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Abstract

Somatic Copy Number Alterations (SCNA) involving either a whole chromosome or just one of the
arms, or even smaller parts have been described in about 88% of human tumors. This study
investigated the SCNA profile in 40 well-characterized sporadic medullary thyroid carcinomas by
comparative genomic hybridization array. We found that 26/40(65%) cases had at least one SCNA.
The prevalence of SCNA, and in particular of chromosome 3 and 10, was significantly higher in
cases with a RET somatic mutation. Similarly, SCNA of chromosomes 3, 9, 10 and 16 were more
frequent in cases with a worse outcome and an advanced disease. By the pathway enrichment
analysis, we found a mutually exclusive distribution of biological pathways in metastatic,
biochemically persistent and cured patients. In particular, we found gain of regions involved in the
intracellular signaling and loss of regions involved in DNA repair and TP53 pathways in the group
of metastatic patients. Gain of regions involved in cell cycle and senescence were observed in
patients with biochemical disease. Finally, gain of regions associated to the immune system and
loss of regions involved in the apoptosis pathway were observed in cured patients suggesting a

role of specific SCNA and corresponding altered pathways in the outcome of sporadic MTC.
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INTRODUCTION

Human cancer is characterized by the accumulation of small DNA somatic alterations, including
base substitutions, indels and structural rearrangements (Vogelstein et al. 2013). Somatic Copy
Number Alterations (SCNA) involving either a whole chromosome (aneuploidy) or single arms,
either p or g, or even smaller parts of them can be also present (Taylor et al. 2018). In cancer,
SCNA are responsible, more than any other DNA alteration, of most genetic modifications
(Beroukhim et al., 2010; Zack et al, 2013; Mitelman, 2000). The downstream effect of SCNA is still
unknown, but it has been hypothesized that SCNA can alter the expression of a plethora of genes
that play important roles in cancer development and progression (Shao et al. 2019).

The Cancer Genome Atlas (TCGA) demonstrated that approximately 88% of cancers had at least
some detectable SCNA that varied across cancer types (Taylor et al. 2018), with many
chromosomes of interest affected by SCNA, both as loss and gain. The most frequently involved
chromosomes are 6p, 12q, 17q and 19q, which can be either gained or lost; chromosome arms 1q,
7p, 8q and 20q, which are mainly gained; and chromosome arms 3p, 8p, 17p, 18p, 18q and 22q,
which are mainly lost (Taylor et al. 2018; Gao & Baudis 2021; Wen et al. 2021). Not all cancers
have the same grade of SCNA; for example, it has been reported that SCNA is present in almost
all cases of glioblastoma, while only 26% of thyroid carcinomas show SCNA (Taylor et al. 2018). A
correlation between SCNA and the clinical characteristics of tumors has been reported, and SCNA
have been shown to contribute to cancer progression and aggressiveness in prostate and breast
cancer (Stopsack et al. 2019; Voutsadakis 2021).

Another important event observed in cancer cells is the phenomenon of chromothripsis, described
as an event where chromosome pieces break apart and then reassemble in a random order.
Chromothripsis has been associated with a poor outcome and with aggressive tumor behavior
(Stephens et al. 2011).

Thyroid carcinomas are a class of tumors characterized by different histological origins and by
different clinical behaviors. The majority of thyroid carcinoma is derived from follicular cells, while
medullary thyroid carcinoma (MTC) is derived from parafollicular C cells. SCNA were identified in
27.2% of papillary thyroid carcinomas (PTCs) (Agrawal et al. 2014), while in MTC, a variable
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frequency, ranging from 50 to 77%, has been reported (Frisk et al. 2001; Marsh et al. 2003; Flicker
et al. 2012; Qu et al. 2020).

The present study investigated the SCNA profile in a series of well-characterized sporadic MTCs
by comparative genomic hybridization array (CGH) with the aim of clarifying its prevalence and role

in tumor development and biological behavior.

PATIENTS AND METHODS

Study group

MTC fresh primary tumor tissues are routinely collected at the time of thyroidectomy at the
Endocrine Surgery Unit of the University Hospital of Pisa (Italy). The snap-frozen tissues are stored
at -80 °C. The MTC diagnosis is confirmed by histology, and all patients are followed up for the
clinical status at the Endocrine Unit of the same hospital. To the purpose of this study, we selected
40 MTC cases whose mutation profile was previously identified: 23 cases were positive and 17
negative for RET somatic mutation. The present study was approved by the Institutional Review
Board and by the “Comitato Etico Regionale per la Sperimentazione Clinica della Regione
Toscana (CEAVNO)” Prot 14387 _ELISEI (20/04/2022). This study was conducted in accordance
with the Declaration of Helsinki. All patients signed a written informed consent form.

DNA extraction and NGS mutation profile

DNA from fresh frozen tissue was extracted either with an automated method on a Maxwell16®
(Promega, Madison, WI, USA) or with the manual DNeasy Blood and Tissue Kit (QIAGEN, Hilden,
Germany). The DNA concentration was measured with a Qubit 3 fluorometer (Invitrogen, Carlsbad,
CA, USA) and a QubitTM dsDNA HS Assay kit, and the purity of the DNA was assessed by
measuring the 260/230 and 260/280 ratios with a Nanodrop spectrophotometer. The lon S5
targeted next generation sequencing (NGS) method with a custom panel designed using the
AmpliSeq Designer tool was applied to detect the mutation status of the MTC samples. The details
of this method have been previously reported (Ciampi et al. 2019).

Array comparative genomic hybridization (array-CGH)
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Two hundred nanograms of DNA was differentially labeled with Cy5-dCTP or with Cy3-dCTP using
random primer labeling according to the manufacturer's protocol (Agilent Technologies, Santa
Clara, California, U.S.A.). The labeling reactions were applied to the oligo-arrays and incubated for
24 h at 67 °C. Slides were washed and scanned using the Agilent scanner. |dentification of
individual spots on the scanned arrays and the quality evaluation of the slides were performed
using Agilent dedicated software.

The array CGH was performed on a 60K SurePrint G3 Human CGH Microarray. CNVs were
identified with Cytogenomics 4.0.3.12 using the Aberration Detection Method-2 algorithm (ADM-2).
ADM-2 uses an iterative procedure to find all genomic intervals with a score above a user/specified
statistical threshold value. The aberration threshold was set to a minimum of 6 with the minimum
number of 3 probes required in a region and a minimum absolute log ratio of 0.25. We analyzed all
of the alterations in the copy number that were greater than 3 contiguous probes for deletions and
greater than 4 probes for duplications, independent of their absolute size; the CNVs were
compared to those reported in the http://dgv.tcag.ca/variation. The gene content was established
with the UCSC Genome Browser (http://genome.ucsc.edu/) (NCBI37/hg19 assembly), and the
gene function was established by RefSeq (https://www.ncbi.nim.nih.gov/refseq/rsg/).

Two DNAs used as controls were isolated from blood of normal subjects (one man and one
woman) and were supplied as reagents in the labelling Kit (Agilent Technologies, Santa Clara,
California, USA). Their copy number variants were known and were reported as track in the
analysis software.

Bioinformatic pathway analysis

We considered all the SCNA profiles of the 40 patients. The individual patients' SCNA data were
concatenated, and the patients' ID, chromosome cytobands, and aberration regions
(amplified+gains versus deletion+losses) were retained to develop the feature matrix. The patients’
IDs were considered the column, while their chromosomes and cytobands were considered the
row observations. On the feature matrix, the amplified+gains regions had positive values (high),
while the deletion+losses regions had negative values (low). We represented the somatic SCNA
and mutations for each patient using the ComplexHeatmap library (v2.2.0) (Gu et al. 2016) within
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the R statistical scripting language (v4.1.1). We generated a representation for specific SCNA
chromosome coordinates. Each cell was colored according to the nature of the SCNA: red for loss
and blue for gain. Samples were color annotated using their clinical phenotype, i.e., “Metastatic”,
“Biochemical persistence” and “Cured patient”. We performed pathway enrichment analysis using
Reactome web browser (Gillespie et al. 2022), considering oncogenes and tumor suppressor
genes (TSGs) from the Cancer Gene Census (Sondka et al. 2018), in duplicated and deleted
regions, respectively, and by grouping altered genes in distinct patient groups (i.e. “Metastatic”,
“Biochemical persistence” and “Cured patient”). The False Discovery Rate (FDR) of the enriched
pathways in the different groups were combined, using —log(FDR) and log(FDR) transformed
values for pathways enriched in amplified/gained and deleted/lost regions, respectively. The
resulting summary matrix was used to perform unsupervised clustering, using the “linkage” function
from the python library scipy.cluster.hierarchy (v1.4.1), and the “AgglomerativeClustering” from
the sklearn.cluster (v1.0.2) library, employing seaborn (v0.11.2) and “matplotlib.pyplot” libraries for
heatmap visualizations, within the Python scripting language (v. 3.8.10).

Expression analysis of selected genes

We tested the expression of some genes mapping on differentially altered chromosomes (gain or
loss) in metastatic and non-metastatic cases. For the amplified chromosome 16 we tested the
expression of ABBC1 and PDPK1 genes and for the deleted chromosomes we analyzed the
expression of MLH1, FHIT (chromosome 3) and ATF4 (chromosome 22). We selected these genes
because they were all reported as altered in cancer pathways (Zabarovsky et al. 2002; Gagliardi et
al. 2018; Williams et al. 2021; Poku & Iram 2022).

Total RNA was isolated from MTC tumoral fresh tissues using the TRIzol reagent lysis buffer
(Invitrogen, Carlsbad, CA) according to the protocol suggested by the manufacturer. Total RNA
was quantified using the Qubit RNA HS and the Qubit fluorometer. A total of 100 ng of RNA was
used to synthesize the cDNA using the SuperScript IV VILO (Thermo Fisher, Carlsbad, CA). The
cDNA was diluited to a final concentration of 2 ng/ul.

Droplet digital PCR (ddPCR) was used to measure the levels of gene expression of our targets. A
total of 10 ng of cDNA was used in the PCR multiplex reaction for MLH71 (dHsaCPE5032951),
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FHIT (dHsaCPE5042915), ATF4 (dHsaCPE5191903) and ABCC1 (dHsaCPE5054680) and a
duplex PCR reaction for PDPK1 (dHsaCPE5049610) and the reference gene HPRT1
(dHsaCPE5192872). The PCR reaction was prepared using the Multiplex Supermix (Bio-Rad
Laboratories Hercules, California, USA) according to the manufacturer instructions and analyzed
with the QuantaSoft analysis software version 1.1 (Bio-Rad Laboratories Hercules, California,
USA). Only samples with more than 10.000 events count were included in the analysis. The level
of gene expression was reported as n° of copies/ ul. The values of gene expression of the targets
were normalized with the levels of HPRT1 gene expression.

Evaluation of the immune infiltration

Thirty-six MTC cases were analyzed for the presence of immune infiltration. The analysis of the
immune infiltration was performed on hematoxylin-eosin-stained section representative of the
tumor, using the “hot spots” method: three fields under low power magnification were selected
(original magnification 5x using a standard Leica DM4000 microscope) and evaluated. The
lymphocytic infiltration was graded as follows: 0 absent, 1 mild, 2 lymphoid follicles without
germinal center, 3 lymphoid follicles with germinal center. Intra-tumoral and extra-tumoral
lymphocyte infiltration was evaluated.

Statistical analysis

The statistical analysis was performed using the statistical tool GraphPad Prism 9.0. The
correlation between chromosome alteration, mutational status and outcome was analyzed by the
chi-squared test and Fisher’s test. The Kruskal-Wallis test was used for the correlation between
the SCNA and the presence of metastases at diagnosis, as well as the outcomes of the MTC
patients and to compare RNA expression levels in cases with amplified or deleted SCNA. A p

value<0.05 was considered significant.

Results

Somatic mutational profile by NGS

The molecular characterization of the 40 selected MTC performed by NGS analysis confirmed that
23 MTC harbored a RET somatic mutation and in particular a p.Cys620Tyr, a p.Cys630Arg, a
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p.Glu632_639delinsHisArg, a p.Glu632_Cys634del, a p.Ala883Phe, a p.Asp898_ Glu901del, in
single cases; a p.Cys634Arg in 2 cases and a p.Met918Thr in 15 cases. NGS also confirmed the
absence of a RET somatic alteration in the other 17 cases (RET-) but also showed that 8 cases
had a HRAS somatic mutation (p.Gly12Arg, p.GIn61Lys, p.GIn61Leu, in 1 case; p.Gly13Arg in 2
cases and p.GIn61Arg in 3 cases) while the remaining 9 cases did not show any other somatic

mutations among those analyzed with our panel (Ciampi et al. 2019).

SCNA as detected by Array-CGH and according to the somatic RET mutations

The array CGH results have been illustrated in Figure 1. Twenty-six cases (26/40, 65%) had at
least one SCNA (SCNA number range per sample: from 1 to 27), and 14 cases (14/40, 35%) did
not show any SCNA. In general, chromosome losses (n=91 events) were more frequent than
chromosome gains (n=50 events). SCNA (either loss or gain events) involved both whole
chromosomes (41 events of whole chromosome loss and 21 events of whole chromosome gain) or
only the p or g arm of specific chromosomes. We found 50 partial chromosome losses and 29
partial chromosome gains. As shown in Figure 1, the chromosomes most frequently involved in
SCNA were chromosome 22 (32.5% of cases), chromosome 1 (30% of cases), chromosome 3
(20% of cases), chromosome 10 (17.5% of cases), chromosome 21 (15% of cases), and
chromosomes 4, 9, 16 and 17 (12.5% of cases). Four patients, all RET positive, were affected by
the chromothripsis phenomenon: two cases on chromosome 10, one on chromosome 11 and one
on chromosome 17. The remaining chromosomes were affected by only a few SCNA. A detailed
representation of the cytobands affected by SCNA is shown in Figure 2.

The prevalence of SCNA was analyzed according to the presence of the somatic RET mutation. As
shown in Figure 3 Panel A, among the 23 RET+ MTC tissues, 18/23 (78.3%) had at least one
SCNA, while only 8/17 RET- tissues (47%) showed at least one SCNA (p=0.05). Moreover, in
terms of the number of SCNA present in the tissues, there was also a statistically significant
difference between the mean number of SCNA in RET+ tissues (meant+SD: 5.13+7.21) and RET-

tissues (meantSD: 0.92+1.83) (p=0.03) (Fig. 3, Panel B).
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Since most of RET positive cases had the p.Met918Thr mutation, we did not find any statistically
significant association between the mean number of SCNA among cases with different types of

RET mutation (i.e. p.Met918Thr, n=15 and other RET mutations, n=8).

Correlation of SCNA with clinical characteristics

We evaluated the correlation of SCNA with the clinical features of the tumor (i.e., the absence of
metastases, presence of lymph node metastases and distant metastases) at diagnosis and with
the outcome (i.e., metastatic disease vs. biochemical disease and no disease) of the patients at
the end of follow-up. The correlation analysis was performed only for patients for whom clinical
data were available (n=38). As shown in Figure 4A, we found that the number of SCNA was higher
in patients who presented distant metastases at diagnosis with respect to those who had only
lymph node metastases or no metastases at all (p=0.035). We also found that the number of
SCNA was higher in patients who had metastatic disease with respect to those who were cured or

those who showed only biochemical disease at the end of follow up (p=0.014) (Fig. 4B).

Identification of chromosomes specifically associated with the outcome and RET somatic
mutations

We compared the prevalence of the presence of any kind of SCNA for each chromosome in MTC
tissues according to the patients’ outcome (i.e., presence of metastases, biochemical persistent
disease- and disease-free patients at the end of follow up) (Table 1) and to the presence of RET
somatic mutations (Table 2). A statistically significant association was observed between
alterations on chromosomes 3, 9, 10 and 16 and the outcome being the SCNA of these
chromosomes more frequent in metastatic cases respect to the others (p=0.0009, p=0.02, p=0.02
and p=0.02, respectively). Despite chromosomes 1 and 22 were the most frequently altered in our
series no differences in the prevalence of their SCNA have bene found in the three categories of

patients’ outcome.
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The same type of analysis was performed by looking at the RET+ and RET- cases. As reported in
Table 2, a significantly higher number of SCNA on chromosomes 3 and 10 (p=0.01 and p=0.01,

respectively) was found in the RET+ group respect to the RET- group.

Pathway enrichment analysis

We performed a pathway analysis by assessing the enrichment of either oncogenes or tumor
suppressor genes (TSG) in the gain and loss regions, respectively, and we compared the results
obtained among metastatic, biochemically persistent, and cured patients (Fig. 5). A mutually
exclusive distribution of biological pathways was observed according to the outcome of the
patients.

In the group of metastatic patients, we observed a SCNA gain of chromosomal regions that
included genes involved in intracellular signaling by second messenger and signal transduction
pathways and a SCNA loss of chromosomal regions that included genes involved in DNA repair
and in gene expression and transcriptional regulation by TP53 pathways.

In the group of patients with biochemical disease, we observed a SCNA gain of chromosomal
regions that included genes involved in the cell cycle, cellular response to stimuli, senescence,
metabolism of RNA and the regulation of gene expression pathways.

In the group of cured patients, we observed a SCNA gain of chromosomal regions that included
genes associated with the Tall Like Receptor signaling cascade, immune system and death
receptor signaling pathways and a SCNA loss of chromosomal regions that included genes

associated with the apoptosis pathway.

Gene expression analysis

We analyzed the expression of ABCC1, PDPK1, MLH1, FHIT and ATF4 in a total of 20 samples:
Table 3 reports the number of aneuploid (gain and loss) and diploid cases studied for each gene.
When we compared the RNA expression of ABCC1, PDPK1, MLH1 and FHIT genes we found a

clear tendency of correlation between SCNA and gene expression but not a real statistical
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significance (data not shown). At variance, the RNA of ATF4 gene was statistically less expressed

in deleted cases (p=0.05) (Fig. 6).

Analysis of lymphocytic infiltration

To verify the hypothesis that cured patients had an enriched immune system, as resulted by the
enrichment pathway analysis, we analyzed the presence of lymphocytic infiltration in 36/40 MTC
cases. Intra-tumoral lymphocytic infiltration was found at low level only in 3 cases and was not
considered for the analysis. Extra-tumoral infiltration was observed in 16 cases (grade 1,2 or 3) but
not in the other 20 cases (grade=0). Although not statistically significant, we observed a higher

level of lymphocytic infiltration in cured patients (data not shown).

Discussion

Human cancer has been demonstrated to be largely affected by SCNA (Beroukhim et al. 2010),
which correlates with patient prognosis (Zack et al. 2013). Recently, 10,729 tumors (across 32
cancer types) were analyzed by Harbers et al., and 87.5% of them (28/32) were affected by SCNA;
in particular, ovarian cancer and sarcoma were the cancer types with the highest number of
chromosome alterations (Harbers et al. 2021). Although it is still not clear how SCNA contribute to
the tumorigenesis process, SCNA could alter the expression levels of genes involved in
chromosome gain and loss (Santaguida & Amon 2015), and they are considered hallmarks of
cancer, similar to somatic mutations.

In keeping with pancancer data, thyroid tumors were also characterized by SCNA (Herrmann 2003;
Liu et al. 2013). Among the different histotypes of thyroid cancer, SCNA has also been described
in MTC, with different results for SCNA being reported at a variable frequency ranging from 50%-
77% (Frisk et al. 2001; Marsh et al. 2003; Flicker et al. 2012; Qu et al. 2020).

In our group, 65% of tumors were affected by at least one SCNA, in agreement with both the
already reported SCNA prevalence in MTC and the rate (67.9%) of chromosome aberrations
reported in solid tumors (Duijf et al. 2013). When we evaluated the prevalence of losses versus
gains of chromosome regions, we found that chromosome losses were more frequent than gains
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(91 vs. 50 events, respectively), as has also been generally observed by Duijf et al., who analyzed
several types of solid tumors (Duijf et al. 2013).

In the present series, as well as in that reported by other authors (Frisk et al. 2001; Ye et al. 2008),
SCNA was identified in both RET+ and RET- cases. We found a statistically significant higher
prevalence of cases with SCNA in the RET+ group. This finding is in line with our previous studies
showing a higher prevalence of chromosome 10 variations in RET+ cases (Ciampi et al. 2012;
Ramone et al. 2020) and further supports the hypothesis that the RET mutation may confer
genomic instability at least to chromosome 10. On this regard it is worth to say that we found
similar results, at least for chromosome 10, although by using different methodologies. To our
knowledge, this statistical significant association has not been reported in previous studies either
because only the p.Met918Thr RET mutation has been searched for (Frisk et al. 2001) and
because both sporadic and hereditary MTC have been included (Ye et al. 2008). We recently
demonstrated that RET-mutated C-cells grow and proliferate more rapidly than nonmutated cells
(Romei et al. 2021). In keeping with this observation, we could hypothesize that due to the higher
proliferation rate of RET+ cells and the consequent cell divisions, a progressive accumulation of
genetic events might occur and, among them, also many SCNA that, once they occur, can
contribute to the progression of the disease.

The correlation of SCNA with clinical outcomes has been reported in other human tumors, such as
prostate and lung tumors (Hieronymus et al. 2018; Kou et al. 2021). In the present series, a higher
prevalence of SCNA was observed in MTC tissues of patients with a more advanced tumor at
diagnosis and with a worse clinical outcome, as already shown in a previously reported MTC series
(Frisk et al. 2001) and in other human tumors (Fallenius et al. 1988; Hemmer et al. 1997; Torres et
al. 2007). In fact, the amplification of chromosomal regions containing oncogenes involved in tumor
progression or the loss of regions containing TSG could justify the correlation between SCNA and
metastatic progression and poor outcomes of the disease (Bloomfield & Duesberg 2016). A strong
correlation between SCNA and gene expression has been found, demonstrating upregulation of
the levels of expression of genes that map to gained regions and downregulation of levels of
expression of genes that map to lost regions (Shao et al. 2019). This evidence has been partially
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confirmed in our series; indeed, the expression level of 4/5 analyzed genes (i.e., ABCC1, PDPK1,
MLH1, FHIT) was not statistically different between aneuploid and diploid cases, although showing
a tendency of correlation. The only one that showed a statistically significant correlation between
its RNA expression and the SCNA was ATF4. One possible explanation is that the absence of
statistical difference could be due to the small number of aneuploid cases analyzed for the
expression of ABCC1, PDPK1, MLH1, FHIT while ATF4, that was the only one that we could
analyze on 8 aneuploid vs 12 diploid cases, reached the statistical significance.

SCNA occur on different chromosomes, but specific regions have been associated with a poor
outcome (Ach et al. 2013; Park et al. 2014; Kogak et al. 2020). In our group of study, we observed
that although different chromosomes were affected by SCNA, chromosomes 3, 9, 10 and 16 were
preferentially altered in patients with a metastatic outcome, suggesting that they could have a
potential role in tumor evolution. In addition, SCNA on chromosomes 3 and 10 were preferentially
altered in RET+ cases.

In agreement with other studies on MTC (Hemmer et al. 1999; Frisk et al. 2001; Marsh et al. 2003;
Ye et al. 2008), we also observed that chromosome 3 was very frequently completely or partially
lost, and it is worth noting that many TSGs involved in cancer pathways map to chromosome 3
(Zabarovsky et al. 2002; Ingvarsson 2005; Angeloni 2007; Hesson et al. 2007). Some authors
hypothesize that the loss of genes involved in TERT transcriptional regulation, which are located
on the p arm of chromosome 3, could explain its major role in tumor development (Yagyu et al.
2021).

A similar mechanism of involvement could be hypothesized for chromosome 9, which in our series
was totally lost only in metastatic patients. The loss of chromosome 9 is an event previously
described in MTC (Frisk et al. 2001; Marsh et al. 2003; Gonzalez-Yebra et al. 2012), and it is
associated with a poor outcome in some tumors (Di Nunno et al. 2019). Moreover, Han et al.
demonstrated that the loss of 9p21 confers primary resistance to immune checkpoint therapy (Han
et al. 2021), thus potentially explaining why immunotherapy did not show relevant results in RET+

tumors, at least so far (Hegde et al. 2020).
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We observed both losses and gains on chromosome 10, where the RET gene maps (10q11.21).
As reported in our previous study (Ramone et al. 2020), the RET gene, and more generally
chromosome 10, SCNA is a sporadic event in sMTC, with a positive correlation with the presence
of a somatic RET mutation and its Variant Allele Frequency (VAF). Additionally, in this study, we
confirmed that an alteration of RET via SCNA is not an alternative event to a RET somatic
mutation but rather an additional event that could enhance the role of this driver mutation in tumor
progression, since SCNA on chromosome 10 is correlated with a worse outcome of the disease.
Although the losses were more represented in our series, chromosome 16 was gained but
interestingly only in metastatic patients. Except for one case with only long arm gain, the remaining
cases had amplification of the whole chromosome. Likely, oncogenes that map to this
chromosome being amplified could contribute to cancer evolution, and this hypothesis is also
supported by literature data that suggest a correlation between chromosome 16 gain and a poor
clinical outcome in different types of cancer (Mampaey et al. 2015; Bramhecha et al. 2018).
Although not significantly correlated with the outcome or RET somatic mutations, we observed that
chromosome 22 was frequently lost in our cases of SMTC. Notably, the ATF4 gene, which is a
negative regulator of RET, maps to chromosome 22, and the loss of the ATF4 gene is associated
with shorter survival, especially in association with RET p.Met918Thr (Williams et al. 2021).

SCNA involves different chromosomes, but the pathways and, more specifically, the genes
affected by this alteration are poorly defined. Taking advantage of the latest technique’s analysis
and bioinformatic tools, we performed a pathway enrichment analysis that demonstrated different
and mutually exclusive pathway activations in MTC tissues of patients with different outcomes. In
the group of metastatic patients, we observed an SCNA gain of chromosomal regions that included
genes involved in intracellular signaling and signal transduction. These findings are in keeping with
the evidence that an enrichment of genes involved in cellular proliferation and differentiation as
well as the MAPKinase and Pl3kinase pathways strengthens the role of these genes in tumor
development and progression (Garraway & Lander 2013).

In the same group, we observed a loss of those pathways involved in the mechanism of DNA
repair, whose deficiency could be compatible with tumor progression (Knijnenburg et al. 2018).
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This pathway ensures genomic stability and integrity (Olave & Graham 2022), but its inactivation
(for example, due to genomic loss) could further induce an already neoplastic cell to accumulate
other errors. One of the genes that belongs to this pathway is MLH1, whose genomic location is on
chromosome 3 (3p22.2) that, as said, was associated with a poor outcome in our cases.

Mutually exclusive pathways were found to be altered, although at a lower rate, in the other two
groups of patients. In particular, it is worth noting that the presence of SCNA gain of chromosomal
regions, including genes associated with the immune system pathway, was present only in the
group of cured patients. This evidence has been confirmed also at tissue level where a not
statistically significant but higher presence of lymphocytic infiltration has been observed in cured
patients respect to the biochemical and metastatic patients. This finding could be in keeping with a
role of the immune system in the control of tumor development and progression as shown in some
human tumors. Nevertheless, additional studies are needed to confirm this interesting observation.
Conclusions

In conclusion, we found a higher prevalence of SCNA in sporadic MTC comparable to that of other
solid tumors. SCNA are more frequent and more numerous in MTC tissues harboring a somatic
RET mutation. Some specific chromosomal SCNA had a correlation with an advanced stage at
diagnosis and with patients’ outcomes. Peculiar and mutually exclusive pathway alterations were
found in three groups of patients when distinguished according to their outcome, suggesting a role
of specific SCNA and corresponding altered pathways in the metastatic progression of sporadic

MTC or in its definitive cure.
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Legend of figures

Figure 1: Oncoprint of chromosomes affected by SCNA in MTC cases. Each column represents a
patient, and each row represents a chromosome. The colored squares indicate the presence of an
SCNA: blue for a gain, red for a loss. The number in the square represents the number of
alterations in that chromosome. The histograms above the figure indicate the number of SCNA on
all chromosomes for each case. On the right of the oncoprint, there are 2 columns: the first column
(n°) indicates how many times each chromosome is altered in the group of 40 cases, and the
second column indicates the percentage (%). Mutation profile is reported at the bottom of the
figure: green squares indicate the presence of a RET p.Met918Thr mutation; pink squares
indicates RET mutation other than p.Met918Thr; gray squares indicate RET- cases (including also
RAS positive cases).

Figure 2: A detailed representation of the cytobands affected by SCNA in the group of cases with
at least one alteration (n=26). Each column indicates a cytoband; each row indicates an sMTC
case. In the right part of the figure, we report the outcome and the somatic mutation profile of the
patients. All colors reported in the oncoprint are explained in the legend. Specific cytobands are put
in order from right to left according to the higher prevalence of alterations.

Figure 3: Correlation of SCNA and RET mutation. Panel A) Graphical representation of the
percentage of patients with or without SCNA in the RET+ and RET- groups: the percentage of
patients with a higher number of SCNA was greater in the RET+ group than in the RET- group.
Panel B) Mean number of SCNA in the RET+ and RET- groups: the cases that harbored a RET
mutation had a much higher mean number of SCNA than the RET- cases. The differences were
considered statistically significant when the P value was less than 0.05.

Figure 4: Correlation between SCNA and clinical features. Comparison between SCNA and the
presence of metastases at diagnosis (Panel A) and between SCNA and the outcome of the
patients (Panel B). Differences were considered statistically significant when the P value was less
than 0.05.

Figure 5: Pathway enrichment analysis visualization: hierarchical clustering and heatmap
representation of top 15 most significantly enriched Reactome pathways (FDR < 0.01) in the genes
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affected by SCNA found in either metastatic, biochemical, or cured patients. We restricted our
analysis to oncogenes in amplified or gained regions and tumor suppressor genes (TSG) in
deleted or lost regions. Pathways enriched in chromosome gains and chromosome losses are
reported in blue and red, respectively. The color intensity is proportional to —log(FDR) and

log(FDR) for pathways enriched in amplified/gained and deleted/lost regions, respectively.

Figure 6: Correlation of ATF4 gene expression levels between diploid and loss cases. Expression
levels are indicated as the ratio between the expression level of the target gene and of the

housekeeping gene (HPRT1) both expressed as number of copies/pl.
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Table 1: Correlation between the outcome of sporadic MTC patients and
SCNA in different chromosomes.

Tissues with SNCA N (%)

Metastatic disease | Biochemical disease | Disease free P value*
(N=16) (N=7) (N=15)
n (%) n (%) n (%)
Chr1 6 (37.5) 2 (28.6) 4(26.7) 0.8
Chr 2 3(18.7) 0 0 0.1
Chr 3 8 (50) 0 0 0.0009
Chr 4 3(18.7) 0 2 (13.3) 0.5
Chr 5 1(6.2) 0 0 0.5
Chr 6 2 (12.5) 0 0 0.2
Chr 7 3(18.7) 0 0 0.1
Chr 8 2 (12.5) 0 2 (13.3) 0.6
Chr 9 5(31.2) 0 0 0.02
Chr 10 6 (37.5) 1(14.3) 0 0.02
Chr 11 2 (12.5) 0 0 0.2
Chr 12 2(12.5) 0 0 0.2
Chr 13 3(18.7) 0 0 0.1
Chr 14 3(18.7) 0 1(6.7) 0.3
Chr 15 2(12.5) 0 2 (13.3) 0.6
Chr 16 5(31.2) 0 0 0.02
Chr 17 4 (25) 0 1(6.7) 0.2
Chr 18 2 (12.5) 0 0 0.6
Chr 19 2 (12.5) 0 0 0.2
Chr 20 2 (12.5) 0 0 0.2
Chr 21 4 (25) 1(14.3) 1(6.7) 0.4
Chr 22 8 (50) 3(42.8) 2 (13.3) 0.08
Chr X 2 (12.5) 0 1(6.7) 0.58
ChrY 2 (12.5) 0 1(6.7) 0.6

* We used chi-squared test and differences were considered statistically
significant when the P-value was less than 0.05.
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Table 2: Number of RET+ and RET- patients presenting SCNA

in different chromosomes.

SNCA N (%)
RET+ cases RET- cases p-value*
(N=23) (N=17)
n (%) n (%)

Chr 1 8(34.8) 4 (23.5) 0.5
Chr2 3(13) 0 0.2
Chr 3 8(34.8) 0 0.01
Chr4 3(13) 2(11,7) 0.9
Chr5 2 (8.7) 0 0.5
Chr6 2 (8.7) 0 0.5
Chr7 2 (8.7) 1(5.9) 0.7
Chr8 4(17.4) 0 0.1
Chr9 5(21.7) 0 0.05
Chr 10 7 (30.4) 0 0.01
Chr 11 2(8.7) 0 0.5
Chr 12 2 (8.7) 0 0.5
Chr 13 3(13) 0 0.2
Chr 14 2 (8.7) 1(5.9) 0.7
Chr 15 2 (8.7) 2(11,7) 0.7
Chr 16 4(17.4) 1(5.9) 0.4
Chr 17 3(13) 2(11,7) 1
Chr 18 2 (8.7) 0 0.5
Chr 19 2 (8.7) 0 0.5
Chr 20 2(8.7) 0 0.5
Chr 21 4(17.4) 3(17.6) 1
Chr 22 10 (43.5) 3(17.6) 0.08
Chr X 2 (8.7) 1(5.9) 0.7
ChryY 2 (8.7) 1(5.9) 0.7

* We used Fisher test and differences were considered
statistically significant when the P-value was less than 0.05.

i ©
Copyrlght 2023 The AUthor%ownloaded from Bioscientifica.com at 06/22/2023 06:16:12AM
via Niehs, National Library of Medicine, MULTI-NIH, NCI-FCRDC, National Institute of Health and National Library of Medicine



Accepted Manuscript published as ERC-22-0251.R1. Accepted for publication: 20-Jun-2023

Table 3: Cases analyzed by ddPCR for gene expression

Diploid Aneuploid
Gene Cytoband | Diploid cases (n) | Loss cases (n) Gain cases (n)
MLH1 3p22.2 16 4 0
FHIT 3p14.2 16 4 0
ABCC1 | 16p13.11 16 0 4
PDPK1 | 16p13.3 16 0 4
ATF4 22q13.1 12 8 0
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