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Due to the lack of a standardized tool for risk-based stratification, the International Medullary
Carcinoma Grading System (IMTCGS) has been proposed for medullary thyroid carcinomas (MTCs)
based on necrosis, mitosis, and Ki67. Similarly, a risk stratification study using the Surveillance,
Epidemiology, and End Results (SEER) database highlighted significant differences in MTCs in terms
of clinical-pathological variables. We aimed to validate both the IMTCGS and SEER-based risk table
on 66 MTC cases, with special attention to angioinvasion and the genetic profile. We found a sig-
nificant association between the IMTCGS and survival because patients classified as high-grade had
a lower event-free survival probability. Angioinvasion was also found to be significantly correlated
with metastasis and death. Applying the SEER-based risk table, patients classified either as inter-
mediate- or high-risk had a lower survival rate than low-risk patients. In addition, high-grade
IMTCGS cases had a higher average SEER-based risk score than low-grade cases. Moreover, when
we explored angioinvasion in correlation with the SEER-based risk table, patients with angioinva-
sion had a higher average SEER-based score than patients without angioinvasion. Deep sequencing
analysis found that 10 out of 20 genes frequently mutated in MTCs belonged to a specific functional
class, namely chromatin organization, and function, which may be responsible for the MTC het-
erogeneity. In addition, the genetic signature identified 3 main clusters; cases belonging to cluster II
displayed a significantly higher number of mutations and higher tumor mutational burden, sug-
gesting increased genetic instability, but cluster I was associated with the highest number of
negative events. In conclusion, we confirmed the prognostic performance of the IMTCGS and SEER-
based risk score, showing that patients classified as high-grade had a lower event-free survival
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probability. We also underline that angioinvasion has a significant prognostic role, which has not
been incorporated in previous risk scores.

© 2023 United States & Canadian Academy of Pathology. Published by Elsevier Inc. All rights reserved.

Introduction

Medullary thyroid carcinomas (MTCs) account for about 2% of
all thyroid malignancies and are characterized by a variable degree
of aggressiveness. MTCs can occur either as sporadic disease or as
part of hereditary genetic syndromes associated with distinctive
germline alterations in the RET gene. Tumor stage is a well-known
strong predictor of survival, with metastatic disease having a more
dramatic outcome than lesions confined to the primary site.!  On
the other hand, a grading system has not been definitively
accepted, even though certain cyto-histologic findings, such as
cytologic features, nuclear pleomorphism, mitosis, and amyloid
deposits, have long been investigated as potential prognostic
parameters.

To address the lack of a standardized tool for risk-based
stratification, the International Medullary Carcinoma Grading
System (IMTCGS) was proposed as a universal grading system for
MTCs in 2021.°> This system merges 2 different grading schemes,
one from the Memorial Sloan Kettering Cancer Center in New
York, United States,® and the other from the Royal North Shore
Hospital in Sydney, Australia,” and has been implemented by
members of both institutions. The system takes into account 3
main histologic variables, including necrosis, mitotic count, and
Ki67 proliferative index, with the aim to categorize MTCs into
high- and low-risk tumors, thus anticipating clinical aggressive-
ness in line with the grading of other neuroendocrine tumors
arising in the lung or the gastrointestinal tract.® This 2-tiered
system, which is easier to apply than a 3-tier classification sys-
tem, is poised to be a powerful tool in managing MTC patients and
has already been evaluated in recent papers with positive results.
In fact, Vissio et al’ applied all 3 systems (IMTCGS, the Memorial
Sloan Kettering Cancer Center grading system, and the Sydney
grading system) to a cohort of 111 MTC patients and demonstrated
the superiority of the IMTCGS in predicting MTC clinical behavior,
although none of the grading systems showed a correlation with
overall survival. Podany et al'® found that the distinction between
low-grade and high-grade cases in a cohort of 59 MTC patients
was helpful in prognostication. In addition, a recent metastatic
risk study based on the Surveillance, Epidemiology, and End Re-
sults (SEER) database highlighted significant differences between
MTCs in terms of clinical-pathological variables, including male
sex, age, tumor size, extrathyroidal extension, and lymph node
metastasis.!! Evaluating 2526 MTC patients, the authors devel-
oped a risk table and identified 3 risk groups with significant
survival differences to predict metastasis.

Recently, an “old-fashioned” morphologic feature, ie, angioin-
vasion, has been reevaluated to predict the metastatic potential of
MTCs. Rios et al'? and Erovic et al'® found that angioinvasion at
diagnosis is the main independent prognostic factor and the most
reliable predictor of MTC recurrence, respectively.

In addition to histopathological parameters, identifying spe-
cific mutational fingerprints associated with the IMTCGS could
help to consolidate its clinical application and provide additional
refinements. In fact, little is known about the genetic landscape of
MTCs. Although approximately 25% of patients with MTC will be
carriers of MEN2 and somatic RET mutations (mostly the RET

p.M918T mutation), the latter has been reported in approximately
half of the sporadic MTCs.'4 "' In both cases, it is mandatory to
identify either somatic or germline RET mutations to offer patients
treatment with targeted RET inhibitors.”” Activating mutations in
RAS (H-, K-, and NRAS) were reported in MTCs, although with a
large frequency variability in different series. Interestingly, the
occurrence of RAS and RET mutations exhibit a mutually exclusive
pattern.®=2> A wide range of additional and mainly sporadic
gene mutations, ie, ALK gene rearrangements,’* was described by
applying exome or targeted next-generation sequencing (NGS) on
several cohorts, revealing a very heterogeneous and quite com-
plex genetic background. Collectively, mutations in RET and RAS
are the predominant alterations in MTCs, although their correla-
tion with clinical behavior and prognosis is still controversial.
The purpose of the present study was threefold: (1) to validate
the IMTCGS on a homogenous and well-characterized MTC cohort
and compare it with the SEER-based risk table; (2) to investigate
the potential prognostic role of other morphologic features, ie,
angioinvasion; and (3) to study the genetic profile of MTCs in
correlation with the IMTCGS and the SEER-based risk table.

Material and Methods
Patient Selection

The databases of the Pathology and Endocrinology units of the
Santa Maria Nuova Hospital in Reggio Emilia were retrospectively
searched to identify all patients who developed an MTC from 1980
to 2020. Complete clinical and surgical data, along with follow-up,
were collected. All slides and blocks were retrieved from the Pa-
thology archive. Once retrieved, cases were reviewed by 2 pa-
thologists with a special interest in endocrine pathology (S.P. and
G.S.), who reclassified the cases according to the 2022 World
Health Organization (WHO) classification of thyroid neoplasms>
and staged them according to the eighth edition of the Amer-
ican Joint Committee on Cancer/Union for International Cancer
Control (AJCC/UICC) TNM Classification of Malignant Tumors.

The most representative tumor blocks were selected for
morphologic evaluation on hematoxylin and eosin, immunohis-
tochemical evaluation of proliferative index with Ki67 antibody,
and targeted molecular analysis.

Pathological Features

We evaluated several histologic parameters, including necro-
sis, architecture, cytology, desmoplasia, amyloid deposits, thyroid
capsule infiltration, extrathyroidal extension, neoplastic angioin-
vasion, and lymph node status.

Specifically, necrotic areas were considered regardless of their
extension; only ischemic foci morphologically ascribable to fine
needle aspiration procedures were discarded. Mitotic counts were
reported per 2 mm? starting from the areas of highest mitotic
activity (ie, “hotspots”).?> The mitotic index with Ki67 was
calculated as strong nuclear staining in about 2000 cells.’
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Angioinvasion was evaluated using already reported strict
criteria’® and considering only cell clusters intermingled with
blood cells and fibrin, mainly placed in a subcapsular location.
Although angioinvasion is no longer defined as focal or extensive
in the latest WHO classification of endocrine tumors,” we still
preferred to define angioinvasion according to the number of foci
involved to explore its potential role in tumor prognosis. All the
cases were then graded according to the IMTCGS and the SEER-
based metastatic risk stratification table.

Mutation Analysis

NGS libraries were prepared using the TruSight Oncology 500
DNA Kit (Illumina), starting from 40—500 ng of total DNA,
following the manufacturer’s instructions. Sequencing was per-
formed using the Illumina NextSeq 500 High Output Kit (2 x 101),
providing a minimum of 50M reads per sample. Data were
analyzed by the Local Run Manager TruSight Oncology 500 v2.2
Analysis Module (Illumina). Variants with a depth lower than 150
and minor allele frequency lower than 3% were excluded.

Germline variants were automatically excluded based on
germline filters defined in the Illumina pipeline; the software
initially excluded variants with an observed allele count >10 in
any of the gnomAD and 1000 Genomes databases or variants with
an allele frequency >90%. For the remaining variants, the software
combined variants on the same chromosome with similar allele
frequencies. The variant was removed if 5 or more similar variants
were filtered in previously reported online databases.

Germinal RET data were obtained by Sanger sequencing per-
formed on blood samples after diagnosis. Assessment of germinal
RET mutation was routinely available starting from January 2000.
Before 2000, RET mutation analysis was performed individually
in an external research laboratory. The results of these analyses
were not considered in our study and were considered “not
available.”

Total cases found in the Pathology records

1980-2020

Cases eligible for molecular and

Statistical Analysis

All analyses performed in this study were processed using the
R software (v4.1.3). Mutation summary plots were generated using
the R “maftools” package.?’ The association between genetic and
clinical features was analyzed using Fisher exact test for categor-
ical variables and the Kruskal-Wallis test for continuous variables.

The event-free survival (EFS) was computed as the time period
from the date of surgery to the date of either recurrence/death or
last follow-up. The survival analysis was performed using the log-
rank test and Cox proportional hazards model. Kaplan-Meier
curves were generated using the R “survminer” package. Associ-
ations and differences were considered statistically significant
with a P value < .05.

Protein-protein interaction prediction was performed using
the STRING tool and represented using the Cytoscape software.

Results
Patient Cohort

One hundred seventeen cases were found in the Pathology
archives. Thirty-one cases were excluded because they were in
consultation, and the paraffin blocks were unavailable. Slides and
paraffin blocks were available for 86 patients; 20 cases failed the
DNA and NGS quality check. The final cohort comprised 66 suc-
cessfully profiled cases (44 females and 22 males; median age, 62
ranging from 12 to 84) (Fig. 1). The median follow-up of the entire
cohort was 85 months.

Pathological Features

Most cases (53 out of 66, 80.3%) were represented by small,
sharply demarcated intrathyroidal nodules; 13 cases had an

MTC

117 Cases

l—b Cases lacking paraffin blocks (n=31)

86 Cases

pathology evaluation

> DNA extraction and NGS quality control failed (n=20)

Cases effectively evaluated 66 Cases

Molecular analysis

Clinicopathological analysis

Tumor Mutational

[ CNV calling

MSI analysis
Burden evaluation y

Figure 1.
Flow diagram showing the cohort selection process.
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infiltrative growth pattern. Fifty-four (81.8%) cases were repre-
sented by a single nodule, whereas the tumor was multifocal in 12
(18.2%) cases.

“Classic” neuroendocrine architecture (nested, trabecular,
solid, and insular) was primarily observed (55 cases, 83.3%).
Prominent zellballen-like nests were noted in 5 cases (7.5%). The
remaining cases showed a “papillary-like” (2 cases, 3%), pseudo-
glandular (1 case, 1.5%), alveolar (1 case, 1.5%), or pleomorphic
growth patterns (1 case, 1.5%).

Tumor cytology was conventional, with small, densely packed
nuclei with salt-and-pepper chromatin in 45 cases (68.1%). A
certain degree of nuclear pleomorphism, mostly focal, was noted
in the remaining 21 cases (31.9%). Desmoplasia was absent in 32
cases (48.5%), focal in 25 cases (37.8%), and diffuse in 9 cases
(13.6%). Amyloid deposits were not observed in 30 cases (45.5%),
were focally present in 20 cases (30.3%), and were diffusely rep-
resented in 16 cases (24.2%).

We observed no angioinvasion in the majority of tumors (45
out of 66, 68.1%). One angioinvasion focus was observed in 9 cases
(13.6%), 3 foci in 3 cases (4.5%), 4 foci in 5 cases (7.5%), and 5 foci in
4 cases (6.2%).

Thyroid capsule infiltration, without extrathyroidal extension,
was present in 7 cases (10.6%) and absent in the remaining 59
(89.4%). Microscopic extrathyroidal invasion was largely absent
(59 cases, 89.4%), with just 7 cases infiltrating the parathyroid
tissue at presentation (10.6%). In most cases, surgical margins
were visibly free (61 cases, 92.4%), whereas a complete surgical
excision was not obtained in 5 cases.

The tumor size and extension according to the AJCC/UICC were
pTlain 22 patients (33.3%), pT1b in 22 patients (33.3%), pT2 in 17
patients (25.8%), pT3a in 1 patient (1.5%), and pT3b in 4 patients
(6%). Lymph node status, according to the AJCC/UICC, was pNO in
44 cases (66.6%), pN1a in 9 cases (13.7%), and pN1b in 13 cases
(19.7%). The tumor stage, according to the AJCC/UICC, was stage |
in 34 cases (51.5%), stage Il in 10 cases (15.1%), stage Ill in 8 cases
(12.1%), and stage IV in 14 cases (21.3%).

The status of germinal RET mutation was available in 26 MTCs
(39.4%). Of these, 11 patients showed germline RET mutations
(16.6%), and the remaining patients were wild-type. The patho-
logical findings are summarized in Supplementary Table S1.

International Medullary Carcinoma Grading System and
Correlation With Surveillance, Epidemiology, and End
Results-Based Risk Table

We applied grading criteria and evaluated the presence of
necrosis, mitotic count in 2 mm? starting from a hotspot, and the
Ki67 mitotic index according to the accepted best practice and the
IARC recommendations.?

Most cases were without identifiable necrotic foci (63, 95.5%).
Diffuse or comedo-like necrotic foci were documented in only 3
cases (4.5%) (Fig. 2A, D). The mitotic index was <5 per 2 mm? in 65
cases, with just one case reaching the >5 mitoses per 2 mm?
(Fig. 2B, E), and Ki67 was <5% in 47 cases (71.2%) and >5% in 19
cases (28.8%) (Fig. 2C, F).

According to the IMTCGS score criteria, 20 cases (30.3%) were
classified as high-grade and 46 (69.7%) as low-grade (Fig. 2G).
Among the 20 high-grade tumors, 17 had only 1 diagnostic
feature, ie, a Ki67 > 5% (17 out of 20 cases, 85%). The remaining 3
cases had 2 diagnostic criteria, including 2 cases showing a Ki67 >
5% and tumor necrosis (10%), and 1 displayed a Ki67 > 5% and a
mitotic index >5 per 2 mm?. Notably, no cases showed all 3

diagnostic features, and a Ki67 > 5% was present in all high-grade
cases (Fig. 2H).

Our cohort found a significant association between the IMTCGS
and survival, showing patients classified as high-grade had a lower
EFS probability than the low-grade MTCs (P =.0047) (Fig. 3). If we
exclude pT1a cases, the correlation between IMTCGS and survival
resulted in an even stronger significance (Supplementary Fig. S1).

Considering criteria other than those included in the grading
scheme, angioinvasion (>1 focus) was found to be significantly
correlated with metastases and death (P =.0071). (Fig. 4A-G).

Applying the SEER-based risk table, we classified our cases as
follows: 39 low-risk MTCs (59.1%), 16 intermediate-risk MTCs
(24.2%), and 11 high-risk MTCs (16.7%). Patients classified either as
intermediate- or high-risk were significantly correlated with a
lower survival rate than low-risk patients (P =.00022). (Fig. 5A).
The correlation between the SEER-based risk table and MTC pa-
tients classified according to IMTCGS showed that high-grade
cases received a greater average SEER-based score than low-
grade cases. Although not significant, we observed an associa-
tion between the 2 scores (P = .071) (Fig. 5B). Finally, when we
explored angioinvasion in correlation with the SEER-based risk
table, patients with angioinvasion had a higher average SEER-
based score than patients without angioinvasion, with a strong
significant association (P =.0002) (Fig. 5C).

Mutational Profiling

Mutational profiling was performed by targeted sequencing of
a panel of 523 genes of interest on 66 MTC samples.

Copy Number Variants

Setting a copy ratio threshold of 1.4, we identified 24 amplifi-
cations. Sixteen cases (24.2%) displayed at least 1 copy number
variant (CNV), and no significant alterations were found in the
remaining samples (Supplementary Fig. S2A). The CCND1 locus
was the most frequently affected, amplified in 8 (50%) CNV-altered
samples (12.1% of the total cohort). CNV alterations in FGF1, MYC,
and RET were detected in 3 samples each, corresponding to 18.8%
of all CNV-altered samples and 4.5% of the entire cohort. Sporadic
CNVs were also observed within the loci of RPS6KB1, ERCC1, MYCN,
PDGFRA, FGF23, and CHEK2. One patient showed CNVs in 4 loci,
whereas 3 samples showed co-occurrences of 2 CNVs simulta-
neously (Supplementary Fig. S2B). Of note, we did not analyze
deletions because the approach used is not suitable for this
purpose.

Microsatellite Instability and Tumor Mutation Burden

Analysis of microsatellite regions revealed very low instability,
with a median microsatellite instability (MSI) percentage across
the entire cohort of 1.82. Five samples (7.6%) showed MSI > 5%,
and 10 samples (15.1) showed no sign of MSI (Supplementary
Fig. S2C).

Tumor mutation burden (TMB) (calculated on an overall
1.13—1.28 Mb) ranged from O to 19.6 within the cohort, with a
median of 2.35. Nine samples (13.6%) showed TMB > 5, and only 2
samples (3%) had a TMB > 10 (Supplementary Fig. S2D), reflecting
an overall low genetic instability.

Small Variant Calling
After germline and low-coverage variant exclusion, 1170 cod-
ing variants were identified, including missense, frameshift, stop,
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Figure 2.

(A-F) Histologic criteria in the International Medullary Carcinoma Grading System (IMTCGS). Necrotic areas are often comedonic and present as aggregates of degenerated
material surrounded by neoplastic cells (A, D, hematoxylin and eosin). Mitotic figures are mostly difficult to detect (B, arrow) but rarely can appear in clusters (E, arrows). The
proliferative index with Ki67 is usually very low (C), but in one case, we found a Ki67 value >5% (F). (G) Pie chart of the distribution of low- and high-grade cases according to the
IMTCGS in the analyzed population (66 patients). (H) Summary plot of the IMTCGS components identified in each sample.

and splicing alterations. Three hundred eighty coding variants
with variant allele frequency > 3% were identified (Fig. 6A).

Most variants detected were missense mutations (65%), fol-
lowed by frameshift deletions (16.1%), frameshift insertions
(11.6%), in-frame deletions (5.5%), and splice site alterations (1.8%)
(Fig. 6B and Supplementary Fig. S3A, B).

Focusing on the type of events, bidirectional transitions T > C
and C > T were the most represented, even though the overall
occurrence of transversions and transitions did not show a sig-
nificant difference (Supplementary Fig. S3C).

The number of events per sample ranged from 0 to 72, with a
median of 4 (Supplementary Fig. S3D). Most samples (61%)
showed mutations in 1 to 5 of the analyzed genes, whereas 28%
showed alterations in 6 to 20 genes (Fig. 6C). One sample (2%)
showed an exceptional number of genetic alterations, with over
40 genes affected. Six (9%) of the analyzed samples did not display
mutations in our analysis.

Ranking the genes according to the occurring events and
setting a threshold of >5% frequency within the cohort, 20 genes
were identified (Fig. 6D). As expected, RET was the most
frequently mutated, with 37.9% (n = 25) of the samples carrying
somatic alterations. MSH3 and CUL3 were also frequently mutated
in our cohort, affecting 25.8% (n = 17) and 24.9% (n = 16) of the
patients, respectively. HRAS mutations were detected in 12.1% (n =
8) of the samples, whereas BRAF mutations were found in 6.1%

(n=4). Based on their representativeness in the overall cohort, we
can assume that these 20 genes represent the MTC genetic
signature.

MTC Genetic Signature Clustered Samples Into 3 Distinct Genetic
Subtypes

We noted that 10 genes (50%) of the genetic signature were
functionally involved in chromatin organization and function,
including crucial chromatin modifiers like the polycomb group
proteins EZH2 and ASXL1, the lysine-specific demethylases
KDM5A and KDMG6A, the histone-lysine N-methyltransferase
KMT2A, and the histone acetyltransferase KAT6A (Fig. 7A). Cor-
relation analysis showed that mutations within the chromatin
organizer genes showed a significant co-occurrence, but no such
relationship was observed with either HRAS or RET mutations
(Fig. 7B).

The genetic signature identified 3 main clusters. Cluster I
comprised cases displaying mutation in RET or HRAS. Cluster II
comprised cases enriched in mutation for the chromatin organizer
core, and cluster Il comprised samples with other sporadic vari-
ants (Fig. 7C). Noticeably, cluster II displayed a significantly higher
number of mutations and higher TMB compared with the other 2
clusters, suggesting an increased genetic instability of the lesions
belonging to this subset, and no significant difference in the MSI
percentage was observed (Supplementary Fig. S4A, B, C).
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Figure 3.

Kaplan-Meier curves representing event-free survival in high- and low-grade patients according to the International Medullary Carcinoma Grading System (IMTCGS). Patients
classified as high-grade had a lower event-free survival probability than low-grade MTCs. The lower table reports the number of patients at risk at each time point. The P value

was calculated using the log-rank test.

Correlation Analysis Between Genetic Profiling, International
Medullary Carcinoma Grading System, and Surveillance,
Epidemiology, and End Results-Based Risk Group

Investigating the correlation between the genetic background
of MTCs and the IMTCGS, no significant association was found
between TMB, CNV, MSI, the overall number of small variants,
and the grading system (Supplementary Table S2). In addition, the
correlation between the IMTCGS and single gene mutations did
not result in any significant associations. However, considering the
relationship between the genetic clusters and pathological score,
cluster I contained the highest percentage of high-grade MTCs
(Fig. 8A and Supplementary Fig. S4D), although this association
was not statistically significant.

When we explored the impact of genetic clustering on patient
outcomes, we observed that patients belonging to cluster I had a
lower EFS than the others (P = .067) (Fig. 8B). However, in
multivariate analysis considering IMTCGS and genetic clusters,
only IMTCGS remained significantly associated with aggressive
disease (Supplementary Fig. S5A). The greater impact of
the IMTCGS on EFS was also evidenced by the Kaplan-Meier curve
analysis (Fig. 8C), showing that the presence of high-grade
IMTCGS defined the subclasses with the worst prognosis,
regardless of genetic clusters.

No significant association was observed between genetic
cluster and SEER-based risk groups (Fig. 9A). Interestingly, the
combination of cluster I and high SEER-based risk characterized
the group of patients with the worst prognosis, whereas no events
were registered in patients in genetic clusters II-III classified at low

and intermediate SEER-based risk (Fig. 9B and Supplementary
Fig. S5B).

Finally, the number of negative events was significantly asso-
ciated with both genetic clustering (P =.044) (Fig. 10A) and SEER-
based risk (P =.004) (Fig. 10C), with cluster I and the SEER-based
high-risk group having a higher incidence of negative events.
Conversely, IMTCGS classification (Fig. 10B) showed no significant
correlation with negative events (P =.262).

Discussion

One of the main challenges in oncology is to determine accu-
rate risk stratification of patients to enable personalized surveil-
lance and treatment. This process mainly involves a correct
histopathological diagnosis, followed by appropriate morphologic
grading; however, in many oncological settings, it already needs
robust molecular characterization. In MTC, the first aim has been
accomplished using ancillary tools such as immunohistochem-
istry, and prognostic grading is likely to earn global consensus if
the IMTCGS is validated by independent studies. The immediate
advantage is predicting the biological risk on morphologic
grounds, as already occurring for other neuroendocrine tumors,
with affordable costs and good reproducibility. Genetic profiling
of MTC, possibly together with morphologic grading, would
benefit the grading system itself. With that in mind, we analyzed
our archive selection of MTCs both morphologically
and genetically.
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Figure 4.

(A-F) Representative images of angioinvasion as neoplastic clusters intermingled with blood cells and fibrin, mainly placed in a subcapsular location (hematoxylin and eosin). (G)
Kaplan-Meier curves showing that angioinvasion (>1 focus) significantly correlates with metastases and death.

Histologic analysis showed that high-grade MTCs were about
one-third of the cohort, confirming the results of the original
paper on the IMTCGS.> Although the search for necrotic areas,
even inconspicuous ones, was effortless, the search for mitotic
figures was often time-consuming and susceptible to interpre-
tation bias, as is often seen in endocrine/neuroendocrine
tumors.”®

Moreover, by selecting the hotspots, the minimum threshold
for the mitotic count and different methods of scoring Ki67 values
may lead to low interobserver reproducibility or differences

between small biopsies and resection specimens.”>>? Although
recent work by Williams et al*! found a strong level of agreement
in the assessment of grading criteria according to the IMTCGS, it is
our opinion that in MTCs, where both mitotic index and Ki67 are
mostly low, overestimation is an actual risk. In our series, the
mitotic index was >5 in only one case (1.5%), and Ki67 was >5% in
19 cases (28.8%); necrotic areas were found only in 3 cases (4.5%).
Therefore, in our series, Ki67 was numerically the main “game-
decider” for assigning a tumor to either a low- or high-grade
category.
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distribution of SEER-based scores in low- and high-grade cases according to the International Medullary Carcinoma Grading System (IMTCGS). (C) Box plots correlating the
distribution of SEER-based scores according to the presence of angioinvasion. SEER, Surveillance, Epidemiology, and End Results.

Grading rates among MTCs are similar in our series and in the
IMTCGS (30.3% and 69.7% vs 24.8% and 75.2% for low- and high-
grade cases, respectively), yet our experience is somewhat
different for other variables. In particular, thyroid capsule infil-
tration and angioinvasion were significantly associated with
metastasis or patient death. Angioinvasion is a good predictor of
metastatic disease in thyroid neoplasms and it is a widely repro-
ducible characteristic if we apply clearly accepted criteria to
identify it.>® However, this issue has recently been reassessed. Rios

et al'? found that, among histologic parameters, only vascular
invasion was related to relapse in 55 MTC cases. Erovic et al'®
reported that angioinvasion was the most reliable predictor of
MTC recurrence and death in 23 cases. In addition, if we stratify
our cases according to SEER-based risk tables'!, the presence of at
least one angioinvasion focus correlates with a worse prognosis
(Fig. 5C). This would suggest that only cell-related variables and
other well-established pathological features, especially if easily
detectable like angioinvasion, might be related to the prognosis.
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Figure 6.

(A) Sequential criteria for the final selection of coding somatic variants based on the TruSight Oncology 500 analysis pipeline. (B) Distribution of somatic mutations identified in
medullary thyroid carcinomas according to predicted functional effects. (C) Distribution of the number of mutated genes per patient. (D) Bar graph representing the total number
of mutational events per gene. Colors refer to the predicted functional effect of mutations, as indicated in (B).

VAF, variant allele frequency.

With the adoption of other clinical variables, such as age and
seX, and more reproducible clinicopathological features, including
tumor size, lymph node metastasis, and extrathyroid extension,
the SEER-based metastatic risk score aims to overcome this hur-
dle. Thus, in our study, the SEER-based score seems a better pre-
dictor of negative events than the IMTCGS score. Therefore,

further studies on larger cohorts are needed to investigate
whether all these variables could play a role in tumor evolution
and patient outcome.

One of the aims of our study was to validate whether the IMTCGS
represents the goal for MTC classification or just another step for-
ward to stratify patients in a more effective and reproducible way;
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Figure 7.

(A) Cytoscape plot, including the 20 genes mutated in at least 5% of medullary thyroid carcinoma patients. Blue circles highlight the 10 interconnected genes involved in
chromatin organization and function. (B) Plot representing the probability of mutually exclusive or co-occurring mutated genes. Asterisks on the plot indicate significant
probability. (C) An oncoplot representing the mutational events that occurred in each patient. Colored squares indicate different mutation types. Upper histograms represent the
tumor mutational burden of each patient. The histogram on the right represents the percentage of mutated patients per gene. Lower colored bars indicate the presence of
microsatellite instability and copy number variation in each patient. Boxes highlight patients classified in the same genetic cluster. Low microsatellite instability indicates a value
between 1% and 10%. Low copy number variation indicates the presence of 1—4 genes.

therefore, we implemented high throughput molecular profiling and We found no correlation between the IMTCGS with either
correlated the results with the IMTCGS. Combining the grading genomic instability (ie, TMB, the number of small variants, MSI, or
system with somatic tumor profiling could improve IMTCGS prog- CNV) or with specific mutations. Moreover, no correlation be-
nostication, as demonstrated in other settings.>” tween clustering and grading was detected, even if we indicated

10
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Figure 8.

(A) Distribution of patients classified according to the International Medullary Carcinoma Grading System (IMTCGS) in different genetic clusters. (B) Kaplan-Meier curves
representing event-free survival in cluster I vs cluster II-III patients. The lower table reports the number of patients at risk at each time point. The P value was calculated using the
log-rank test. (C) Kaplan-Meier curves representing event-free survival in patients grouped by genetic cluster and IMTCGS combination. The lower table reports the number of
patients at risk at each time point. The P value was calculated using the log-rank test. MTCs, medullary thyroid carcinomas.

that the presence of a specific mutational landscape characterized
by alterations in either RET or HRAS concurred with grading in
defining aggressiveness, probably providing additional advan-
tages to neoplastic cells. This evidence is in line with prior reports.
Indeed, previous grading schemes based on the mitotic index,
Ki67, and necrosis reported no correlation with RET somatic mu-
tations or RAS alterations in a series of 44 sporadic MTCs, even
though RET somatic mutations are widely recognized as relevant
negative prognostic factors in these lesions.>*

Several works showed that MTCs are characterized by a high
incidence of private mutations besides those in RET and RAS.>%234

1

Our data are in line with these observations; however, we iden-
tified a signature of 20 genes significantly altered, including RET
and RAS. Ten of the 20 genes belong to a specific functional class,
namely chromatin organization and function. We showed that
mutations in these genes tend to co-occur and are mostly mutu-
ally exclusive with RET and RAS alterations. Alterations of key
chromatin keepers, leading to profound reprogramming of the
chromatin organization, may provide a possible explanation for
the genetic heterogeneity of MTCs.

In addition, we report for the first time that 3 main genetic
clusters can be identified according to mutation distribution.
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(A) Distribution of patients classified according to SEER-based risk table in different genetic clusters. (B) Kaplan-Meier curves representing event-free survival in patients
grouped by genetic cluster and SEER-based risk groups. The lower table reports the number of patients at risk at each time point. The P value was calculated using the log-rank
test. MTCs, medullary thyroid carcinomas; SEER, Surveillance, Epidemiology, and End Results.

Lesions belonging to cluster I, harboring either RET or RAS alter-
ations, displayed reduced EFS and worse prognosis, in line with
previous data. Lesions belonging to cluster Il showed significantly
higher TMB and overall single variant incidence, indicating a
certain predisposition to increased genetic instability. However,
contrary to expectations, these tumors presented quite indolent
clinical behavior. The main chromatin regulators, such as the
polycomb protein EZH2, the trithorax-group member ASH1L, and
the histone modifiers KDM5A, KDM6A, KMT2A, and KAT6A, are
known to contribute to cancer by controlling a complex gene
expression program. Therefore, it would be interesting to define
how mutations in these genes affect the overall transcriptional
landscape of MTCs and whether such transcriptional changes
may explain why lesions belonging to cluster Il show apparently
more indolent behavior than those of cluster I. Noticeably,
Sponziello et al®®> investigated the expression of a panel of
epigenetic regulators and the outcome and patient mutational
status. They observed that the expression of EZH2 and SMYD3
correlated with increased aggressiveness, but it was not

influenced by mutations in either RET or RAS, supporting the
hypothesis that regulators of chromatin functions may play a role
in MTC biology.

In conclusion, both the IMTCGS and the SEER-based risk score
showed a good prognostic performance and confirmed that most
MTCs are low-grade tumors that must be kept separate from high-
grade cases. Accordingly, a dichotomic distinction could be sug-
gested, and in the near future, the classification of neuroendocrine
tumors could be applied to MTCs as high-grade and low-grade C-
cell neuroendocrine neoplasms of the thyroid, as already recently
proposed.>®

Secondly, the presence of at least one angioinvasion focus was
significantly correlated with metastases and death, and it should
be considered in diagnosing. Finally, we provided a genetic
signature of MTCs, including 3 clusters, with cluster I character-
ized by alterations in either RET or HRAS and concurring in
defining aggressiveness. Further studies should be performed to
integrate this new taxonomic approach with the molecular
characterization.
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(A) Distribution of the number of events registered in cluster I vs cluster II-III patients. (B) The number of events in high-grade International Medullary Carcinoma Grading
System (IMTCGS) vs low-grade IMTCGS patients. (C) The number of events in SEER-based risk groups. MTCs, medullary thyroid carcinomas; SEER, Surveillance, Epidemiology,

and End Results.
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