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Tumor Markers and Signatures

Three-dimensional nuclear architecture distinguishes thyroid
cancer histotypes
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1 | INTRODUCTION

Over the past 30 years, the incidence of thyroid cancer has been
steadily increasing in many other developed countries.! In most
patients, the cause of thyroid cancer is unknown. Intensified surveil-
lance has resulted in the detection of an increasing number of early thy-
roid cancers, especially papillary thyroid carcinoma (PTC). Despite its
name, a papillary architecture is not required for diagnosis of PTC,
which is defined by the presence of distinctive nuclear features.? The
follicular variant of papillary thyroid carcinoma (FVPTC) is the most
common variant of PTC.2 It is composed of neoplastic follicles rather
than papillae, but the cancer cells have nuclear features similar to those
of PTC. Previously, most patients with FVPTC regardless of the subtype
(unencapsulated and encapsulated FVPTC) were treated as PTC. Due to
over-diagnosis and over-treatment, encapsulated FVPTC without signs
of invasion has since been reclassified and renamed “non-invasive follic-
ular thyroid neoplasm with papillary-like nuclear features (NIFTP).”* The
name “NIFTP” appropriately reflects the biological characteristics and
clinical behavior of this subtype, which includes a follicular growth pat-
tern, presence of nuclei morphologically similar to those of PTC and lack
of capsular invasion. The recognition of this new entity, initially based
on histopathological criteria, was refined in 2018 with the introduction
of primary and secondary criteria, including the absence of true papillae

FV60%E mytation or

among the primary criteria and the absence of BRA
high-risk mutations among the secondary. The diagnosis of NIFTP
requires primary criteria, but the secondary ones are helpful in the diag-
nosis but not required.

Our knowledge of the molecular profile of NIFTP is still evolving.®
The most recent literature indicates that NIFTP belongs to the RAS-
like thyroid tumors and shows a high prevalence of RAS mutations, as
well as other mutations normally associated with follicular thyroid
tumors, such as PPARy, THADA gene fusions with the absence of

BRAFY490E ¢ Moreover, the presence of high-risk mutations such as
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nuclear architecture can be a powerful analytical tool to diagnose and guide

clinical management of NIFTP.

3D-SIM, histotypes differentiation, papillary thyroid carcinoma, targeted sequencing, telomeres

To improve diagnosis and management of thyroid cancer, greater knowledge of the molecular
profiles that characterize different variants of thyroid malignancy is needed. Here, the authors
identified and compared molecular features of noninvasive follicular thyroid neoplasm with
papillary-like nuclear features (NIFTP), classical papillary thyroid carcinoma (CPTC) and follicular
variant of PTC (FVPTC). Thyroid cancer histotypes were clearly differentiated by three-
dimensional (3D) telomere profiling and 3D-structured illumination microscopy. Compared to
CPTC and FVPTC, NIFTP exhibited a higher frequency of long telomeres, more densely packed
DNA, and smaller interchromatin spaces. By contrast, next generation thyroid oncopanel

sequencing was unable to make this distinction.

TERT promoter, TP53 mutations and ETV6-NTRK3 fusions are criteria
that exclude the diagnosis of NIFTP.” These molecular characteristics
indicate that most NIFTP lesions are driven by clonal genetic alter-
ations and indicate that they are true neoplasms and not hyperplastic
proliferations. NIFTP lesions are considered as low risk for disease
progression; however, several studies have demonstrated that among
nodules diagnosed as NIFTP, there are some that give rise to meta-
static disease, further emphasizing that lesions diagnosed as NIFTP do
not always behave benignly.® It is, therefore, evident that stringent
histopathological criteria alone are insufficient to predict the behavior
of these lesions and that additional approaches are needed. These
tools could be an adjunct to the existing criteria used to identify
NIFTP, and potentially help to predict the outcome of a given case
and determine whether additional therapeutic measures should be
instituted at the time of diagnosis.®

The genome of a normal cell is structurally different from that of a
tumor cell. Recent quantitative measurements of the three-dimensional
(3D) genome structure of normal vs tumor cell nuclei have indicated
that these differences lie in how the genome is organized. Using centro-
meres, telomeres, chromosomes and DNA as tools to survey the 3D
landscape, distinct changes can be identified and quantitated.” These
studies have shown that the genome structure can serve as architec-
tural biomarker of cancer stage and aggressiveness.'®!? The 3D telo-
mere organization in nuclei of cancer cells has enabled the distinction of
stable or progressive disease in myelodysplastic syndromes and acute
myeloid leukemia,** time to progression in glioblastoma,*? response to
treatment in Hodgkin lymphoma,® stratification of patients into sub-
groups of disease aggressiveness in neuroblastoma,'* risk to progres-
sion in intermediate risk prostate cancer'® and risk to progression in
multiple myeloma.'® Three-dimensional structured illumination micros-
copy (3D-SIM) imaging has enabled a closer look at the DNA structure
in the nuclei of both normal and tumor cells. Our group was the

first to describe quantitative measurements of DNA structure
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(DNA organization in the interphase nuclei in nanoscale) using 3D-SIM
in normal and Hodgkin lymphoma cells, multiple myeloma and in
neuroblastoma.?”2> A common observed feature was that DNA struc-
ture and DNA-poor interchromatin spaces differed between normal and
tumor cells, as well as between normal, tumor cell precursors and tumor
cells, with more interchromatin space in tumors than in normal cells.

In our study, we examined the spatial three-dimensional
(3D) genome organization of NIFTP, classical PTC and FVPTC. We
studied the 3D genome organization using telomeres as indicators
for chromosome positions. We explored the overall DNA organiza-
tion using 3D-SIM and quantitative analysis of the super-resolved
DNA structure. In addition, we employed mutational targeted

1Y and performed fluorescence

sequencing with a cancer oncopane
in situ hybridization and pathological analysis in 60 retrospective
samples. We report that NIFTP was best distinguished from
FVPTC and CPTC by the 3D nuclear architecture. Furthermore,
NIFTP's nuclear architecture more closely resembled normal adja-
cent thyroid tissue (NAT) than CPTC and FVPTC. These findings
were consistent with the less aggressive and heterogenous nature

of NIFTP.

2 | MATERIALS AND METHODS

21 | Patient cohort

Retrospective cases diagnosed as CPTC, FVPTC and NIFTP were
retrieved from the archives of the Anatomical Pathology Section of
Max Rady College of Medicine (University of Manitoba, Winnipeg,
Canada) for the interval 2018 to 2020 and new formalin-fixed
paraffin-embedded (FFPE) sections (5 um) were prepared sequentially
cut. Each case was reevaluated on hematoxylin and eosin-stained
slides by two pathologists (JG and GF), according to the World Health
Organization classification.?? The identified tumor area and the mor-
phologically normal adjacent tissue area (NAT; at least 1 cm away
from the tumor), were circled with a pen, to make it possible to recog-
nize them in the unstained sections prepared in sequence for 3D and
molecular analysis. In total, we analyzed 60 lesions: 20 CPTC (classic
thyroid papillary carcinoma), 20 FVPTC and 20 NIFTP. For all PTC
cases the following clinico-pathological characteristics were recorded:
tumor size, presence of extrathyroidal extension, lymphovascular
invasion, multifocality and American Joint Committee on Cancer T, N
and M stages. All experiments were performed blinded for the tumor
characteristics and patient outcome. Our cohort was composed of
11 (18.3%) men and 49 (81.6%) women, ages 23 to 78 (mean age
of 50.6 years). Clinical and pathological characteristics of the
60 patients included in the study are shown in Table 1.

2.2 | Three-dimensional nuclear telomere analysis

Thyroid tissue samples were analyzed by 3D imaging using an Axiol-
mager Z1 (Zeiss) following 3D quantitative FISH (Q-FISH). Forty

TABLE 1  Clinical information of the 60 patients examined in our
study.
Parameter
Age (mean) 50.6 years
Sex
Male 11 (18.3%)
Female 49 (81.6%)
CPTC 20
Tumor size
0-4 cm 18
24 cm 2
Focality
Multifocal 10
Unifocal 10
Stage
pTila 5
pT1b 7
pT2 6
pT3 2
LN 6
FVPTC 20
Tumor size
0-4 cm 16
>4 cm 4
Focality
Multifocal 8
Unifocal 12
Stage
pTla 7
pTib 4
pT2 5
pT3 4
LN 1
NIFTP 20
Tumor size
0-4 cm 18
24 cm 2
Focality
Multifocal 6
Unifocal 14

Abbreviations: CPTC, classic thyroid papillary carcinoma; FVPTC, follicular
variant PTC; LN, lymph nodes; NIFTP, noninvasive follicular thyroid
neoplasm with papillary-like nuclear features.

z stacks were acquired using x, y: 102 nm and z: 200 nm. Telomeres
were labeled with a Cy3-tagged peptide nucleic acid telomere probe
(DAKO), and nuclei were counterstained using 4,6-diamidino-2-phe-
nylindole (DAPI). Image stacks were analyzed following constrained

iterative deconvolution, and all 3D telomere parameters were
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measured using the TeloView program?® (Telo Genomics Corp.,
Toronto, ON, Canada). One hundred nuclei (100) per sample were
examined. TeloView determined the following six telomere parame-
ters: telomere signal intensity (total and average), number of telomere
signals, number of telomere aggregates (ie, clusters of telomeres too
close to be further resolved at an optical resolution limit of 200 nm),
nuclear volume, a/c ratio (ie, spatial distribution of the telomeres
within the nucleus in a cell cycle-dependent manner) and distribution

of telomeres relative to the nuclear periphery.

2.3 | Telomere statistical analysis

The software package SAS (SAS Institute Inc., Cary, NC, v9.4) was
employed to perform nested factorial analysis of variance in the
telomere parameters measured using TeloView. Chi-square tests
were used to compare the percentage of interphase telomere signals
at each given intensity level at intervals of 1000 intensity units, ulti-
mately divided into quartiles for analysis. Nested factorial analysis of
variance was also used to compare the distribution of signal
intensities across NIFTP, FVTPC and CPTC. We considered statisti-
cal significance when the probability of type | error (alpha) was <5%
(P-value <0.05).

2.4 | Super-resolution imaging of nuclear DNA

Formalin-fixed and paraffin-embedded patient thyroid sections (5 um-
thick) were treated with xylene (2 x 15 min, Sigma-Aldrich) and tissues
were rehydrated through incubation in solutions of descending concen-
tration of ethanol: 100%, 90% and 70%, 5 min each. Subsequently, sec-
tions were incubated for 5 min in PBS and permeabilized using 0.75%
TX-100 in PBS for 30 min at 37°C. Nuclear DNA was stained by over-
night incubation with 50 pg/mL DAPI followed by 1 min wash in PBS.
A total of 100 cells (50 cells from tumor and 50 cells from NAT) for
each sample were imaged with a Zeiss Elyra PS1 SIM equipped with a
Plan Apochromat x63/1.40 Oil immersion objective using an ANDOR
iXon DU 885 CCD camera and a x 1.6 tube lens. The 3D-SIM images
were reconstructed with ZEN 2012 black edition (Carl Zeiss, Jena,
Germany) with the standard settings. The image processing and mea-
surement steps were performed in Matlab (MathWorks, Natick, MA)
with the toolbox DIP image.'® The granulometry program which ana-
lyzes the DNA structure and DNA-free space was used to measure the
morphological sieve applied to the error-function clipped images*® and
the two-sided, two-sample Kolmogorov-Smirnov (KS) tests are used to

determine the significance between the differences observed.
2.5 | Genetic profile and analysis of thyroid-cancer
associated genetic changes

DNA extraction was performed from 30 um FFPE sections using the
QlAamp DNA FFPE Tissue Kit (QIAGEN, Gaithersburg, MD)

according to the manufacturer's instructions. DNA concentration was
assessed using Qubit dsDNA Assay kit on the Qubit 2.0 Fluorometer
(Thermo Fisher Scientific, Waltham, MA). Targeted next-generation
sequencing was performed on libraries prepared with the TruSeq
Amplicon Cancer Panel (TSACP, lllumina) on the MiSeq sequencer
(Ilumina, San Diego, CA) to cover hotspot regions of 48 genes: ABL1,
AKT1, ALK, APC, ATM, BRAF, CDH1, CDKN2A, CSF1R, CTNNB1, EGFR,
ERBB2, ERBB4, FBXW?7, FGFR1, FGFR2, FGFR3, FLT3, GNA11, GNAQ,
GNAS, HNF1A, HRAS, IDH1, JAK2, JAK3, KDR, KIT, KRAS, MET, MLH1,
MPL, NOTCH1, NPM1, NRAS, PDGFRA, PIK3CA, PTEN, PTPN11, RB1,
RET, SMAD4, SMARCB1, SMO, SRC, STK11, TP53 and VHL.2* To gen-
erate a consistent set of somatic mutations, we used two different
established pipelines for variant calling and additional quality control
pipelines, as follows. First, we used FASTQC?®> and TRIMMO-
MATIC?® to filter out adapters or low quallity reads. Secondly, due to
DNA quality, 12 tumor-normal pairs were excluded from further
steps. Next, we used the Burrows-Wheeler Alignment tool (BWA-
MEN), specifically the maximal exact matches algorithm?” to align
sequences from tumors and their normal adjacent tissue to human
reference build (GRCh38/hg38). Somatic mutations were identified
in the aligned data using BCFTOOLS CALL?® and Genome Analysis
Toolkit?” (GATK—v4.1.4.0). In the GATK front, we performed the
marking of duplicates (Mark Duplicates—v1.114), base recalibration
(Picard Toolkit 2019; all parameters default) and variant calling with
the “Haplotype Caller’ tool?” (all parameters default). Finally, we
used ANNOVAR?Z® for the annotation of variants. In addition, SAM-
TOOLS (v1.13) was used in many steps, such as sorting, indexing, fil-
tering and getting a number of basic statistics like coverage.?® Scripts
in shell (Linux CentOS v8.5.2111), R (v4.1.0) (R Core Team) and
Python (v3.6.15) were utilized in order to create and organize the
entire pipeline.®!

2.6 | RET and PPARy rearrangements

Double-target FISH probes containing DNA sequences flanking the
breakpoints of the RET and PPARy genes (involved in RET/PTC and
PAX8 [or CREB3L2]/PPARYy gene fusions) were used to identify RET
and PPARy rearrangements. The analytical specificity (percentage of
FISH signal located at the correct metaphase chromosome position of
RET and PPARy genes) and sensitivity (percentage of metaphases or
nuclei with FISH signal pattern), and a cutoff value of the break-apart
RET and PPARy probes were previously demonstrated.®? Briefly,
100% specificity for both RET and PPARy and 99.5% sensitivity for
RET and 99.8% for PPARy were established in metaphases and nuclei
of lymphocytes. The cut-off value, established in nuclei from the
apparently tumor-free contralateral thyroid lobe was calculated as
the beta inverse function and was split FISH signals in 2.4% of cells
for RET and 0% for PPARYy. Probe efficiency was confirmed on nuclei
from PTCs and FTCs positive for RET/PTC and PAX8/PPARYy alter-
ations by conventional RT-PCR. On this basis, we studied from 150 to
200 nuclei per sample and considered a sample positive if a broken

signal for RET or PPARy was observed in 23% of nuclei.®?
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3 | RESULTS

3.1 | Low presence of RET and absence of PPARY
rearrangements in the study cohort

Somatic mutations in thyroid tumors such as RET/PTC and PAX8/
PPARy chromosomal rearrangements are frequently used in clinical
mutation panels to detect malignant thyroid cancers. Among 60 cases
analyzed, a split-apart RET FISH signal was identified in 2 (3.3%) sam-
ples (one CPTC and one NIFTP), the percentage of positive nuclei was
38% (57/150) and 24% (36/150). No PPARYy rearrangements were
found in our cohort (Figure 1A,B). In addition, we did not observe
alterations in the NAT.

3.2 | NIFTP has a higher frequency of long
telomeres than CPTC and FVPTC

We investigated the 3D telomere profiles of three histotypes to
determine whether or not we could detect thyroid histotype-
specific profiles. We analyzed 60 paraffin embedded tissues of
thyroid nodules, 20 CPTC, 20 FVPTC and 20 NIFTP and normal
tissue adjacent to the tumors (NAT). Five of six TeloView telo-
meric parameters (number of telomeric signals, number of telo-
mere aggregates, average intensity, total intensity and nuclear

volume) differentiated NAT from tumor tissues (Table 2).

(B)

FIGURE 1
RET and PPARYy genes. (A) Yellow arrows show the split of one
red/green signal indicating disruption of RET gene copy.

(B) Example of nuclei with two red/green fused signals indicates
PPARy gene integrity.

I-FISH with break-apart DNA probes specific for

NIFTP could be differentiated from CPTC and FVPTC by anal-
ysis of telomere signal intensities, subdivided into four quartiles
(Figure 2). Relative telomere signal intensities measured in arbi-
trary units (a.u.) represent telomere length.®® Four cell subpopula-
tions (quartiles) were examined, based on their telomeric signal
intensities in arbitrary units (a.u.): cells with very short telomeres
(<5000 a.u.), cells with short telomeres (5001-9000 a.u.), cell with
medium telomeres (9001-16 000 a.u.) and cells with large telo-
meres (>16.000 a.u.). As shown in Figure 2, NIFTP had significantly
more cells with long telomeres (>16.000 a.u.) than the other histo-
types. Significant differences were also found in the short
(5001-9000 a.u.) and medium sized (9001-16 000 a.u.) telomere
quartiles. However, no significant difference was observed in the
frequency distribution of very short telomeres (<5000 a.u.). We
conclude that NIFTP cases present with longer telomeres than
either CPTC or FVPTC.

Zza NIFTP
= CPTC
= FVPTC

Number of telomere in each frequency

Signals intensity

FIGURE 2 Bar plot of the differences among telomeric signal
intensity (telomere length) differences in quartiles between CPTC,
FVPTC and NIFTP. Nuclei with intensities of >16.000 a.u. represent
very large telomeres. In the quartile analysis, <5000 a.u. represent
very short, 5001 to 9000 a.u. short, 9001 to 16 000 a.u. medium-
sized telomeres, respectively. The x-axis assigns one box for each cell
population analyzed. The y-axis refers to the number of telomeres in
different quartiles. We only show P values, *** P < .0001. CPTC,
classic thyroid papillary carcinoma; FVTPC, follicular variant of
papillary thyroid carcinoma; NIFTP, noninvasive follicular thyroid
neoplasm with papillary-like nuclear features. Representative figures
of the telomere staining are shown in Figure S1. A different
representation of the same data is shown in Figure S2.

TABLE 2  Statistical analysis of 3D telomere parameters of thyroid tumor vs normal to adjacent tumor tissue.

Number of Number of a/c
Histotype telomere signals telomere aggregates Average intensity Total intensity ratio  Nuclear Volume
NIFTP P <.0001 (] NTAvsT{) P<.001(] NTAvsT{) P<.001(fNTAvsT|) P<.001(fNTAvsT|) ns P <.001 (] NTAvsTT)
CPTC P <.0001 (] NTAvsT]) P<.001(] NTAvsT]) P<.001(fNTAvsT|) P<.001(fNTAvsT|) ns P <.001 (] NTAvsTY)

FVPTC P <.0001 (] NTAvsT?) P<.001(] NTAvsTY)

P <.001 (1 NTAvsT|)

P<.001 (1 NTAvsT|) ns P <.001 (] NTAvsTY)

Abbreviations: CPTC, classic thyroid papillary carcinoma; FVPTC, follicular variant of papillary thyroid carcinoma; NAT, normal adjacent tissue; NIFTP,
noninvasive follicular thyroid neoplasm with papillary-like nuclear features; T, tumor; |, decrease; 1, increase; ns, not significant.
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FIGURE 3 Three-dimensional (3D)-structured illumination microscopy (SIM) identify significant differences in DNA structure be-tween
normal adjacent tissue (NATs), noninvasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTP), classic papillary thyroid
carcinoma (CPTC), follicular variant of papillary thyroid carcinoma (FVPTC). (A) Cumulative distribution and diameter of DNA structure between
PTC histotypes; (B) cumulative distribution and diameter of interchromatin spaces between PTC histotypes; (C,D) are enlarged versions from the
boxes above. Figure S3 illustrates representative 3D-SIM images for DNA structure and interchromatin spaces.
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3.3 | Chromatin de-condensation is a nuclear
marker of PTC histotypes and could be used as a

differential feature to exclude NIFTP

Super-resolution imaging of the genome provides high-resolution

information about chromatin  organization. Granulometry
TABLE 3 Statistical analysis and P-values for the comparisons in
Figure 3AB.

Group 1 Group 2 P-value

2-2-KS-test for light granulometries (DNA structure)

NATs FVPTC <.0001

NATs NIFTP .000260638

NATs CPTC <.0001

FVPTC NIFTP <.0001

FVPTC CPTC <.0001

NIFTP CPTC <.0001

2-2-KS-test for dark granulometries (Interchromatin spaces)

NATs FVPTC <.0001

NATs NIFTP .503796688

NATs CPTC <.0001

FVPTC NIFTP .000315958

FVPTC CPTC <.0001

NIFTP CPTC <.0001

(A) DNA structure
1 I NAT I

0.9} | === NIFTP group 1 i
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Cumulative distribution
54 I I o o o
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o . .
10” 10° 10
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quantitatively assesses the DNA size distribution and the differ-
ences in the DNA structure and interchromatin spaces in normal
and cancer cells.® To determine whether chromatin organization
patterns allow for differentiation of thyroid cancer histotypes, we
imaged and quantified pathological tissue (CPTC, FVPTC and
NIFTP) and compared it to the corresponding normal adjacent tis-
sue (NAT) for each different histotype. Using granulometry, we
measured DNA granule sizes detected in the 3D-SIM images as
well as the DNA-free spaces, which represent interchromatin
spaces. Super-resolution imaging revealed significant differences
in DNA decompaction among PTC histotypes. NATs samples have
more densely packaged DNA followed by NIFTP, FVPTC and CPTC
with high overall DNA de-condensation (Figure 3A,C). Interest-
ingly, the same pattern was observed for the size of the interchro-
matin spaces: the interchromatin spaces increase starting from
NAT/NIFTP followed by FVPTC and CPTC, with the largest inter-
chromatin spaces in CPTC (Figure 3B,D). There are no significant
differences between NATs and NIFTP in relation to interchromatin
spaces (Figure 3D [two blue lines] and Table 3).

Next, due to the observed heterogeneous patterns in NIFTP

described by Macerola et al.,%*

we used 3D-SIM to compare the
measurements of individual NIFTP tissues within the group
(Figure S4). As presented in Figure 4, the NATs measurements of
DNA structure (light-blue line) clearly separate the NIFTP samples
into two groups with more and less condensed chromatin
(Figure 4A). The same is observed with the size of interchromatin

spaces (Figure 4B).

(B) Interchromatin spaces
1 T T

NAT
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FIGURE 4 The 3D-SIM identifies two subgroups within noninvasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTP)
group. The two groups are compared to normal adjacent tissue (NATSs). (A) Cumulative distribution and diameter of DNA structure. (B) Cumulative

distribution and diameters of interchromatin spaces.
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FIGURE 5 Summary of all somatic variants found in patients with thyroid cancer. CoMut Plot summarizing the main findings from the onco-
panel regarding the mutational profile analysis. (Center panel) Plot showing all types of somatic mutations (shown with different colors) found for
28 protein-coding genes (sorted by number of alterations—see left graph) in our cohort of 48 samples (sorted by their respective histotypes—see
bottom graph—and, within each histotype, by variant number—see top graph). Unfilled boxes indicate the absence of alteration for a given set of
gene/sample; (Bottom panel) bar indicating with different colors the histotype of the samples; (Top panel) Bar plot showing the total (synonymous
and nonsynonymous) number of somatic variations for all samples, also ordered by histotype and, within each histotype, by number of variations;
(Left panel) Horizontal bar plot showing the percentage of patients (each color represents their corresponding histotypes) containing somatic
alterations in the genes shown, ordered from the most mutated to the least mutated. The complete list of variants and specific changes for all
patients are described in Table S4. 3'UTR, 3 prime untranslated region; CPTC, classical papillary thyroid carcinoma; FVPTC, follicular variant of

papillary thyroid carcinoma; ncRNA, noncoding RNA; NIFTP, noninvasive follicular thyroid neoplasm with papillary-like nuclear features.

3.4 NIFTP, FVPTC and PTC have specific
mutational profiles

DNA extracted from tumor specimens and their respective normal
adjacent tissues resulted in sufficient DNA amount and quality for
downstream sequencing-analysis of 48 samples (CPTC = 17;
FVPTC = 12; NIFTP = 19). Over 48 genes analyzed, we found
alterations in 28 hotspot genes (Figure 5). The list of genes investi-
gated, and targeted sequencing area is shown in Tables S1 to S3.
Using matched adjacent normal tissue, we distinguish between
germline and somatic variations. SNVs or INDELs found in the
NAT for each tumor were considered as germline and were
excluded from the analysis. Figure 5 shows the results for all 48
patients analyzed, variation burden, altered genes and mutation
type observed. Sixty percent (60%) (10 out of the 17 samples) of

the CPTC samples harbored a BRAFV¢%%F mutations. We observed
NRAS mutations in one NIFTP case (1 out of 19, 5.2%). As
expected, NIFTP was characterized by the lack of BRAFV9%F muta-
tion (Figure 5). In addition, tumor variation burden, which indicates
the number of mutations seen in a section of DNA per mega base,
was lower in NIFTP cases compared to CPTC and FVPTC.

4 | DISCUSSION

It has long been recognized and accepted that histopathology is
the “gold standard” for treatment decisions and evaluation of
outcomes for thyroid neoplasms. However, there is considerable
diagnostic variability among pathologists when examining

follicular-patterned thyroid nodules.3® This particularly evident in
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follicular lesions where both benign and malignant lesions have
similar architectural features,? which leads to increasing diagnos-
tic complexity. This aspect is even more challenging in accurately
differentiating the recently recognized “non-invasive follicular thy-
roid neoplasm with papillary-like nuclear features” (NIFTP) from
CPTC and FVPTC and its classification as a benign lesion. Outcome
studies in patients with NIFTP have reported lymph node metasta-
ses in some patients.?® Therefore, the classification of this entity
as a truely benign lesion continues to be controversial. To address
this problem, molecular markers are being used to help delineate
benign from malignant thyroid lesions, differentiate the various
follicular neoplasms and provide potential prognostic biomarkers
for treatment decisions.®” The large-scale study of The Cancer
Genome Atlas (TCGA) identified a 71-gene signature that divided
PTCs into BRAFV4®°E.Jike and RAS-like tumors.®® Although molecu-
lar profile analyses of NIFTP are limited, being considered helpful
but not required for the diagnosis, there is an indication that they
typically enter the RAS-like group.®” This molecular approach is
useful in most, but not all cases of NIFTP. This has been well docu-
mented in outcome studies in which patients with NIFTP have
reported lymph node metastases in some nodules, which appar-
ently met the stringent NIFTP classification criteria.*°

To overcome these limitations and add knowledge to NIFTP biol-
ogy we have explored the potential of a single-cell approach to refine
the diagnosis of this entity. Single-cell techniques, including telomere
pattern analysis, have been shown to be a powerful tool for decipher-
ing the cellular and molecular landscapes in cancers and elucidating
cancer lesions' biological characteristics and dynamics.!® Telomere
dysfunction is considered the primary mechanism for cancer survival
and aggressiveness.*! The progressive telomere shortening is a rate-
limiting step for uncontrolled cell proliferation.>” As with other
groups, we have reported a significantly higher frequency of short
telomeres in thyroid cancers compared to normal thyroid tissue.*?
However, in the present study, the various histotypes did not show
significant differences in the number of short telomeres and other
telomere features, preventing the use of these variables to differenti-
ate nodules. In contrast and remarkably, the number of long telomeres
was significantly different among histotypes, with NIFTP having the
highest frequency of long telomeres (>16.000 a.u.) followed by CPTC
and FVPTC (Figure 2). This was an encouraging result, indicating that
this single cell approach could be used as a biomarker to distinguish
NIFTP from CPTC and FVPTC.

The development of new microscopes and cutting-edge imaging-
based methods, including three-dimensional and super-resolution
microscopy has a crucial role in understanding chromatin and nuclear
architecture. It has been suggested that the nuclear localization of
genes might be dynamically regulated relative to their expression*®
and that, while active nuclear compartment has lower DNA density
and active gene transcription, the inactive nuclear compartment has a
high DNA density.** Indeed, cancer cells can reprogram the chromatin
status to increase chromatin accessibility by transcription factors and
DNA repair machinery during damage.*> In this context, our 3D-SIM
data highlight statistically significant differences in the DNA structure

and interchromatin spaces among the thyroid cancer histotypes. A
striking progression of DNA de-condensation was detected across
histotypes, with the consistent progression of DNA de-condensation
from more densely packaged DNA in normal thyroid tissue followed
by NIFTP, FVPTC and CPTC (with overall high de-condensation of
DNA). A similar trend was observed for the size of interchromatin
spaces, which increased starting from NAT/NIFTP followed by FVPTC
and CPTC (with the largest interchromatin spaces) (Figure 3). It seems
that thyroid cells develop ways to impair heterochromatin structure
during malignant transformation, which could trigger important signal-
ing cascades that lead to tumorigenesis. Indeed, the presence of an
aberrant 3D genome (high overall DNA de-condensation and increase
of interchromatin spaces) in PTC and FVPTC tumors compared to nor-
mal tissue and NIFTP could lead to promoting tumor cell aggressive-
ness. The clearcut 3D-SIM distinction between the thyroid subtypes,
coupled with the above-mentioned observation that NIFTP has the
highest frequency of long telomeres, may be used as a differentiating
characteristic of NIFTP. To support the hypothesis that 3D chromatin
architecture could be used to grade NIFTP lesions, we have used the
grading information (unifocal vs multifocal) to show insights
the potential of this parameter for thyroid lesions (Figures S5 and Sé).
However, due to the sample size, the prognostic significance and the
biological importance of these findings deserve further studies.

The existing molecular panel for thyroid nodules is inconclusive,
where the same markers are also prevalent in benign thyroid nodules.
Up to 48% of benign thyroid lesions have RAS mutations, up to 68%
have RET/PTC rearrangements and up to 55% of benign thyroid
lesions have PAX/PPARY rearrangements.”* Although, the prevalence
of these markers is significantly higher in malignant lesions, relying
upon their presence for differential diagnosis and clinical decision
making for an indeterminate thyroid lesion might result in misclassifi-
cation or overtreatment of potentially benign lesions. In our cohort,
FISH analysis showed RET/PTC rearrangements in a few patients
(3.3%) and PPARY rearrangements in none of the patients. The preva-
lence of RET rearrangements in sporadic PTC is highly heterogeneous
(ranging from 2.5% to 73%), due to ethnicity, different geographical
location, environmental exposure and the method used for their iden-
tification and genetic heterogeneity.*® PPARy rearrangements, which
may be detected in typical follicular thyroid carcinoma (FTC), FVPTC,
NIFTP and only in 0% to 1% of PTC were missing in our cohort
(Figure 1), possibly due to the small number of cases.

The further molecular characterization of the samples through a
custom-designed onco-panel showed a consistent presence of
BRAFY4%%E in PTC and FVPTC, and its absence in NIFTP. The lack of
BRAFV69CE is a relevant secondary diagnostic criteria®” of NIFTP.
However, as shown in Figure 5, TP53 variations were found in four
NIFTP. The most frequent was TP53 rs1042522 (Arg72Pro). This find-
ing prompted us to conduct a pathological review of nodules carrying
TP53 variants since the presence of TP53 mutations is a secondary
exclusion criterion of the NIFTP classification.*” The revision still
met the revised NIFTP primary histological criteria,*” including encap-
sulation or clear demarcation from adjacent thyroid parenchyma,

follicular growth pattern without well-formed papillae, absence of
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psammoma bodies and solid growth pattern <30%/trabecular/ insular.
The confirmed diagnosis is in line with ongoing evidence that TP53
coding region variants are far more prevalent than previously
suspected. Hence, attention must be paid to “Finding the needles in a
haystack of pathogenic variants.”® Evidence has been accumulated
indicating that TP53 variants may have implications other than in
tumor suppression function. The arg allele of rs1042522 is slightly
more active in inducing apoptosis*® and it has been associated with
winter temperature. Indeed, this variant is considered benign in the
ClinVar archive according to the American College of Medical
Genetics and Genomics (ACMG) criteria, and recently the effect of
TP53-rs1042522 variants on decreased risk of PTC, smaller tumor size
and lower incidence of vascular invasion was described.*® Neverthe-
less, we observed that NIFTP nodules with these variants had signifi-
cant differences in chromatin condensation (P = .0002). Further study
of cases with the same variant will clarify if this association may
characterize a subtype of NIFTPs.

An important finding from the onco-panel is a low variation bur-
den, defined as the number of somatic variations per mega base,
found in NIFTP samples. However, due to differences in panel size,
mutation types and bioinformatic platforms analysis, tumor burden
analysis used as a predictive biomarker is not clear and requires fur-
ther study.

Altogether our results indicate that, compared to the molecular
approach, the single-cell approach achieved by the 3D-SIM exami-
nation has a much greater potential in identifying NIFTP-specific
features (Figures 4 and S4). The NIFTP groups presented in
Figure 4 do not show significant differences in telomere structure
and/or number of SNVs. However, the prognostic significance of
these features and their biological behavior clearly deserve addi-
tional further study.

In summary, this is the first study to investigate the 3D structural
organization of the genome to differentiate papillary and follicular
thyroid cancer subtypes. Our data indicate that NIFTP has a specific
3D genome organization similar to normal thyroid tissue and that it is
clearly different from that of classical and follicular variant PTC. These
results, while reinforcing the idea that NIFTP is a lesion with a low risk
of disease progression, underscore the existence of heterogeneity
within the group (Figure 4). We will continue to explore this in a long-
term follow-up study, confident that this innovative approach could
also be applied to fine needle aspirates in the initial diagnosis of thy-

roid malignancy.

5 | CONCLUSIONS

NIFTP requires additional precise and innovative markers in clinical
practice. The differentiation of NIFTP from CPTC and FVPTC by
onco-panel sequencing in our limited cohort did not yield useful
molecular information that might be applied clinically. The 3D struc-
tural architecture of the genome revealed by super resolution imaging
of nuclear DNA organization and 3D imaging of telomeres allowed for
the robust and reliable differentiation of NIFTP from CPTC and
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FVPTC and distinguished all the histotypes from normal adjacent thy-
roid tissues. We conclude that the structural organization of the
genome provides additional key data for each thyroid cancer subtype
to enable its distinction from other morphologically similar thyroid

cancer histotypes.
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