biomarker that can identify patients more likely to benefit from
PARP inhibitors24. PARP inhibitor monotherapy has been extensively
investigated in cancer subtypes commonly associated with HRD25. Fur-
thermore, clinical trials of combination strategies with anti-angiogenesis
and immunotherapy have aimed to enhance the efficacy of PARP
inhibitors25. Studies targeting cell cycle checkpoints26, such as ATM27, ATR,
and Wee128, are ongoing to tackle the DDR.

In our study, the rate of BRAFV600E detection by circulating tumor
DNA (ctDNA) was 26.7%. This is comparable to the findings in 92 cases of
ATC using the Guardant360 plasma NGS test, which showed a
BRAFV600E detection rate of 27.2%29. However, this was lower than that
reported in historical cohorts14–17 and in our tissue NGS (30.8%). However,
the previous reports did not assess concordance between paired tissue and
liquid NGS. Based on our findings, liquid NGS could be an alternative

Fig. 5 | Overview of genomic alterations in 13 patients with paired tissue and liquid NGS. The genes shown based on the genes detected by liquid NGS. Concordance =
number of concordant results/overall population.

Fig. 4 | Summary of genomic alterations in 15
patients with liquid NGS. A total of eight genes
were detected with mutations in the liquid NGS
analysis of these seven patients, including loss of
function, missense, and other types.
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option for patients whose tissue is unavailable or insufficient, or when
urgent treatment is required. However, it is important to note that liquid
NGS cannot fully replace tissue NGS, as 7 out of 13 cases in our cohort
showed no results from liquid NGS.

In the current cohort of 13 NGS pairs, the concordance rates were
84.6% for BRAF and 69.2% for TP53. This discrepancy in detection rates
could potentially be attributed to the specific characteristics of ATC,
including tumor burden and shedding. Supporting this, another study
involving 23 patients with ATC at the University of Texas MD Anderson
Cancer Center revealed that the reliability of inference based on con-
cordance was highest in patients who underwent dual-platform sequencing
before initiating definitive treatment17. In contrast, it was the lowest in
patients who underwent cell-free circulating DNA (cfDNA) analysis after
treatment17. Therefore, tissue NGS should remain the standard of care for
determining therapeutic options for ATC unless the tissue is unavailable or
insufficient for tissue NGS.

The identification of more novel targets and resistance mechanisms is
required. However, no novel targets were identified in this study.We found
some genes with increased copy numbers (copy number: 4–6) implying a
possible resistance mechanism for BRAF-targeted therapy. However, more
cases should be compiled and analyzed to confirm these data. Unlike the
intrinsic and extrinsic acquired mutations in melanoma30 and NSCLC31,
currently, there are not many reports on ATC. Recently, BRAF off-target
resistance mechanisms in ATCs, including RAS mutations32,33 RAC1
mutations34, and copy number variations34 have been described. Further

studies arewarranted tounderstand themechanisms of resistance toBRAF-
targeted therapy in ATC.

The small number of cases remains theprimary limitationof this study,
reflecting the rarity of this cancer.However, the study iswarranted given the
aggressive nature of the disease. Due to the limited sample size, we have
listed all detected mutations to provide comprehensive data, including
putative drivers and VUS (Supplementary Table 1). For specific details on
theoncogenicity of eachmutation,wehave alsoprovided thedetaileddataas
supplementarymaterial (SupplementaryTable 1), annotatedusingOncoKB
results to categorize mutations as either putative drivers or VUS. Regarding
co-occurrence or mutually exclusive relationships of specific genes, BRAF
and TP53 mutations are not mutually exclusive. A mutual exclusivity
analysis was performed using cBioPortal, and due to the small sample size,
no significant co-occurrence or mutually exclusive relationships were
observed between BRAF, TP53, and other genes (p < 0.05, q-value < 0.05).
Detailed information on significant co-occurrence or mutually exclusive
genes is provided in Supplementary Table 2.

This study provides clinical insights into the genomic landscape of
ATC and identifies potential novel targets worthy of further investigation.
Considering the multiple aberrant pathways present in these tumors, a
multi-targeted therapeutic strategy is essential. While liquid biopsy alone
may not be sufficient to identify driver mutations, it offers complementary
information when the tissue is inadequate for NGS. Further studies are
warranted to understand the resistance mechanisms of BRAF-targeted
therapy and to find ways to overcome this resistance.

Fig. 6 | Summary of genomic alterations in two
patients had both pre- and post-treatment sam-
ples following BRAF-targeted agents. In the
comparison of pre- and post-treatment for patient
ATC01, eight genes were found to have a gain in
copy number, while no changes were observed in
patient ATC12.
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Methods
Patients and clinical characteristics
This study includeddata frompatientswithhistologically confirmedATCat
ChangGungMemorial Hospital (CGMH), Linkou, between 2011 and 2023
and encompassed both prospective (after 2021/03/08) and retrospective
(2000/01 ~ 2021/02) cohorts delineated by the date from Institutional
Review Board of Chang Gung Medical Foundation approval
(IRB#202100148B0). The requirement for informed consentwaswaived for
the retrospective cohort and was obtained from the prospective cohort. All
patients (or their legal proxies/guardians) provided informed consent for
study participation and the publication of anonymized case details. The
analysis focused on patients with adequate quality and quantity of archived
tissues available for NGS assays. Additionally, liquid biopsy samples for
NGS were collected from prospective cohorts of treatment-naïve ATC
patients. The main cohort, comprising tissue and liquid NGS samples, was
obtained prior to systemic treatment and radiotherapy. For the resistance
cohort, sampleswere collected followingBRAF-targeted therapy, as detailed
in the results section. The retrospective records encompassed clinical
characteristics, including age at diagnosis, sex, staging, metastatic sites,
treatment history (including prior surgery and radiotherapy), and OS
outcomes.

Sample processing and next-generation sequencing (NGS)
Samples with inadequate quality that failed quality control were excluded
from analysis by ACTOnco®+ (ACT Genomics, Taipei, Taiwan), an NGS
panel sequencing more than 440 genes. Nucleotide variation (SNV), copy
number variation (CNV), microsatellite instability (MSI), and tumor
mutational burden (TMB) were evaluated. For details of the NGS metho-
dology, please refer to our earlier study35.

TMBwas determined using the sequenced regions of ACTOnco®+ to
estimate the number of somatic nonsynonymous mutations per megabase
across all protein-coding genes (whole exome). TMB calculation predicted
somatic variants and applied amachine-learningmodelwith cancerhotspot
correction. TMB results are categorized as “TMB-High” (≥7.5muts/Mb),
“TMB-Low” (<7.5 muts/Mb), or “Cannot Be Determined” (the tumor
purity of the sample is <30%). The extracted RNA was reverse transcribed
and used for library construction. Sequencing was conducted using an Ion
Proton or Ion S5 sequencer. To ensure the sequencing quality, the average
unique RNA Start Sites (SS) per control Gene Specific Primer 2 (GSP 2)
should be ≥10.

For the fusion analysis, the sequenced readswere aligned to the human
reference genome, non-contiguous genome regions were identified, filters
were applied to exclude false-positive events, and annotated using the
Quiver Gene Fusion Database maintained by ArcherDX. The samples with
detected fusions were required tomeet the following criteria: (1) Number of
unique start sites (SS) for the GSP2 ≥ 3; (2) Number of supporting reads
spanning the fusion junction ≥ 5; (3) Percentage of supporting reads
spanning the fusion junction ≥10%; (4) Fusions annotated in Quiver Gene
Fusion Database.

ACTMonitor®+ Genomic DNA was extracted from patients’
plasma, followed by library construction and sequencing for the hotspot
regions of 50 genes. Sequencing was performed using an Ion Torrent
sequencing system (Thermo Fisher Scientific). Variants that met the
following criteria were retained: variants with an allele frequency of
≥0.5%, and hotspot variants with an allele frequency of ≥0.2%. This test
provided a uniform coverage of the targeted regions, enabling target base
coverage at 2000x of ≥70% with a mean coverage of ≥7000x. The datasets
are accessible through the Gene Expression Omnibus under the data
series GSE281660.

Statistical analysis
Continuous variables were expressed as median ± SD, while categorical
variables were presented as numbers (%). OS was defined as the duration
from the date of diagnosis to the date of death or the last follow-up and is
presented as the median (95% confidence interval [CI]). Concordance

between the two platforms was calculated using the following formula:
concordance = number of concordant results/overall population.

Reporting Summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability
The datasets of tissue and liquid NGS are available at Gene Expression
Omnibus, data series GSE281660.
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