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Forkhead box E1 (FOXEL) is a transcription factor involved in thyroid cancer susceptibility. Here we show that FOXE1
expression in thyroid cells correlate with chemokines induction and monocyte chemoattraction, and that reduction of
FOXE1 gene dosage in vivo impairs macrophage infiltration in thyroid cancer.
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| 1. Introduction

The incidence of thyroid cancer is constantly increasing, with the most frequent histotype, papillary thyroid carcinoma
(PTC), representing 2% of total diagnosed neoplasms [ and being one of the most common cancers in women under the
age of 50 & Although the differentiated forms, including PTC, have a good 5-year prognosis in 85% of cases &, 15%
remain with a poor prognosis and can either metastasise or progress to an aggressive anaplastic thyroid carcinoma
(ATC). Despite mutations in several genes, as well as the expression levels of different markers having been associated
with a poor prognosis, there are not yet defined molecular markers that could predict cancer progression 4. Cancer cells
are embedded in a complex microenvironment in which pivotal roles are played by immune cells, the most abundant of
which in thyroid cancer are tumour-associated macrophages (TAMs). High TAM density has been indeed associated with
larger tumour size and lymph node metastases in PTC Bl as well as with high histologic grade and invasiveness in
poorly differentiated thyroid cancer (PDTC) 8. Moreover, in both PTC and PDTC, TAM density is correlated with
reduced survival B4, The correlation between increasing presence of TAMs and cancer progression and lethality has also
been confirmed in ATC, where TAMs could represent more than 50% of the tumour mass &, although the molecular bases
of this correlation are still unclear. It has been shown that advanced thyroid cancer presents massive TAMs infiltration £
and that defined macrophage subpopulations play different roles in determining the aggressive cancer course LOI[L1[12]
Infiltrating TAMs could, indeed, belong to the tumour-suppressive (M1) or the pro-tumourigenic (M2) subtype 13! It has
been demonstrated that the increase in M2 macrophages during thyroid cancer progression contributes to cancer
aggressiveness by promoting angiogenesis and immune escape, particularly in BRAF-mutated cancer 81120,

Recently, several polymorphisms in regulatory and/or coding regions of the transcription factor FOXE1 have been
associated with increased susceptibility to PTC 415 and aggressive forms of thyroid cancer R8I, |n particular,
polymorphisms that increase FOXE1 expression levels have been associated with several bad clinical parameters such
as severe histopathological characteristics, reduced degree of differentiation, invasion of lymph nodes and metastases 1€!
(18] By using a conditional mouse model of BRAFY8%E.inducible thyroid cancer 19 crossed with FOXE1 heterozygous
knockout mice, we recently demonstrated that FOXE1 gene dosage affects cancer histology, proliferation and
differentiation 29, thus showing for the first time a cause—effect relationship between FOXE1 and the thyroid cancer
phenotype. To investigate the gene expression programme induced by FOXE1, here we ectopically express it in FRT rat
thyroid cells lacking endogenous FOXE1 expression, showing that the differentially expressed genes are particularly
enriched in categories related to immune cells functions. Moreover, FOXE1-expressing cells increase their migratory
ability, being also able to induce monocytes chemotaxis. We then checked if FOXE1 was also involved in a similar
phenotype in vivo in a thyroid cancer model with heterozygous FOXE1 knockout. Consistent with in vitro data, reduction of
FOXE1l gene dosage downregulates the expression of immune-related genes by reducing Tam’s recruitment and
impairing their polarisation towards anti-inflammatory and pro-tumourigenic M2 status.

| 2. FOXE1 Expression Induces a Migratory Phenotype in FRT Cells

Cells in the Fischer rat thyroid epithelial cell line (FRT) are poorly differentiated follicular cells derived from Fischer rat
thyroid glands that do not express FOXE1 or other thyroid differentiation markers, except for PAX8 21, FOXE1-expressing
FRT cells were generated by transfection with a FOXE1-expressing vector. FOXE1 RNA and protein expression were
measured in three independent FOXE1 clones (FC) by RT-PCR and Western blot, respectively, observing that FC26,



FC19, and FC55 expressed different FOXE1 protein levels. FRT parental cells (from here on reported as ctr) are negative
for FOXE1 expression, as expected (Figure 1A). FOXEL nuclear localisation was confirmed by immunofluorescence
(Figure 1B), revealing that the FC55 clone shows the most homogeneous staining. As FOXEL1 induces thyroid cell motility
both in development and in cancer 2223 we analysed the migratory behaviour of FC. Cell motility was then measured by
transwell assay: FOXE1-expressing clones and control cells were seeded in the upper transwell chamber in serum-free
medium and allowed to migrate. Representative images of the transwell before (total cells) and after (migrating cells)
membrane cleaning is reported in Figure 1C, and the quantification of migrated cells per analysed area is reported in
Figure 1D, showing a significant increase of cell migration only for the clones FC19 and FC55. These results suggest that

FOXEL, at high expression levels, stimulates FRT cell motility.
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Figure 1. FOXEL1 elicits thyroid cell migration of FOXE1-overexpressing clones. (A) FOXEL expression in ctr cells and
different FOXEL1 clones (FC) analysed by qRT PCR (upper panel) and Western blot (bottom panel). Tubulin was used to
normalise. (B) Immunofluorescence images of the same clones as in A, probed with anti-FOXE1 antibody, showing
nuclear FOXEL1 localisation. Nuclei are stained with Dapi. 40x magnifications are shown. The scale bar represents 20 um.
(C) Transwell assay performed on control cells (ctr) and FOXE1-expressing clones FC26, FC19, FC55. Representative
images of the transwell used before (total) and after (migrated) swab cleaning of the inner part of the upper chamber.
Cells were stained with Dapi in order to visualise the nuclei. (D) The percentage of migrated on total cells was calculated.
One-way ANOVA test was performed on data, and p-values are reported for each clone relative to ctr. * p < 0.05, *** p <
0.001, ns: not significant.

| 3. Transcriptomic Landscape of FOXE1-Expressing FRT Cells

To investigate the transcriptional programme induced by FOXEL in thyroid epithelial cells, we selected the FC55
displaying the highest and most homogeneous expression of FOXE1. RNAseq analysis was performed on total RNA from
FC55 and control cells. Differentially expressed genes (DEG) were considered with a +2-fold change and p < 0.05 cut-off
and analysed by Gene Ontology (GO). A total of 750 DEG resulted as being regulated + 2-folds, of which 469 (62.5%)
were upregulated and 281 (37.5%) were downregulated (Figure 2A). GO terms enriched in upregulated genes were
clustered in functional categories mainly related to signal transduction, macrophage recruitment and differentiation, metal
ion homeostasis and transport and extracellular matrix components (Figure 2B). GO terms significantly enriched in
downregulated genes were instead mainly related to cell cycle, epigenetic regulation of chromatin, immune cell migration
and cholesterol metabolism (Figure 2C). A panel of DEG, grouped for functional categories, was then validated
performing quantitative RT-PCR on the three clones FC26, FC19 and FC55 (Eigure S1).
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Figure 2. Functional annotation of differentially expressed genes in FOXE1-overxpressing cells. RNAseq analysis was
performed on total RNA from FC55 and control cells. (A) Pie chart of differentially expressed genes (DEG), considered
with a +2-fold change (FC) and p < 0.05 cut-off and analysed by Gene Ontology (GO). A total of 750 DEG resulted as
being regulated, of which 469 (62.5%) upregulated and 281 (37.5%) downregulated. Functional categories were
significantly enriched among genes that were either (B) upregulated or (C) downregulated. Functional categories
(highlighted on the right in vertical groups) were obtained by clustering the functional annotation contained in the web-
based DAVID database. To perform clustering, we used multiple annotations—namely, gene ontology for biological
processes, molecular function and cellular components (GO_DIRECT), pathways, protein interactions, protein domain
and tissue expressions. Enrichment scores are plotted only for clusters containing multiple terms with p < 0.05.



| 4. FOXE1 Enhances Chemoattractant Ability of FRT Cells

The observed enrichment of multiple functional categories related to immune cells recruitment, migration and
differentiation in FOXE1-induced DEG was largely unexpected. Particularly, several genes involved in macrophages
chemotaxis and differentiation were clustered in the upregulated genes list. Among these, the most strongly upregulated
was CCL2, a well-established macrophage chemoattractant. In addition, several other genes encoding secreted proteins
involved in macrophage recruitment and activation, such as CCL7, CSF1, LGALS3BP and INPP5D [24123126] resylted as
being upregulated in FC55 by RNA-seq (Figure 3A). Upregulation of these macrophage ligands was validated by
guantitative RT-PCR in the FC, revealing a correlation between FOXE1 dosage and the extent of these genes’
upregulation (Figure 3B). To investigate if the induction of these genes could change macrophage recruitment by
chemoattractants release in the extracellular medium, we tested the ability of FC to induce monocyte chemotaxis by co-
culture assay. FRT and the three FOXE1 clones were cultured in the transwell lower chamber in order to obtain secreted
proteins accumulation in the medium. U937 human monocytes were then added in the upper chamber in serum-free
medium, and their migration through the transwell porous membrane was measured (Figure 3C). A statistically significant
increase of U937 cells migration was observed only when co-cultured with the high FOXE1 expressing clones FC19 and
FC55 (Figure 3D), demonstrating a FOXE1 dose-dependent gain in chemoattractant activity.
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Figure 3. FOXE1 modulates macrophage-related genes and their migration in vitro. (A) Macrophage-related genes from
RNA-seq analysis of FOXE1-expressing FRT. (B) Quantitative RT-PCR analysis of genes in A in FOXE1 clones with low
(FC26), moderate (FC19) and high (FC55) FOXE1 expression. The data are shown as ctr-relative expression (2-24CY),
Actin was used to normalise. The starting value of the control, set to 1, is indicated by the dotted line. (C) Ctr cells and
FOXEL1 clones were seeded in transwell low chamber and U937 cells were added in the upper chamber after 48 h. (D)
The percentage of migrating U937 cells was evaluated after 4 h. One-way ANOVA test was performed on data, and p-
values are reported for each clone relative to ctr. * p < 0.05, *** p < 0.001, ns: not significant.

5. Chemokine Expression and Immune Cell Recruitment Are FOXE1-
Dependent in an In Vivo Thyroid Cancer Model

It has been demonstrated that conditional activation of oncogenic BRAF in mouse results in the induction of thyroid
cancers with increased CCL2 and CSF1 expression, associated with the recruitment of tumour-associated macrophages
(TAMs) 12, Given that FOXE1 expression induces both CCL2 and CSF1, together with other chemoattractants, in thyroid
cells in vitro, we asked if FOXE1 could modulate the oncogenic induction of chemokines and hence the infiltration of
thyroid cancer by TAMs in vivo. To answer this question, we used a FOXE1** and FOXE1*" BRAFY600E_dependent
thyroid cancer mouse model (BRAF) to induce thyroid cancer in the presence of reduced FOXE1 expression 22, Mice
were treated with doxycycline for one week to develop thyroid cancer 2, and the expression levels of CCL2, CSF-1,
LGALS3BP, INPP5D and CCL7, together with that of the chemokine receptors CCR2 and CSF1R, were measured in
cancer specimens by quantitative RT-PCR. Tumours developed in BRAF FOXE1*" background showed significantly
reduced expression of all the genes investigated compared with those developed in BRAF FOXE1** mice (Figure 4A,B).
In this cancer model, it is known that BRAFY800E activation induces a robust recruitment of M2-polarised TAMs 12,
Tumour infiltration by TAMs was then evaluated on thyroid cancer sections by immunohistochemistry (IHC) for the
macrophage markers IBA1 and for GALECTIN-3, this latter being described to regulate alternative macrophage activation
towards an M2 pro-tumourigenic state [Z7128129] As shown in Figure 4C,D, both markers show reduced staining in the
BRAF FOXE1*" cancer samples with respect to the BRAF FOXE1** ones. The expression of two additional M2-related



markers, ARGINASE1 (ARG) and INTERLEUKINE10 (I1L10) BYB1 was measured to further evaluate if the reduction of
FOXE1 levels could affect the abundance of this macrophage subpopulation within the tumour. BRAF FOXE1*" cancers
showed a weaker expression of both M2 markers with respect to the BRAF FOXE1** ones (Figure 4E). Since cancer-
associated fibroblasts (CAFs), together with TAMs, are the main components of the tumour stroma, we looked at a-SMA
expression as a CAFs-specific marker. IHC for a-SMA reveals that reducing FOXE1 levels in BRAFY6%E_induced thyroid
cancer decreases the CAFs stromal expansion observed in FOXE1 wild type background (Figure 4F). As control, we
analysed WT and FOXE1*" mice, that do not develop cancer because they are not transgenic for BRAFV600E [20]
observing no statistically significant differences in the expression of chemokines and their receptors (Eigure S2A) or in
IHC staining for IBA1 (Eigure S2B,C).
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Figure 4. FOXE1 modulates macrophage recruitment in vivo. (A) BRAF FOXE1*"* and BRAF FOXE1*" mice were treated
with doxycycline for one week to induce BRAFV89E_dependent thyroid cancer. RNA was isolated from pools of thyroids
with the same genotype and treatment. Macrophage-related genes and (B) CCR2 and CSF1R expression was analysed
by quantitative RT-PCR, and the results are reported as the fold change of BRAF FOXE1*'*- and BRAF FOXE1* -treated
groups on the respective untreated group. * p < 0.05, ** p < 0.01; *** p < 0.001. (C) Thyroid sections were analysed by
immunohistochemical staining for macrophage markers IBA1 and (D) GALECTINS. Nuclei are stained with haematoxylin.
20x (upper panels) and 40x (lower panels) of the 20x boxed area, magnifications are shown. (E) Expression analysis of
M2 macrophage subpopulation markers ARGINASE1 (ARG) and INTERLEUKINEZ10 (IL10) on the same samples as in A.
* p < 0.05. (F) Immunohistochemical analysis of a-SMA in thyroid sections from BRAF FOXE1** and BRAF FOXE1*"
doxycycline-treated mice. Nuclei are stained with haematoxylin. 20X (upper panel) and 40X (lower panels) of the area
boxed in 20x magnifications are shown. The images are representative of six different images.
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