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REVIEWS AND SCHOLARLY DIALOG

Poorly Differentiated Carcinoma of the Thyroid Gland:
Current Status and Future Prospects

Tihana Ibrahimpasic,' Ronald Ghossein? Jatin P. Shah,' and lan Ganly’

Background: Poorly differentiated thyroid cancer (PDTC) is a rare but clinically highly significant entity
because it accounts for most fatalities from non-anaplastic follicular cell-derived thyroid cancer. Due to the
relative rarity of the disease and heterogeneous diagnostic criteria, studies on PDTC have been limited. In light
of the evolution of ultra-deep next-generation sequencing technologies and through correlation of clinico-
pathologic and genomic characteristics of PDTC, an improved understanding of the biology of PDTC has been
facilitated. Here, the diagnostic criteria, clinicopathologic characteristics, management, and outcomes in PDTC,
as well as genomic drivers in PDTC reported in recent next-generation sequencing studies, are reviewed. In
addition, future prospects in improving the outcomes in PDTC patients are reviewed.

Summary: PDTC patients tend to present with adverse clinicopathologic characteristics: older age, male
predominance, advanced locoregional disease, and distant metastases. Surgery with clearance of all gross
disease can achieve satisfactory locoregional control. However, the majority of PDTC patients die of distant
disease. Five-year disease-specific survival for PDTC patients has been reported at 66%. On multivariate
analysis, reported predictors of poor survival in PDTC patients have been older age (>45 years), T4a patho-
logical stage, extrathyroidal extension, high mitotic rate, tumor necrosis, and distant metastasis at presentation.
BRAF"°%% or RAS mutations (27% and 24% of cases, respectively) remain mutually exclusive main drivers in
PDTC. TERT promoter mutations represent the most common alteration in PDTC (40%). Mutation in trans-
lation initiation factor EIFIAX (11%) and tumor suppressor TP53 (16%) have also been reported in PDTC.
High rates of novel mutations (MEDI2 and RBM10) have been reported in fatal PDTC (15% and 12%,
respectively). Chromosome 1q gains represent the most common arm-level alterations in PDTC, and those
patients show worse survival rates. Chromosome 22q losses are also found in PDTC and show strong asso-
ciation with RAS mutation.

Conclusions: These new insights into the clinicopathologic and molecular characteristics of PDTC, together
with further advancement in ultra-deep sequencing technologies, will be conducive in narrowing the focus in
order to develop novel targeted therapies and improve the outcomes in PDTC patients.
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Introduction cause of morbidity and mortality from non-anaplastic follicular
cell-derived thyroid cancer (non-ANA FCDC) and is therefore
clinically highly significant. Nevertheless, studies on PDTC

P OORLY DIFFERENTIATED THYROID CARCINOMA (PDTC) is
have been limited due to its relative rarity and heterogeneity of

a rare type of thyroid cancer, with a reported incidence

from 2% to 15% of all thyroid cancers (1). The variation in
incidence reflects geographic (environmental) influences or
differences in histopathological interpretation (2). Its morphol-
ogy and clinical behavior is generally considered intermediate
on a tumor progression model of follicular cell-derived thyroid
carcinomas, between differentiated thyroid cancer (DTC) and
anaplastic thyroid cancer (ATC). PDTC represents the main

inclusion criteria. Here, the evolution of PDTC as a separate
diagnostic entity, its clinicopathologic characteristics, and its
intermediate position on a tumor progression model of FCDCs,
as well as management and outcomes in PDTC, are reviewed.
Furthermore, new molecular insights into the genomic profile of
PDTC and future perspectives in improving the prognosis of
PDTC patients are reviewed.
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Review
Definition of PDTC

A specific malignant epithelial tumor of the thyroid with
strikingly nesting pattern was first described by Langhans in
1907 and named ‘‘wuchernde Struma’’ (proliferative goiter)
(3). However, the term “‘poorly differentiated carcinoma of
the thyroid” was introduced half a century later in 1963 by
Granner et al. In the following decades, many PDTCs were
categorized as conventional follicular carcinomas due to their
ability to form follicles. In the early 1980s, Sakamoto et al.
(4) and Carcangiu et al. (5) suggested that PDTC represented
a separate entity with intermediate prognosis between DTC
and ATC, respectively. However, it was not until 2004 that
PDTC was introduced as a distinct diagnostic entity by the
World Health Organization (WHO) Classification of Endo-
crine Tumors (6).

While there was universal agreement on the recognition of
PDTC, pathologists differed on its histologic definition.
Some relied on a solid/trabecular growth pattern alone (7),
while the head and neck pathologists at Memorial Sloan
Kettering Cancer Center (MSKCC) used high mitotic rate
and/or tumor necrosis to diagnose this tumor (8). In 2006, an
international group of pathologist gathered in Turin, Italy,
and issued the following PDTC diagnostic criteria (Turin-
PDTC): (i) solid/trabecular/insular pattern of growth, (ii)
absence of conventional nuclear features of papillary carci-
noma, and (iii) at least one of the following features:
convoluted nuclei, mitotic activity >3/10 high power mi-
croscopic fields (HPF), and tumor necrosis (9) (Fig. 1A). The
prevalence of solid, trabecular, and insular architecture
shows distinctive geographical distribution (1), which may
underestimate the diagnosis of PDTC in certain geographical
areas. Furthermore, a solid pattern of growth (defined by
Nikiforov et al. as solid/trabecular/insular pattern) (10) may
not be representative of tumor aggressiveness in PDTC based
on studies of solid variant of papillary thyroid carcinoma
(PTC) (10). In agreement with this hypothesis, Hiltzik et al.
showed that growth patterns (solid vs. follicular/papillary)
did not correlate with overall survival (OS) in PDTC using
multivariate analysis (8). On the other hand, proliferative
grading (i.e., mitotic rate and tumor necrosis) was shown to
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categorize a more homogenous subset of thyroid carcinoma.
Indeed, the most common cause of radioiodine (RAI)-
refractory positron emission tomography—positive thyroid
cancer was PDTC defined by mitosis and necrosis (11), while
the same relationship has not been shown for other definitions
of PDTC. The criteria for diagnosis of PDTC based on the
proliferative grading proposed by MSKCC (MSKCC-PDTC)
are: presence of follicular cell differentiation (on a routine
microscopy and/or by immunohistochemistry, e.g., thyro-
globulin positivity) with presence of =5 mitosis/10 HPF
(400 x) and/or fresh tumor necrosis (8) (Fig. 1B). The study
of Gnemmi et al. validated the intermediate prognosis of
PDTC diagnosed by MSKCC-PDTC and Turin-PDTC cri-
teria (12). The most current WHO classification (13) adopted
the Turin-PDTC criteria, but acknowledged that mitosis and
tumor necrosis by themselves can also capture intermediate
prognosis thyroid carcinomas. Although PDTC is by defini-
tion an intermediate prognosis thyroid carcinoma, the WHO
does not recommend calling intermediate prognosis cancer
PDTC who fit MSKCC but not Turin criteria (13). However,
when MSKCC-PDTC criteria were used to differentiate be-
tween PDTC and other histotypes in the study on fatal non-
ANA FCDC (14), all patients who died of the disease had at
least one of four aggressive features: gross extrathyroidal
extension (ETE), extensive vascular invasion, PDTC diag-
nosis in the primary tumor or the neck, or distant metastasis
(DM) at presentation. On the other hand, when Turin-PDTC
criteria were used to differentiate between PDTC and other
histotypes in fatal non-ANA FCDC (14), some tumors were
labeled as a variant of DTC with no other risk factors. This
study showed that MSKCC-PDTC criteria can identify high-
risk patients with diagnosis of PDTC and no other risk fac-
tors, who would otherwise escape high-risk classification.
This results in a more aggressive initial treatment and closer
follow-up of such patients.

Clinical characteristics and management of PDTC

PDTC can occur de novo or as a result of progression from
DTC. The intermediate position of PDTC between DTC and
ATC is reflected in its clinicopathologic features. Indeed,
significant progression has been found in tumor size, ETE,

FIG. 1.

Microscopic pictures of poorly differentiated thyroid carcinoma. (A) Solid/nested growth pattern with tumor

necrosis, without nuclear features of papillary thyroid carcinoma (PTC). This tumor fulfills both the Turin and Memorial
Sloan Kettering Cancer Center (MSKCC) criteria for the entity (n, tumor necrosis; 200 x). (B) Solid/nested growth pattern
with high mitotic rate (arrows indicate two mitotic figures) with nuclear features of PTC. Because of the nuclear appearance,
the tumor does not satisfy the Turin criteria. However, it fulfills the MSKCC definition because of high mitotic rate (400X ).
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Iymph node metastasis, and DM between DTC, PDTC, and
ATC (15,16). The main clinical characteristics of PTDC and
a comparison to DTC (17-22) and ATC (17,23-31) are
presented in Table 1.

PDTC (Table 1) generally presents at an older age (median
age of 59 years) (32) and with a higher male-to-female ratio
(1:1.6) (32) than DTC (median age 51 years and male-to-
female ratio of 1:3) (33). Older age and male sex have been
reported as adverse prognostic factors in thyroid cancer (34),
and their prevalence in PDTC patients indicates aggressive
tumor biology. Furthermore, unlike DTC, PDTC tends to
present with locally invasive extrathyroidal disease in more
than half of patients (32,35). PDTC metastasizes to regional
lymph nodes in up to 50-85% of cases (1,36) in comparison
to 40-75% lymph node metastasis in DTC (37). However,
DM are much more frequent in PDTC, occurring in up to 85%
of cases (36), compared to 10-33% of cases in DTC (38).

Similar clinicopathologic characteristics were found to
predict poor outcome in PDTC on multivariate analysis as
those predictive in DTC. Age (>45 years) (7) and ETE (8,39)
have been associated with significantly reduced OS in PDTC.
Microscopic presence of necrosis and mitosis (>3/10 HPF)
have also been associated with poor outcome in older patients
(>45 years) with PDTC (7). A recent study of one of the
largest cohorts of PDTC (91 patients) (32) confirmed previ-
ous reports and showed that PDTC patients who died of the
disease when compared to those who survived were signifi-
cantly older, presented with larger tumors (>4 cm), ETE,
higher stage, and DM. pT4a and M1 stood as significant
predictors of worse outcome on multivariate analysis (32).

Unlike DTC, treatment of PDTC has not been standardized
due to the rarity of the disease and heterogeneity of inclusion
criteria. Therapeutic decisions on PDTC have thus been
mainly extrapolated from the treatment experience on DTC.
Surgery is the treatment of choice for PDTC, whereby the
extent of surgery is determined by preoperative assessment
with appropriate imaging studies and intraoperative findings.
Total thyroidectomy and clearance of all gross disease can
achieve satisfactory locoregional control (five-year locor-
egional control in up to 81% of PDTC patients) (32). In ad-
dition, central and/or lateral neck dissection should be
performed if there is clinical or radiological evidence of en-
larged lymph nodes. Regarding adjuvant treatment, its indi-
cations and effectiveness in PDTC are not clear. When
compared to DTC, PDTC does not usually respond as well to
the same modalities of adjuvant treatment. RAI avidity of
PDTC is variable (8), likely due to variation in tumor het-
erogeneity and variable admixtures of well and less well
differentiated tumor components. Older age and ETE and/or
extranodal extension are associated with aggressive biology
and loss of RAI avidity in DTC (40). PDTC often presents at
an older age and at an advanced stage (16), which are both
manifestation of a more aggressive biology and thus can be
accompanied by loss of RAI avidity. The role of postopera-
tive external beam radiation therapy (EBRT) in PDTC is
equally controversial. EBRT can be beneficial in patients
with DTC who are at high risk for locoregional recurrence
(41). Similar criteria could be applied to PDTC whereby
EBRT has been recommended in PDTC patients with T3 and
T4 tumors and in patients with neck node involvement (1).
However, no significant survival improvement has been re-
corded in PDTC patients following EBRT (1,42). Although
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reports of EBRT benefits on local control of PDTC are in-
conclusive, it may still be considered in high-risk settings due
to a low toxicity profile with intensity-modulated radiother-
apy (IMRT). Regarding chemotherapy in PDTC, reports have
been scarce. There is level III evidence (nonrandomized trials
with contemporaneous controls according to Sackett et al.)
(43) with short follow-up that patients with inoperable PDTC
who received chemotherapy regimen with or without EBRT
became operable or were free of disease (44).

Outcomes in PDTC

In a previous report from the authors’ institution, PDTC
was the most common cause for disease-specific death (DSS)
in fatal non-ANA FCDC (14). PDTC shows a more aggres-
sive course compared to DTC, regardless of focal or diffuse
presence of PDTC (7), with a higher propensity for local
recurrence (16). Along the progression spectrum of FCDC,
there is level IV evidence that the prognosis of PDTC is
intermediate between DTC and ATC (1) based on retro-
spective or cohort studies (according to the classification by
Sackett et al.) (43). Indeed, PDTC holds an intermediate
position on a progression scale from DTC to ATC in terms of
five-year OS, DSS, and disease-free survival (DFS; Table 1)
(15). PDTC is not as invariably lethal as ATC and has a 62—
85% five-year OS (7,32) and a 66% five-year DSS (32,45).
Recent reports show that satisfactory five-year locoregional
control can be achieved in PDTC patients (five-year locor-
egional control in 81% of cases) (32) if all gross disease is
cleared at initial surgery. Locoregional disease is the cause of
death in only 18% of PDTC patients who die of thyroid
cancer (in 21% of PDTC patients with gross ETE at pre-
sentation who die of thyroid cancer) (32). This is in contrast
with older reports on DTC, where 36-47% of patients died
due to uncontrollable locoregional disease (1). However,
these data need to be interpreted in the proper context, since
some of these patients may have had PDTC that had been
inaccurately classified as DTC because PDTC was not di-
agnosed as a distinct entity until recently. Nevertheless, this
improvement in locoregional control in patients with PDTC
may reflect more comprehensive initial surgery and suc-
cessful gross disease clearance achieving a RO resection.
However, distant control in PDTC is low (59% at five years)
(32), with the most common metastatic sites being the lung
and bone (1,32,36). Moreover, distant disease represents the
major cause of death in PDTC, accounting for up to 85% of
disease-related deaths (32). This is particularly important,
since treatment modalities have not been successful in pre-
venting the systemic spread of the disease, and therefore
development of new targeted therapies is necessary in order
to improve outcomes.

Molecular characteristics of PDTC in light
of next-generation sequencing technologies

In an effort to elucidate the molecular characteristics of
PDTC that are responsible for driving disease progression,
several groups have published genomic findings in PDTC
using next-generation sequencing (NGS) techniques (46—49).
The study by Landa et al. (46) using the MSK-IMPACT NGS
platform (50) has been the largest and the most comprehen-
sive published study on PDTC to date. It examined the largest
PDTC cohort (84 patients), with targeted sequencing of all



TABLE 1. MAIN CLINICAL CHARACTERISTICS OF PDTC CoMPARED TO DTC AND ATC

DTC

PDTC*

ATC

Origin

Prevalence
Diagnostic criteria

Clinicopathologic
characteristics

Predictors of poor
survival on
multivariate
analysis

Management

Outcomes

(i) Follicular thyroid cells (de
novo) or (ii) follicular
thyroid adenoma
progression (follicular
thyroid carcinoma)

90% of thyroid cancers (17)
Cytology and/or architecture

Median age 51 years (33),
female-to-male ratio 3:1
(33)

21% of patients present with
extrathyroidal extension
(18)

40-75% of patients develop
metastases in neck lymph
nodes (37)

10-33% of patients develop
distant metastases (38)

Age (=55 years) (21) male
sex, tumor size,
multicentricity, histologic
grade and type,
extrathyroidal extension,
distant metastasis at
presentation, and
completeness of resection
(19)

Surgery (lobectomy or total
thyroidectomy and central
or lateral neck dissection if
clinically or radiologically
suspicious lymph nodes).
Adjuvant RAI and
thyrotropin suppression
therapy. Adjuvant EBRT
and systemic therapy for
aggressive RAl-refractory
DTC. Standardized
guidelines for management
of DTC involve the risk of
death, risk of recurrence,
and response to therapy
stratification (20).

10-year disease-specific
survival >90% (18). Cause
of disease-specific deaths:
continuous trend away
from local recurrence
toward distant disease (22).

(i) Follicular thyroid cells (de
novo) or (ii) DTC progression

2-15% of thyroid cancers (1)

Turin: cytology, architecture,
and proliferative grading (9);
MSKCC: proliferative grading
®)

Median age 59 years (32),
female-to-male ratio 1.6:1
(32)

69% of patients present with
extrathyroidal extension (32)

50-85% of patients develop
metastases in neck lymph
nodes (1,36)

85% of patients develop distant
metastases (36)

Age (>45 years) (7), T4a
pathological stage (32),
extrathyroidal extension
(8,39), mitosis and necrosis
(7), distant metastasis at
presentation (32)

Surgery® (total thyroidectomy
and central or lateral neck
dissection if clinically or
radiologically suspicious
lymph nodes). Adjuvant
treatment benefits
inconclusive. Standardized
guidelines for management of
PDTC are lacking.

Intermediate prognosis between
DTC and ATC (Level IV
evidence) (1). Five-year
overall survival 62-85%
(7,32). Five-year disease-
specific survival 66% (32,45).
Distant disease represents the
major cause of death (32).
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(i) Follicular thyroid cells (de
novo) or (ii) DTC/PDTC
progression

2% of thyroid cancers (17)
Cytology and/or architecture

Median age 58-76 years (23),
female-to-male ratio 1.8:1
(23)

>90% of patients present with
locoregional invasion
(24,28)

20-50% of patients present
with distant metastases
(24,28)

Age (>70 years) (30,31),
acute symptoms (31),
leukocytosis (31), T4b
stage (31), tumor size
>5cm (31), distant
metastasis at presentation
(27,31), radiation dose <60
Gy (30); survival
significantly improved if:
age <60 years (27), tm
confined to thyroid (27),
combined surgery with
EBRT (27), radical surgery
versus palliative resection
(29)

Surgery (extended total
thyroidectomy and central
and lateral neck dissection)
and/or radiochemotherapy.
Standardized guidelines for
management of ATC (25).

Median survival five months,
median one-year survival
20% (23). Uncontrollable
locoregional disease with
invasion of vital structures
in the neck represents the
major cause of death (29).

(continued)
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TABLE 1. (CONTINUED)

DTC

PDTC? ATC

Most common
molecular drivers
mutations
(predominant
histological type)

BRAF (classical or tall-cell
PTC) (51), RAS (follicular
histotypes) (17), RTK
fusions (PTC) (53), PAXS/
PPARy fusion (follicular
histotypes) (53)

BRAF, RAS, TERT promoter (46)

BRAF, RAS, TERT promoter,
TP53, PI3K/AKT, SWI/
SNF, HMTs (46,52),
CDKN2A (52)

Clinicopathologic characteristics of PDTC intermediate between DTC and ATC (1,4,5,15,16).

PInitial surgery with clearance of all gross disease important for satisfactory locoregional control in PDTC.

PDTC, poorly differentiated thyroid carcinoma; DTC, differentiated thyroid carcinoma; ATC, anaplastic thyroid carcinoma; RAI,
radioactive iodine; EBRT, external beam radiation therapy; PTC, papillary thyroid carcinoma; SWI/SNF, switch/sucrose non-fermentable;

HMT, histone methyltransferases.

exons and selected introns of 341 cancer-related genes. Stu-
dies by Gerber et al. (47), Nikiforova et al. (49), and Sy-
korova et al. (48) also examined relatively smaller numbers
of PDTC patients with sequencing of select exons and hotspot
regions of cancer-related genes (Table 2).

NGS showed molecular-level evidence for the intermedi-
ate position of PDTC: mutation burden increased signifi-
cantly from PTC (51) toward PDTC (46) and ATC (46,52)
(median number of mutations: 1, 2, and 6, respectively) (46).
In PDTC, the mutation burden showed prognostic value: it
was significantly associated with aggressive clinicopatho-
logic features (older age, larger tumors, and DM) and reduced
OS (46).

Similar to PTC (51) and ATC (46), the most common
driver mutations in PDTC (Table 3) are mutually exclusive
mutations of BRAF and RAS. BRAF"%%°F is less frequent in
PTDC (27%) compared to PTC (58%) (51) and ATC (45%)
(46), while mutated RAS is more frequent in PTDC (24%)
compared to PTC (13%) (51) but occurs with similar fre-
quency in ATC (24-27%) (46,52). BRAF-mutated PDTCs
showed significantly higher rates of regional nodal metasta-
ses, and RAS-mutated PDTCs showed significantly higher
rates of distant metastases (46), consistent with the clinical
behavior of BRAF- and RAS-mutated DTCs (53). BRAF-
mutated PTCs show high MAPK output (due to unrespon-
siveness of BRAF"%° monomer to the negative feedback by
ERK) and are less differentiated, while RAS-mutated PTCs
show attenuated MAPK output (due to maintained negative
feedback by ERK) and are highly differentiated (51). These
phenomena were preserved in PDTC (46), as reflected in the

preserved correlation of BRAF-RAS score (BRS) (51) and
thyroid differentiation score (TDS) (51) with BRAF or RAS
mutational status in PDTC. However, the correlation of BRS
and TDS with BRAF or RAS mutational status was lost in
ATC, probably due to accumulation of additional genomic
complexity, in agreement with the progression model of
thyroid carcinogenesis.

TERT promoter mutations represent the most common
alterations in PDTC (Table 3), with a stepwise increase from
PTC (9%) (51) to PDTC (40%) and ATC (65-73%) (46,52).
TERT promoter mutations were subclonal in PTC and clonal
in PDTC and ATC (46), whereby clonality may indicate
possible cell immortalization in advanced thyroid cancer. In
PDTC, TERT promoter mutations were associated with an
aggressive phenotype (significantly more distant metastases)
and a trend toward greater mortality (46). In PDTC and ATC,
a significant association between TERT promoter mutations
and BRAF or RAS mutations was found (46). This is most
likely due to de novo binding elements on the mutated TERT
promoter for MAPK signaling-activated ETS family of
transcription factors (54), causing TERT overexpression and
induction of an immortalized phenotype.

The most frequently mutated tumor suppressor gene in
PDTCis TP53 (16%; Table 3), albeit with significantly lower
prevalence when compared to ATC (65-73%) (46,52). This
is also in contrast with earlier reports, where TP53 was the
most frequently mutated gene in PDTC (27%) (55). On the
other hand, mutation of another tumor suppressor gene, ATM,
shows similar prevalence in PDTC (8%) and ATC (9%) (46).
Therefore, ATM mutation in PDTC may predict aggressive

TABLE 2. STUDIES INVESTIGATING GENOMIC ALTERATIONS IN PDTC USING NEXT-GENERATION SEQUENCING

No. of Diagnostic Coverage
PDTC criteria Tissue source DNA sequencing depth
Landa 2016 (46) 84 MSKCC and Turin  FFPE, FFT Targeted exome sequencing of 341 584 x
cancer-related genes
Gerber 2018 (47) 23 MSKCC and Turin FFPE Targeted exome sequencing of 48 161 x
cancer-related genes
Nikiforova 2013 (49) 10 WHO (2004) FFPE, FFT Targeted exome sequencing of 12 3753 %
cancer-related genes
Sykorova 2015 (48) 3 Turin FFT Targeted exome sequencing of 94 338 %

cancer-related genes

MSKCC, Memorial Sloan Kettering Cancer Center; WHO, World Health Organization; FFPE, formalin-fixed paraffin-embedded; FFT,

fresh-frozen tissue.
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TABLE 3. CoMMON SOMATIC MUTATIONS IN PDTC CALCULATED BASED ON COMBINED DATA
FROM Four NGS STUDIES"
Mutations % of tumors Mutations % of tumors
RAS-RAF-MAPK pathway TERT promoter mutation 40
BRAFY°"E 27 Tumor suppressors
RAS 24 TP53 16
NRAS 17 ATM 8
KRAS 3 RBI 2
HRAS 4 CHEK? 2
PI3K-AKT-mTOR pathway MENI 1
PTEN 4 Other mutations
PIK3CA 3 EIFIAX 11
AKTI 2 ABLI 4
AKT3 1 GNAS 3
STAT pathway HNFIA 3
JAK3 3 RECQLA 3
RAS + PI3K pathway IDHI 2
EGFR 4 STK11 2
PDGFRA 2 TSHR 2
RAS + PI3K + STAT pathway Histone methyltransferases 7
FLT3 4 SWI/SNF complex 5
MET 2 MMR genes 2
ALK 1 RBM10* 12
Wnt pathway MEDI2* 15
APC 4
CDHI 3
CTNNBI 1

“References (46-49).
*Novel alterations in fatal PDTC (% of fatal PDTC).
NGS, next-generation sequencing.

behavior before progression to ATC. ATM is responsible for
cell-cycle checkpoint control and DNA repair, which is in
agreement with a significantly higher mutation burden in
ATM-mutant PDTC and ATC (46).

Mutations in genes encoding for members of PI3K/AKT/
mTOR pathway occur with low frequency in PDTC (Table 3),
and the reported prevalence in PDTC is significantly lower
compared to ATC (11% vs. 39%) (46). Alterations in switch/
sucrose non-fermentable (SWI/SNF) chromatin remodeling
complexes and histone methyltransferases (HMT's) also show
low prevalence in PDTC compared to ATC (46) (5% and 7%
in PDTC and 36% and 24% in ATC, respectively). Due to
their accumulation in ATC, PI3BK/AKT/mTOR pathway mu-
tations, TERT promoter mutations, 7P53 mutations, muta-
tions in SWI/SNF complexes, and HMTs may represent key
genetic events distinguishing ATC and PDTC. Other infre-
quent mutations of pathways and genes that have been re-
ported in PDTC are: JAK-STAT, WNT, DNA mismatch
repair (MMR), EGFR, PDGFRA, FLT3, MET, ALK, ABLI,
GNAS, HNFIA,RECQILA4,IDHI,STK11,and TSHR (Table 3).

Several novel mutations have recently been reported in
thyroid cancer. Mutation of translation initiation factor gene
EIF1AX occurs with comparable frequencies in PDTC (11%)
and in ATC (9%) (46) and rarely in PTC (1%) (51). Strong
co-occurrence of mutated EIFIAX and RAS was present in
PDTC and ATC (46), which was not found in The Cancer
Genome Atlas (TCGA) PTC cohort (51). However, the im-
pact of this co-occurrence is currently unclear. Nevertheless,
EIF]AX mutations are predictive of worse survival in PDTC
(46) and may therefore represent a useful marker for risk
stratification in these tumors. Mutations of Mediator of RNA

polymerase II transcription subunit 12 homolog (MEDI2)
have not been found in TCGA PTC study (51). However, they
have been reported with high frequency in PDTC patients
who died of the disease (15%) (56) compared to ATC (3%)
(46). Mutations of RNA Binding Motif Protein 10 (RBM10),
which encodes for an RNA binding protein that participates
in an alternative pre-mRNA splicing, may represent another
novel tumor marker of aggressiveness. It is found in 12% of
PDTC patients who died of the disease (56), in 3% of ATC
(46), and in only 0.5% of PTC (51).

When fatal PDTC were compared to nonfatal PDTC
(46,56), fatal PDTC showed a higher frequency of mutations
in TERT promoter, MEDI12, RBMI10, BRAF, HRAS, TP53,
ATM, and EIFIAX, further establishing their role in tumor
aggressiveness and progression.

Chromosomal rearrangements previously reported in thy-
roid cancer were found in 14% of PDTC by NGS, while they
were absent in ATC (46). Rearrangements in PDTC included
RET/PTC, PAX8/PPARY, and fusions of ALK (46).

Landa et al. also used NGS to analyze the copy number
alterations (CNA) in PDTC. 1q gain was one of the most
common arm-level CNA in PDTC and was associated with
worse survival rates (46). In addition, 22q losses were
strongly associated with RAS-mutant PDTC (46). This can be
explained by the transcriptional activation of the oncogenic
and wild-type RAS by the loss of 22q tumor suppressor gene
NF2 (51,57). Higher frequency of 1q gain and 22q loss was
further confirmed in the study on fatal non-anaplastic thyroid
cancer (FNAT; 1q gain in 26% and arm-level 22 loss in 14%
of FNAT) (56). Therefore these CNA may represent impor-
tant markers of thyroid cancer aggressiveness.
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Future prospects

The main challenge in PDTC is the management of distant
disease, which often does not respond to current treatment
modalities and is the main cause of disease specific death
(DSS) (32). Dramatically improved cost efficiency of genomic
sequencing over the years has enabled a better insight into the
biology of PDTC, which is necessary in order to develop novel
targeted therapies. As opposed to sequencing of the most
frequently altered regions, or mutational ‘‘hot spots,”” there is
a new rationale in sequencing of tumor samples for the most
commonly mutated genes in cancer. They represent ‘‘action-
able targets,” that is, genes that can either be targeted with
drugs or provide clinically relevant information about the
disease. The approach of detecting the most common muta-
tions in cancer has been implemented in basket studies, which
serve as clinical trials. In basket studies, targeted therapies are
tested in patients whose tumors carry particular mutations,
regardless of the tumor type or origin. Compared to traditional
disease-specific trials, basket studies function as molecular
allocation studies (58) and can provide more information on
anticancer therapies while including a greater number of pa-
tients. Basket studies are particularly useful for rare tumors or
tumors with rare mutations (58). Examples are low-prevalence
mutations in thyroid cancer, such as rearrangements of RET,
NTRKI1, NTRK3, or ALK for example. These types of thyroid
cancers could be included in trials with selective kinase in-
hibitors that have shown efficacy in other types of cancer.

So far, research on targeted therapy in thyroid cancer has
been mostly focused on tyrosine kinase inhibitors (TKIs),
which bind to one or multiple tyrosine receptor kinases
(TRKSs). The U.S. Food and Drug Administration (FDA) has
approved sorafenib and lenvatinib for FCDC in cases of
progressive, recurrent, or metastatic disease not responsive to
RAI (59). Both sorafenib and lenvatinib act on multiple
TRKSs and inhibit tumor growth through antiangiogenic and
antiproliferative mechanisms. Sorafenib and lenvatinib were
approved after seminal multicenter Phase III studies (DE-
CISION and SELECT, respectively) (60,61) that showed
significantly improved progression-free survival (PFS)
among patients with progressive RAl-refractory DTC.
Compared to sorafenib, lenvatinib inhibits additional targets,
such as fibroblast growth factor receptors (62), which may be
effective in resistant cases. In addition, lenvatinib may also
be effective as a second-line treatment in patients previously
treated with TKIs (62), since lenvatinib was associated with
significantly higher PFS in both naive patients and those
previously treated with TKIs compared to placebo (61).
When comparing the percentage of dose reductions and in-
terruptions due to adverse events, no major differences were
found between lenvatinib and sorafenib (62). However, a
higher number of deaths were recorded for lenvatinib com-
pared to sorafenib use (60,61). This may be attributed to more
advanced disease in patients involved in the lenvatinib SE-
LECT versus sorafenib DECISION study (62). In addition,
dabrafenib (BRAF inhibitor) and trametinib (MEK inhibitor)
have recently been approved for inoperable locally invasive
or metastatic ATC (63). In the future, PDTC patients should
be included in clinical trials on ATC, since therapies effective
in ATC may also prove effective for aggressive PDTC due to
their similar clinical course. The studies on re-differentiation
(restoration of RAI uptake) through inhibition of MAPK
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signaling have also been of particular interest. Selumetinib (a
MEK inhibitor) restored RAI uptake successfully in a subset
of patients with metastatic RAI-refractory thyroid cancer
(64). Dabrafenib (BRAF inhibitor) has achieved similar ef-
fects in another study (65). A recent re-differentiation study,
conducted on patient-derived tumor tissue from three ATC
and two PDTC patients, explored the effects of the histone
deacetylase inhibitor panobinostat and the TKIs sorafenib
and selumetinib (66). All tissues showed a strong significant
overexpression of sodium—iodide symporter (NIS) transcripts
after treatment with panobinostat, while only the tissue from
one PDTC patient showed an upregulation of NIS after
treatment with sorafenib, selumetinib, or panobinostat (66).
RAI uptake was subsequently restored in tissues from three
patients (two ATC and one PDTC) but not in a PDTC sample,
despite transcriptional NIS upregulation after the treatment
with any of the three compounds (66). In order to overcome
the resistance to TKIs, the paradigm of treatment is shifting
toward targeting of multiple pathways simultaneously. In
addition, such therapy may also produce a synergistic effect.
Indeed, dual inhibition of the MAPK and mTOR pathways
resulted in a strong inhibitory synergism in thyroid cancer
cell lines, including those from ATC (67). In terms of func-
tional restoration, simultaneous inhibition of MAPK, PI3K/
AKT, and histone deacetylase pathways could increase io-
dide uptake and RAI avidity due to re-expression of genes
responsible for iodide incorporation, which could be addi-
tionally enhanced with co-treatment with thyrotropin (68).
Another treatment strategy that could overcome drug resis-
tance and/or improve drug efficacy is to combine targeted
drugs with traditional modes of therapy such as chemother-
apy or radiotherapy. An example is the combination of the
dual inhibitor of PI3K/mTOR (BEZ235) with paclitaxel,
which showed synergistic effects in vitro compared to the
effect of single-agent treatment (69).

In addition to TRKSs, other drivers of thyroid cancer pro-
gression are being considered for targeted therapy. The pro-
teasome inhibitor bortezomib prevents inhibitory-kappa B
degradation and thereby blocks constitutive activation of the
NF-xB pathway and cell proliferation (17). Furthermore,
cancer adaptation to hypoxia and angiogenesis through the
transcription factor hypoxia-inducible factor 1-alpha (HIF1o)
has also been the subject of targeted therapy research. In
addition to hypoxia, PI3K/AKT and MAPK signaling path-
ways also upregulate HIF1o (17). The TKI cabozantinib may
be the most promising in targeting angiogenesis, since it
blocks both HIF1o and VEGFR signaling (70). Since it is
found in cancer and not in normal tissues, HIF1o. may rep-
resent a precision medicine paradigm for further research
focused on drivers uniquely present in cancer tissues. Other
antiangiogenic agents are also being tested, such as
microtubule-depolymerizing agent combretastatin A-4
phosphate (CA4P), which acts on tumor vasculature function
and induces ischemic necrosis (70). Furthermore, anti-
angiogenic agents could increase the efficacy of conventional
therapies (chemotherapy, radiotherapy, or RAI treatment)
(71). Clinical trials on modulators of growth, apoptosis, or
other novel targets are currently pending.

In addition, new potential targets are emerging as a result
of the comprehensive genomic profiling of advanced thyroid
tumors such as PDTC. With the high incidence of TERT
promoter mutations, there has been a renewed interest in
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TERT-based immunotherapy. Mutations of the TERT pro-
moter lead to TERT-protein overexpression, which could
increase TERT-antigen presentation by cancer cells and in-
crease susceptibility to T-cell recognition and attack (72).
Another actionable alteration is the STRN/ALK rearrange-
ment, which could be targeted by ALK inhibitors such as
crizotinib and TAE864 (73). Mutations of MED12 represent
a promising novel target due to the significant role of MED12
in cell transcription as part of the kinase module in the me-
diator complex. So far, sorafenib, a multi tyrosine kinase
inhibitor/CDKS inhibitor, and Senexin A, a CDKS8/19 in-
hibitor (74), have been used to target the kinase module of the
mediator complex. Novel therapeutic strategies at the level of
transcription may also target mutated RBMI0. Promising
results have been reported from a Phase I trial of the spli-
ceosome inhibitor E7107 in patients with advanced solid
tumors unresponsive to standard therapies (75). Splicing
factor inhibitors may thus prove useful in patients with
RBM 10 mutations.

Continuous evolution of sequencing technologies will
address current limitations in our understanding of tumor
biology. As opposed to ‘‘bulk sequencing methods,” intro-
duction of single-cell sequencing (76) has the potential to
overcome the challenges of tumor genetic heterogeneity and
aid in targeting the “‘driver’” as well as resistant clones. In
addition, detection of subclonal genomic alterations associ-
ated with aggressive behavior in otherwise differentiated
tumors may become instrumental in the prevention of thyroid
cancer progression. Future technological development might
facilitate convergence of single-cell sequencing with third-
generation single molecule technologies (77) without the
need for amplification, which will further improve cost-
efficiency and accuracy of sequencing. Indeed, introduction
of cost-effective genomic sequencing into routine clinical
practice will possibly evolve into dynamic genomic profiling
during the course of treatment and follow-up. This will likely
become the standard of care as we continue to advance our
insights into the biology of the disease.

Summary and Conclusions

PDTC is rare but clinically highly significant, since it ac-
counts for majority of deaths from non-ANA FCDC. Diag-
nostic criteria based on proliferative grading (8) may be able
to detect PDTC more accurately. Patients with PDTC tend to
present with clinicopathologic characteristics associated with
adverse prognosis in thyroid cancer. Initial surgery with
clearance of all gross disease is the hallmark for tumor con-
trol and can achieve satisfactory locoregional control. How-
ever, DSS is low (66%) (32,45), and treatment failure is
caused by distant metastases in the majority of cases (32).
Benefits of adjuvant therapy are inconclusive. Adjuvant RAI
may be considered in patients with RAI-avid disease and
IMRT in patients with gross residual locoregional disease or
at high risk of recurrence. Age (>45 years) (7), ETE (8),
necrosis and mitosis in patients >45 years (7), and pT4a and
MI (32) have been associated with significantly reduced
survival in PDTC patients on multivariate analysis. The most
common mutations in PDTC are TERT promoter mutations
(40%), and the most commonly mutated tumor suppressor
gene is TP53 (16%). However, mutually exclusive mutations
of BRAF and RAS continue to be the most common driver
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mutations in PDTC, similar to DTC and ATC. Furthermore,
mutations of EIFIAX, MEDI2, and RBM10 have been re-
cently reported in PDTC and may be predictive of poor
survival. Fatal PDTC compared to nonfatal PDTC (46,56)
showed a higher frequency of mutations in the TERT pro-
moter, MEDI2, RBM10, BRAF, HRAS, TP53, ATM, and
EIFIAX. With further advancement of sequencing technol-
ogies and correlation of molecular profile with clinicopath-
ologic characteristics, novel precision therapies will continue
to develop, with the ultimate goal of reducing morbidity and
mortality in PDTC patients.
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