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Abstract

Cytosine modifications at the 5-carbon position play a critical role in gene expression regulation and have been implicated in
cancer development. 5-Hydroxymethylcytosine (ShmC), arising from 5-methylcytosine (5-mC) oxidation, has shown promise
as a potential malignancy marker due to its depletion in various human cancers. However, its significance in thyroid tumors
remains underexplored, primarily due to limited data. In our study, we evaluated ShmC expression levels by immunohisto-
chemistry in a cohort of 318 thyroid tumors. Our analysis revealed significant correlations between ShmC staining exten-
sion scores and nodule size, vascular invasion, and oncocytic morphology. Nuclear ShmC staining intensity demonstrated
associations with focality, capsule status, extrathyroidal extension, vascular invasion, and oncocytic morphology. Follicular/
oncocytic adenomas exhibited higher ShmC expression than uncertain malignant potential (UMP) or noninvasive follicular
thyroid neoplasms with papillary-like nuclear features (NIFTP), as well as malignant neoplasms, including papillary thyroid
carcinomas (PTCs), oncocytic carcinomas (OCAs), follicular thyroid carcinomas (FTCs), and invasive encapsulated follicular
variants of PTC (IEFV-PTC). TERT promoter mutation cases showed notably lower values for the ShmC expression, while
RAS (H, N, or K) mutations, particularly HRAS mutations, were associated with higher 5ShmC expression. Additionally, we
identified, for the first time, a significant link between ShmC expression and oncocytic morphology. However, despite the
merits of these discoveries, we acknowledge that ShmC currently cannot segregate minimally invasive from widely invasive
tumors, although ShmC levels were lower in wi-FPTCs. Further research is needed to explore the potential clinical implica-
tions of ShmC in thyroid tumors.
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Introduction Materials and Methods
Alterations in global 5ShmC levels have emerged as an epi-  Patient Tissue Samples

genetic marker of cancer. The loss of ShmC has already
been reported in some cancer models, such as melanoma,
brain tumors, hematologic malignancies and bile duct,
lung, ovarian, and hepatocellular carcinomas, as it acts as
a promoter of neoplastic transformation and progression
of neoplastic cells [1-7].

The role of ShmC in thyroid tumors remains to be
clarified. There are few studies on this role, but some
data have begun to emerge, based on relatively small and
unrepresentative series, regarding tumor pattern diver-
sity [8—12]. In a cohort that included only papillary thy-
roid carcinomas (PTCs) (n=88) and multinodular goiter
(MNG) (n=20) cases, Tong et al. described a decreased
level of ShmC in PTC tumor samples from patients with
lymph node metastasis compared to PTC tumor samples
from patients without lymph node metastasis [8]. Seok
et al. showed a significant reduction in ShmC expres-
sion in anaplastic thyroid carcinoma (ATC) samples in
comparison with PTC and follicular thyroid carcinoma
(FTC) samples in a cohort of 24 cases [9]. The same
group later focused on follicular patterned thyroid tumors
in a series with 40 cases and reported decreased ShmC
expression in the invasive/infiltrative follicular variant
of PTC (iIFVPTC) with < 1% papillary structure together
with frequent regional lymph node involvement and BRAF
V600E mutation when compared with other follicular pat-
terned neoplasms without any papillary structures [10].
Oishi et al., through ELISA and IHC, analyzed the global
5hmC level in 85 thyroid carcinomas and suggested that
5hmC loss can be used as an epigenetic hallmark of TERT
promoter-mutated PTCs and ATCs [11]. Last, Hysek et al.
investigated the role of ShmC as a potential predictor of
TERT promoter mutation status in 29 cases of follicu-
lar patterned thyroid tumors. The study found that ShmC
immunohistochemistry has low sensitivity but high speci-
ficity, leading the authors to conclude that ShmC is not a
reliable marker for identifying TERT promoter mutations
in this group of tumors [12].

To better understand the diagnostic and prognostic
role of ShmC in thyroid tumorigenesis, our group col-
lected a multi-institutional comprehensive dataset. A
total of 318 cases representing a wide variety of benign,
low-risk, and malignant thyroid neoplasms were ana-
lyzed by immunohistochemistry for ShmC expression.
The ShmC levels were compared among the different
tumor groups, considering their clinical, demographic,
and genomic characteristics, to validate patterns of ShmC
expression and its potential use in the clinical manage-
ment of thyroid neoplasms.
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Three hundred eighteen patients were enrolled from six dif-
ferent tertiary centers: Centro Hospitalar de Vila Nova de
Gaia e Espinho (n=183), Hospital Sao Jodo (n=51), Trakya
University (n=27), IPATIMUP (n=25), Cukurova Univer-
sity (n=18), and Acibadem University (n=14). The demo-
graphic and clinicopathological data of the patients were
retrospectively collected from the histopathological reports
and clinical databases. The histology of all tumor samples
was reviewed independently by an endocrine pathologist
(S.C.), and thyroid tumor classification was performed based
on the 5th edition of the WHO Classification of Endocrine
and Neuroendocrine Tumors [13]. From the 318 patients,
318 tumors were evaluated, and the following clinicopatho-
logical characteristics were collected: sex, age, tumor size,
tumor location, capsule status, extrathyroidal extension,
lymphatic invasion, vascular invasion, oncocytic morphol-
ogy, and biological behavior. Tumors with oncocytic mor-
phology were defined when more than 75% of the neoplastic
cell population had oncocytic cytology.

Previous genetic characterization was obtained for a
sample of patients (n=183) [14]. This study protocol was
approved by the Ethics Committee for Health (CES) of the
Hospital Center of Sao Jodo/Faculty of Medicine of the
University of Porto (CES 66-19). The entire study was
conducted in compliance with the Helsinki Declaration and
national ethical norms (Law no. 12/2005) [14].

Immunohistochemistry (IHC)

Four-micrometer-thick tissue sections from representa-
tive tumor blocks were deparaffinized and rehydrated in a
graded series of ethanol solutions, as previously described
[14]. Heat-induced antigen retrieval was performed using
ethylenediaminetetraacetic acid buffer with a pH of 9.0
(LabVision Corporation, Fremont, CA, USA). Endogenous
peroxidase activity and nonspecific binding were blocked
with UltraVision Hydrogen Peroxide Block and UltraVi-
sion Block reagents (10 min), respectively (UltraVision
Quanto Detection System HRP DAB, Thermo Scientific/
Lab Vision, Fremont, USA) [18]. The sections were then
incubated in a humidified chamber with a rabbit polyclonal
antibody against 5-hydroxymethylcytosine (cat. no. 39791;
Active motif, Carlsbad, US) at a 1:10,000 dilution, accord-
ing to the manufacturer’s specifications. In each run, pre-
viously tested glioma samples and samples subjected to
an immunostaining reaction lacking the primary antibody
were used as positive and negative controls, respectively.
Mayer’s hematoxylin was used to counterstain all sections.
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It is important to highlight that the choice of a 1:100,000
dilution of the antibody was preceded by several dilution
tests that ranged from 1:2500 to 1:10,000. The tests were
carried out on formalin-fixed paraffin-embedded (FFPE)
samples derived from several tissues and tumors from
different organs, employing both manual and automated
(BenchMark ULTRA) THC methods. The intensity and
extension of 5-hmC staining did not vary significantly
with dilution, but the staining contrast was much better
at higher dilutions, especially in some types of tumors,
notably thyroid and kidney. The quality and intensity of
5-hmC staining in the samples were independent of the
age of the block.

Evaluation of Imnmunohistochemical Staining

Immunoreactivity was present at the nucleus of cancer
cells and was semi-quantitatively evaluated for each tumor
sample. Immunostaining evaluation (by S.C. and V.M.)
was based on the intensity and distribution of the stain-
ing, without knowledge of any clinical information of the
cases. Two authors jointly evaluated the ShmC immuno-
reactivity, utilizing a multi-headed microscope for syn-
chronous examination of the cases. This collaborative
approach of immediate, concurrent observation ensured a
consistent and collective agreement in our findings. The
5hmC staining intensity was scored as absent (0), weak
(1), moderate (2), or strong (3). Weak staining was not
discernible on a low-power view (x4 objective), while
moderate and strong staining was easily detectable on low-
power magnification. The extent of nuclear staining was
classified into four groups: <25%, 26-50%, 51-75%, and
76-100%. The H staining score (H-score) was applied to
evaluate the immune expression of ShmC. To calculate the
H-score (range 0-300), the following formula was used:
H-score =0 X (% of cells staining with intensity value
0)+ 1 X (% of cells staining with intensity value 1)+ 2 X (%
of cells staining with intensity value 2) + 3 X (% of cells
staining with intensity value 3) [15]. For statistical pur-
poses, the score was used either as a continuous variable
or divided in a binary fashion: 0-150; 151-300.

DNA Extraction

After H&E-guided microdissection, DNA from FFPE
tissues was obtained from 10 um sections. The GRS
Genomic DNA Kit BroadRange was used for DNA extrac-
tion according to the manufacturer’s (GRiSP Research
Solutions, Porto, Portugal) instructions, as previously
described [14].

PCR and Sanger Sequencing Analysis

Analysis of the mutations in hotspot regions of BRAF (codon
600), RAS [NRAS (codon 61), HRAS and KRAS (codons 12,
13, and 61)], and TERTp (— 124 and — 146 promoter regions)
were previously performed in a subset of PTCs [14]. Briefly,
25-50 ng of genomic DNA was amplified for each genomic
region under study utilizing the QTAGEN multiplex PCR kit
(QIAGEN, Hilden, Germany). PCR products were purified
and subsequently sequenced by Sanger using the ABI Prism
Big Dye Terminator kit v3.1 Cycle Sequencing (Fisher
Scientific Applied Biosystems®, Portsmouth, NH, USA).
Whenever mutations were identified, a new and independ-
ent analysis was conducted to validate the presence of the
mutation [14].

Statistical Analysis

IBM SPSS Statistics V.26 (IBM, New York, New York,
USA) was used for the statistical analysis. The data were
reported using the following metrics: absolute frequency,
percentage, mean Std, and median IR 2. Chi-square, Fisher’s
exact, and Pearson’s correlation tests were used for univariate
analysis and correlation analysis. Independent-sample # tests,
Mann—Whitney U tests, one-way ANOVA, and Tukey’s HSD
tests were applied whenever possible. A two-tailed p value of
less than 0.05 was considered statistically significant.

Results
Cohort Characteristics

The cohort characteristics are summarized in Table 1. There
were 253 (79.6%) females and 65 (20.4%) males. The ages
ranged between 16 and 99 years, with a mean age of 51.6
(Table 1). After histological revision, the 318 thyroid tumors
were classified as follows: 14 oncocytic adenomas (OAs),
15 follicular adenomas (FAs), 3 well-differentiated tumors
with uncertain malignant potential (WDT-UMPs), 5 follicu-
lar tumors with uncertain malignant potential (FT-UMPs),
18 noninvasive follicular thyroid neoplasms with papillary-
like nuclear features (NIFTP), 14 invasive encapsulated fol-
licular variants of PTC (IEFV-PTC), 198 PTCs [114 classic
subtypes of PTC (C-PTC), 33 infiltrative follicular variants
of PTC (iFV-PTC), 27 hobnail subtypes of PTC (HN-PTC),
10 oncocytic subtypes of PTC (O-PTC), 4 Warthin-like
PTCs (WL-PTC), 4 tall cell subtypes of PTC (TC-PTC),
3 solid/trabecular subtypes of PTC (ST-PTC), 2 encapsu-
lated PTCs (E-PTC), and 1 diffuse sclerosing subtype of
PTC (DS-PTC)], 12 follicular thyroid carcinomas (FTCs),
and 39 oncocytic carcinomas (OCAs). The median nodule
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Tab]e 1 Cohort Qes.cription: Characteristics n (%) n (total) Characteristics n (%) n (total)
patient characteristics,
clinicopathological features, Gender Distant metastasis 145
Sg:;‘fiﬂf:i;’svtzﬁinon’ and Female 253 (79.6%) Yes 4 (28%)
Male 65 (20.4%) No 141 (97.2%)
Age TERT mutation 167
Mean + std (years) 51.6+16.5 Yes 12 (7.2%)
Size No 155 (92.8%)
Median +1R +2 (cm) 2.0+0.8 BRAF mutation 178
Focality 298 Yes 111 (62.3%)
Unifocal 193 (64.8%) No 67 (37.6%)
Multifocal 105 (35.2%) NRAS mutation 178
Laterality 287 Yes 8 4.5%)
Unilateral 233 (81.1%) No 170 (95.5%)
Bilateral 54 (18.8%) HRAS mutation 97
Capsule status 257 Yes 9 (9.3%)
Invasive/infiltrative 189 (73.5%) No 88  (90.7%)
No 68 (26.5%) KRAS mutation 93
Extrathyroidal extension 318 Yes 4 (4.3%)
Minimal/major 101 (31.8%) No 89  (95.7%)
No 217 (68.2%) 5hmC intensity 318
Lymphatic invasion 316 0 37 (11.6%)
Yes 56 (17.7%) 1 101 (31.8%)
No 260 (82.3%) 2 80 (25.2%)
Vascular invasion 317 3 100 (31.4%)
Yes 41 (12.9%) ShmC extension 318
No 276 (87.1%) <25 12 (3.8%)
Oncocytic morphology 315 26-50 23 (7.2%)
Yes 105 (33.1%) 51-75 29 (9.1%)
No 212 (66.9%) 76-100 254 (79.9%)
Biological behavior 318 ShmC H-score 318
Benign lesions 29 9.1%) <150 132 41.5%
Low-risk neoplasms 38 (11.9%) 151-300 186 58.5%
Malignant neoplasms 251 (78.9%)

size was 2.0+ 0.8 cm. Regarding focality, 193 (64.8%) of
the tumors were unifocal, 105 (35.2%) were multifocal,
233 (81.1%) were unilateral, and 54 (18.8%) were bilateral.
The capsule status was invasive/infiltrative in 189 (73.5%)
cases (Table 1). Extrathyroidal extension was evidenced in
101 (31.8%) cases, of which only four had gross extension.
Lymphatic invasion was present in 56 (17.7%) samples,

Fig.1 Microscope images of
H&E stained tumors are dis-
played side by side. The image
on the left shows an encapsu-
lated angioinvasive oncocytic
carcinoma (eai-OCA), and the
image on the right features
oncocytic adenoma (OA)

@ Springer

while vascular invasion was present in 41 (12.9%). Onco-
cytic morphology was present in 105 (33.1%) tumors: 14
OAs, 39 OCAs, 42 subtypes of PTC (26 hobnail, 10 onco-
cytic, 4 Warthin-like, and 2 tall cells), eight UMPs, and two
NIFTPs (Fig. 1). In total, the series included 251 (78.9%)
malignant, 29 (9.1%) benign, and 38 (11.9%) low-risk
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neoplasms. Distant metastases were demonstrated in 4
(2.8%) cases (Table 1).

In a subgroup composed of 183 PTCs, mutational anal-
ysis was available [14], and mutations were found in 144
cases. These mutations included BRAF mutations in 111
(62.3%) cases, TERT mutations in 12 (7.2%) cases, HRAS
mutations in 9 (9.3%) cases, NRAS mutations in 8 (4.5%)
cases, and KRAS mutations in 4 (4.3%) cases.

Association Between Pathological Characteristics
of the Tumors and Intensity, Extension, and H-Score
of 5hmC

A 5hmC staining extension score between 0 and 25% was
found in 12 (3.8%) cases, a score between 25 and 50% was
found in 23 (7.2%) cases, a score between 50 and 75% was

found for 29 (9.1%) cases, and a score between 75 and 100%
was found in 254 (79.9%) cases. Statistical significance was
found in nodule size, vascular invasion, and oncocytic mor-
phology in relation to 5ShmC staining extension (Table 2).
Nuclear ShmC staining intensity was distributed as fol-
lows: 37 (11.6%) cases were negative, 101 (31.8%) cases
were evaluated with intensity value 1 (weak staining), 80
(25.2%) cases were evaluated with intensity value 2 (mod-
erate staining), and 100 (31.4%) cases were evaluated with
intensity value 3 (strong staining). Statistical significance was
observed for focality, capsule status, extrathyroidal extension,
vascular invasion, oncocytic morphology, and biological
behavior in relation to ShmC intensity score values (Table 2).
The 5ShmC H-score presented 132 (41.5%) samples
belonging to the interval 0-150 and 186 (58.5%) to the
151-300 range. A significant association was identified

Table 2 Analysis of immunohistochemical scoring of ShmC in clinicopathological characteristics

Pathological characteristics Extension score 0 Extension (score 1) Extension (score 2) Extension (score 3) p value
0-25%) (25-50%) (50-75%) (75-100%)

Size (cm) n (%) n (%) n (%) n (%)
<4 11 (3.6) 18 (5.8) 18 (5.8) 219 (71.1) 0.003*
>4 1(0.3) 5(1.6) 10 (3.2) 26 (8.4)

Vascular invasion n (%) n (%) n (%) n (%)
Yes 4(1.3) 9(2.8) 8(2.5) 20 (6.3) <0.001*
No 8 (2.5) 14 (4.4) 21 (6.6) 233 (73.5)

Oncocytic morphology n (%) n (%) n (%) n (%)
Yes 5(1.6) 15 4.7) 15 (4.7) 70 (22.1) <0.001
No 7(2.2) 7(2.2) 14 (4.4) 184 (58.0)

Pathological characteristics (n) Intensity score 0 Intensity score 1 Intensity score 2 Intensity score 3 p value

Focality n (%) n (%) n (%) n (%)
Unifocal 19 (6.4) 54 (18.1) 54 (18.1) 66 (22.1) 0.053
Multifocal 13 (4.4) 44 (14.8) 21 (7.0) 27 (9.1)

Capsule status n (%) n (%) n (%) n (%)
Invasive/infiltrative 26 (10.1) 65 (25.3) 52 (20.2) 46 (17.9) <0.001
No 4 (1.6) 11 (4.3) 72.7) 46 (17.9)

ETE n (%) n (%) n (%) n (%)
Minimal/major 18 (5.7) 43 (13.5) 32 (10.1) 8 (2.5 <0.001
No 19 (6.0) 58 (18.2) 48 (15.1) 92 (28.9)

Vascular invasion n (%) n (%) n (%) n (%)
Yes 14 (4.4) 11 (3.5) 5(1.6) 11 (3.5) <0.001
No 23(7.2) 90 (28.4) 74 (23.3) 89 (28.1)

Oncocytic morphology n (%) n (%) n (%) n (%)
Yes 22 (6.9) 29 (9.1) 17 (5.4) 37 (11.7) <0.001
No 14 (4.4) 72 (22.7) 63 (19.9) 63 (19.9)

Biological behavior n (%) n (%) n (%) n (%)
Benign lesions 0(0.0) 3(0.9) 0(0.0) 26 (8.2) <0.001
Low-risk neoplasms 4(1.2) 8(2.95) 10 (3.1) 16 (5.0)
Malignant neoplasms 33 (10.4) 90 (28.3) 70 (22.0) 58 (18.2)

p values were determined using a chi-square test. Fisher’s exact test was used when indicated (*)

p values in bold indicate statistical significance
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between the ShmC binary H-score evaluation and focality,
laterality, capsule status, extrathyroidal extension, lymphatic
invasion, vascular invasion, oncocytic morphology, and bio-
logical behavior (Table 3).

A lower 5ShmC H-score (evaluated as a continuous vari-
able) was found in cases that presented the following clin-
icopathological characteristics: multifocality, bilaterality,
invasive and infiltrative status of the capsule, minimal and
major extrathyroidal extension, lymphatic invasion, vascular
invasion, and oncocytic morphology (Table 4) (Fig. 2).

Regarding histological diagnosis and biological behav-
ior, Fig. 3 shows that FA/OA showed a significantly higher
H-score when compared with UMP (FT-UMP and WDT-
UMP)/NIFTP and malignant neoplasms (PTC, OCA, FTC,
and IEFV-PTC).

There was no difference in ShmC scores between low-
risk neoplasms (UMP and NIFTP) and minimally invasive,
encapsulated angioinvasive and widely invasive follicular
pattern thyroid carcinomas, although ShmC levels gradually
decreased from UMP to wi-FPTCs (Fig. 4).

Table 3 Analysis of H-score evaluation of 5ShmC in clinicopathological
characteristics

Pathological characteristics H-score H-score p value
0-150 151-300

Focality n (%) n (%)

Unifocal 68 (22.8) 125 (41.9) 0.007
Multifocal 54 (18.1) 51 (17.1)

Laterality n (%) n (%)

Unilateral 86 (30.0) 147 (51.2) 0.043
Bilateral 28 (9.8) 26 (9.0)

Capsule status n (%) n (%)
Invasive/infiltrative 86 (33.4) 103 (40.1) <0.001
No 14 (5.4) 54 (21.0)

ETE n (%) n (%)

Minimal/major 56 (17.6) 45 (14.2) 0.001
No 76 (23.9) 141 (44.3)

Lymphatic invasion n (%) n (%)

Yes 30 (9.5) 26 (8.2) 0.004
No 102 (32.2) 158 (49.8)

Vascular invasion n (%) n (%)

Yes 26 (8.2) 15 4.7) 0.002
No 106 (33.4) 180 (56.8)

Oncocytic morphology n (%) n (%)

Yes 52 (16.4) 53 (16.7) 0.037
No 79 (24.9) 133 (42.0)

Biological behavior n (%) n (%)

Benign lesions 4(1.2) 25(7.9) <0.001
Low-risk neoplasms 10 (3.1) 28 (8.8)
Malignant neoplasms 118 (37.1) 133 (41.8)

p values were determined using a chi-square test

p values in bold indicate statistical significance
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Association Between the 5hmC H-Score and Tumor
Pathological Characteristics and Tumor
Molecular Status

A subgroup of 183 cases was also analyzed due to the avail-
ability of additional clinicopathological characteristics and
molecular alterations. Of these 183 cases, 84 (45.9%) had
H-score values between 0 and 150, and 99 (54.1%) cases
had H-score values between 151 and 300. Cases present-
ing TERT promoter mutations showed significantly lower
values for the ShmC H-score (Table 5), whereas cases with
RAS (H, N, or K) mutations (in general), specifically HRAS
mutations, showed significantly higher values for the ShmC
H-score (Table 5). No significant correlation was found
between BRAF mutation and ShmC expression levels.

We assessed the impact of genetic mutations on the
5-hmC score using one-way ANOVA, categorizing muta-
tion status as none, TERTp, BRAF, combined TERTp and
BRAF, RAS, combined TERTp and RAS, and combined
BRAF and RAS. No significant differences were found in
5-hmC H-scores (p=0.337). Given the small sample size
in some categories, caution is advised in interpreting the
results. Despite the potential for confounders in multifacto-
rial studies, the lack of significant variance in our results
suggests that TERTp mutations do not significantly skew
the data, reducing the likelihood of them being confounders.

Discussion

Currently, the disruption of epigenetic landscapes is a well-
recognized aspect of cancer, including abnormal DNA
methylation patterns. DNA methylation and demethylation
at the C-5 position occur in a cyclic manner involving many
enzymes and proteins, influencing the regulation of gene
transcription and expression. DNA methylation can be sim-
ply described as the transfer of a methyl group, to the 5’ posi-
tion of a pyrimidine ring of cytosines in a CpG site. DNA
demethylation can occur either passively or actively. Passive
DNA demethylation can be described as the “dilution” of
methylation levels after rounds of cellular replication due to
the absence of methylation of the new DNA strand. Active
DNA demethylation occurs via the activity of a group of
enzymes called TET (ten-eleven translocation) family
(TETI1, TET2, and TET3) which realize active DNA dem-
ethylation through an iterative stepwise oxidization of 5-mC
to ShmC [15, 16]. Due to their roles in numerous metabolic
pathways, 5-mC and ShmC have both been investigated as
potential epigenetic markers. However, unlike 5-mC, the
content of ShmC has revealed better stability and stronger
robustness in different tissues. There is a growing body
of literature showing the differences in ShmC expression
between cancerous and healthy tissues [17, 18]. A decreased
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Table 4 Comparison of means of H-score evaluation of ShmC for clinicopathological characteristics

Pathological characteristics Mean rank Mann-Whitney test
p value

Focality
Unifocal 158.06 0.02
Multifocal 133.77

Laterality
Unilateral 148.45 0.059
Bilateral 124.81

Capsule status
Invasive/infiltrative 114.11 <0.001
No 170.38

ETE
Minimal/major 119.25 <0.001
No 178.24

Lymphatic invasion
Yes 134.03 0.027
No 163.77

Vascular invasion
Yes 119.77 0.003
No 164.83

Oncocytic morphology
Yes 145.38 0.062
No 165.75

Pathological characteristics Mean difference (1st—2nd) Tukey HSD test

p value

Biological behavior
Benign—-low-risk 84.256 <0.001
Benign-malignant 105.617 <0.001
Low-risk—-malignant 21.361 0.262

p values in bold indicate statistical significance

nuclear level of ShmC in comparison with normal tissue has
been reported in some human cancers, such as melanoma,
glioma, parathyroid carcinoma, hepatocellular carcinoma,
cervical carcinoma, and hematologic malignancies [1, 4,
6, 19, 20]. Aligned with previous studies in other organs,
our results in the present series of 318 thyroid tumors show
that decreased or loss of expression of ShmC was associated
with malignant tumors when compared with benign tumors.
However, the scores of ShmC expression do not allow us to
distinguish low-risk neoplasms from malignant neoplasms,
confirming the borderline nature of these lesions.

In our study, information about tumor size was avail-
able for 308 cases and was grouped based on the cutoff
value of 4 cm as suggested by the AJCC/TNM Staging
System 8th edition [21]. We found a significant associa-
tion between the extension score of ShmC and tumor size
(p value 0.003). Lymphatic invasion presented statistical
significance in the evaluation of H-score, whereas vascu-
lar invasion represented statistical significance for ShmC

intensity, extension, and H-score. In accordance with these
results, Tong et al. [8] compared the expression of 5-mC
and 5hmC in 88 PTC, 20 MNG, and adjacent normal tis-
sues based on a 3-tiered H-score evaluation. They found
that PTC presented significantly less ShmC than MNG.
Curiously, for 5-mC, no difference was noted. These results
support the sensitivity of ShmC as a distinct epigenetic
marker for establishing more stable DNA interactions over
5-mC, as shown in previous studies [15]. Tong et al. [8]
also compared the H-score of PTC with and without lymph
node metastasis and, in line with our results, found that the
group with lymph node metastasis presented a lower score.
In our series, loss of ShmC expression was significantly
associated with adverse pathological characteristics, such
as minimal/major ETE, invasive/infiltrative capsule status,
lymphatic invasion, vascular invasions, bilaterality, multi-
focality, and biological behavior (Table 6).

Our results also showed a decreased level of ShmC
expression in the group of tumors with invasive/infiltrative
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Fig.2 The images of 5hmC
staining are sequentially
arranged from top to bottom,
each illustrating distinct
staining patterns. The topmost
image showcases prominent
nuclear staining in follicular
adenoma (FA), evidenced by an
H-score of 270. This is followed
by an image displaying mark-
edly reduced nuclear staining

in oncocytic carcinoma (OCA)
with an H-score of 12. The
third image from the top reveals
relatively reduced and heteroge-
neous staining in another case
of OCA with an H-score of
170. The bottom most image
concludes the series with
marked nuclear staining in
oncocytic adenoma (OA) with
an H-score of 230. In all cases,
the varied staining patterns

can be internally confirmed by
the presence of positive ShmC
nuclear expression observed in
the stromal cells of the tumor
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Fig.3 Box plot of H-score evaluation of ShmC for biological behavior. Benign-FA/OA; low-risk-UMP (FT-UMP and WDT-UMP)/NIFTP; and

malignant neoplasms-PTC, OCA, FTC, and IEFV-PTC

growth patterns, with significant differences in intensity (p
value <0.001) and H-score (p value < 0.001). Interestingly,
when we compared the invasive (n=87) versus infiltrative
(n=102) growth patterns, ShmC expression was similarly
distributed across the score evaluations of intensity, exten-
sion, and H-score. A study by Seok et al. [10] focused on
follicular-patterned thyroid neoplasms and grouped them
as group I (NIFTP, 5 cases), group II (encapsulated FVPTC
with capsular invasion, 14 cases), group III (infiltrative
FVPTC, 10 cases), and group IV (PTC with a predomi-
nantly follicular pattern and well-formed papillae (< 1%),
11 cases). All cases were analyzed for ShmC immunohisto-
chemistry using the H-score, and 34 cases were evaluated
for BRAF mutation analysis. ShmC was highly preserved
in groups I, II, and III, whereas group IV cases were noted
with moderately reduced nuclear ShmC [10] (Table 6).

In our cohort, TERT promoter mutations were found in
12 cases out of 183 PTCs, and 9 of them presented low
H-scores (p value 0.003). Similar to our results, in 2020,

Oishi et al. [11] showed that TERT promoter-mutated PTCs
and ATCs have significantly decreased nuclear ShmC lev-
els in comparison with normal thyroid tissues and in PTCs
with the wild-type TERT promoter. Later, the same authors
added 63 PTCs with wild-type TERT promoter, ten PTCs
with TERT promoter mutations, and four ATCs, to evalu-
ate ShmC expression by IHC, and no difference was found
in the two groups [11]. A recent study of Hysek et al. [12]
examined a dataset consisting of 26 FTCs, 2 FT-UMPs, and
1 OCA. However, they were unable to confirm previous
observations in papillary thyroid carcinomas regarding the
relationship between ShmC loss and TERT mutations.

Concerning RAS family genes, in the same subgroup of
our cohort, RAS and HRAS mutations were associated with
the highest H-score, reaffirming the association of these
mutations with better prognosis, as has been demonstrated
in the literature [14] (Table 6).

The current analysis also verified for the first time an
association between a decreased ShmC H-score and both
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Fig.4 Box plot of H-score
evaluation of ShmC for low-
risk neoplasms (UMP and
NIFTP) and minimally invasive,
encapsulated angioinvasive and
widely invasive follicular pat-
tern thyroid carcinomas (IEFV-
PTC, FTC, and OCA)

300

200

H-SCORE

100

UMPs/
MIFTP

multifocality (p value 0.007) and bilaterality (p value 0.043).
Once again, these results relate the loss of this marker with
clinicopathological features associated with poorer progno-
sis and the need for more aggressive treatment [22, 23].

In our results, ShmC expression was significantly
higher when we compared benign tumors with low-
risk (p value <0.001) and malignant thyroid tumors (p
value < 0.001), while no differences were observed when
comparing low-risk tumors versus malignant tumors. Seok
et al. [9] analyzed ShmC location together with isocitrate
dehydrogenase 1 (/IDHI) mutations focusing only on an
ATC cohort composed of 9 cases that occurred de novo and
15 ATCs that were derived from either PTCs (12 cases) or
FTCs (3 cases). The H-score was markedly reduced in ATCs
and moderately reduced in PTC and FTC components. In
contrast, in the nonneoplastic thyroid, the expression was
highly preserved. This study emphasizes the role of ShmC in
the multistep carcinogenesis of thyroid tumors, as has been
shown in other human cancers. Additionally, the positioning
of low-risk tumors closer to malignant tumors found in our
study highlights the current concern with overdiagnosis and
overtreatment in thyroid tumors. Since we could not demon-
strate clear differences in ShmC expression between low-risk
tumors and minimally invasive follicular pattern carcinomas
(IEFV-PTC, FTC, and OCA), it is not possible to use this
marker to discriminate these two classes of neoplasms. The
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Table5 Comparison of H-score evaluation of ShmC with clinicopatho-
logical characteristics for a subgroup of 183 patients

Pathological characteristics H-score H-score p value
0-150 151-300

Focality n (%) n (%)
Unifocal 42 (23.0) 72 (39.3) 0.002
Multifocal 42 (23.0) 27 (14.8)

Laterality n (%) n (%)
Unilateral 57 (33.1) 19 (11.0) 0.003
Bilateral 88 (51.2) 84.7)

Psammoma bodies n (%) n (%)
Present 34 (18.8) 26 (14.4) 0.051
Absent 50 (27.6) 71 (39.2)

Distant metastasis n (%) n (%)
Yes 42.8) 0(0.0) 0.046%
No 64 (44.1) 77 (53.1)

TERT mutation n (%) n (%)
Yes 9(5.4) 3(1.8) 0.030
No 66 (39.5) 89 (53.3)

HRAS mutation n (%) n (%)
Yes 0(0.0) 12 (12.4) 0.001*
No 39 (10.2) 46 (47.4)

RAS mutation n (%) n (%)
Yes 7(3.9) 18 (0.1) 0.058
No 75 (41.7) 80 (44.4)

p values were determined using a chi-square test. Fisher’s exact test
was used when indicated (*)
p values in bold indicate statistical significance
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lack of differences with widely invasive follicular pattern-
carcinoma cases can be attributed to the few cases with wide
invasion (2 OCA cases) in our series.

None of the previously mentioned studies specifically
addressed thyroid tumors with oncocytic morphology as a
substantial dataset, as well as the accepted separate class
of oncocytic tumors (OA and OCA). Our data revealed
for the first time a link between ShmC expression and
oncocytic morphology.

In our cohort, 33% of the cases presented oncocytic mor-
phology, including well-differentiated tumors with oncocytic
morphology (n=52) and oncocytic tumors (14 OA and 39
OCA), according to the 5th edition of the WHO Classification
of Endocrine and Neuroendocrine Tumors. There was a strong
statistical association between oncocytic morphology and
lower ShmC intensity, extension, and H-score evaluation (p
values <0.001,<0.001, and 0.037, respectively). This associa-
tion remained a trend in the Mann—Whitney test evaluation (p
value 0.06), presenting an association between this morphol-
ogy and lower H-score values. This leads us to hypothesize
that perhaps the genetic variations/mutations in mtDNA and
the metabolic alteration characteristics of these tumors may
play a relevant role in this association [24-29]. Most prob-
ably, these disruptive mutations in mtDNA, characteristic of
oncocytic tumors, can lead to significant changes in the levels
of some oncometabolites such as a-KG and succinate, affect-
ing the activity of cellular epigenetic regulatory enzymes.
Interestingly, in ongoing work in our group, we found that
in thyroid cancer cytoplasmic hybrid (cybrid) cell lines har-
boring mtDNA mutation significant changes in alpha-KG
and succinate levels (data not shown). This has already been
observed in pheochromocytomas and other tumor types, with
mutations in IDH, FH, and SDH, in which DNA is globally
hypermethylated, promoting a metastatic behavior [1, 9, 25,
27]. Also, global hypermethylation has also been described
in well-differentiated thyroid neoplasm [30].

Thus, the low 5-hmC staining we found, particularly in
oncocytic tumors, leads us to suggest that the low 5-hmC
staining in these tumors may be reflecting the pronounced
hypermethylation pattern of the tumors. However, further
studies are needed to clarify the specific role that 5-hmC
may play in thyroid tumorigenesis, particularly in the con-
text of oncocytic tumors.

Conclusion

The present study strengthens the association between the loss
of 5ShmC and adverse pathological and clinical characteristics
of thyroid tumors as well as the value in segregating benign
cases from low-risk and malignant cases. However, this marker
does not allow us to distinguish between low risk and malignant
or even identify cases with minimal and wide invasion. The

@ Springer

specific epigenetic mechanisms behind ShmC loss of expres-
sion need to be further investigated based on the phenotypic
differences of thyroid tumors, particularly oncocytic tumors.
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