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ARTICLE INFO ABSTRACT

Keywords: Aberrant splicing events are associated with colorectal cancer (CRC) and provide new opportunities for tumor
NE-Y diagnosis and treatment. The expression of the splice variants of NF-YA, the DNA binding subunit of the tran-
Alternative splicing scription factor NF-Y, is deregulated in multiple cancer types compared to healthy tissues. NF-YAs and NF-YAI
gg{:ﬁ Tcancer isoforms differ in the transactivation domain, which may result in distinct transcriptional programs. In this study,
Cell migration we demonstrated that the NF-YAI transcript is higher in aggressive mesenchymal CI]ECS and predicts shorter

patients’ survival. In 2D and 3D conditions, CRC cells overexpressing NF-YAI (NF-YAL i8h) exhibit reduced cell

Metastasis

EMT proliferation, rapid single cell amoeboid-like migration, and form irregular spheroids with poor cell-to-cell
ECM adhesion. Compared to NF-YAs™?, NF-YAI"$? cells show changes in the transcription of genes involved in
E-Cadherin epithelial-mesenchymal transition, extracellular matrix and cell adhesion. NF-YAl and NF-YAs bind similarly to

the promoter of the E-cadherin gene, but oppositely regulate its transcription. The increased metastatic potential
of NF-YAI"8! cells in vivo was confirmed in zebrafish xenografts.

These results suggest that the NF-YAI splice variant could be a new CRC prognostic factor and that splice-
switching strategies may reduce metastatic CRC progression.

1. Introduction

NF-Y is a heterotrimeric transcription factor, composed by the DNA
binding subunit NF-YA and the histone-fold domain NF-YB/NE-YC
dimer [1]. Multiple bioinformatic studies demonstrated that the NF-Y
binding site, the CCAAT box, is one of the most represented promoter
elements in eukaryotic cells [2-5]. In particular, the CCAAT box is
among transcription factor binding sites (TFBS) identified in the regu-
latory regions of tumor-associated genes (reviewed in Ref. [6]).
Consistently, NF-Y activates genes of cellular pathways commonly
altered in cancer cells, such as cell cycle and metabolic ones [4,7].
Transcription levels of NF-Y subunits are altered in cancer tissues and
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cells: NF-YA is up-regulated in different tumors, such as gastric, lung,
breast, ovarian, osteosarcoma and prostate cancers [8-14], while NF-YC
increase has been described in glioma and choroid plexus carcinomas
(CPQ) [15,16].

In the last years, much attention has been given to alternative
splicing regulation of NF-Y, in particular NF-YA. The NF-YA gene en-
codes for two splice variants, NF-YAs and NF-YAI, with the last one
including additional 28/29 amino acids stretch (exon 3) within the
transactivation domain. The two NF-YA proteins can modulate different
transcriptional programs, with even opposite effects on cell proliferation
and differentiation processes [17]. In the endometrium, NF-YAI is
exclusively expressed in benign tissues, while NF-YAs is observed in
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cancer and poorly differentiated ones [6,18]. NF-YAs increases at the
expense of NF-YAl in lung adenocarcinoma (LUAD), lung squamous cell
carcinoma (LUSC), breast (BRCA) and prostate (PCA) cancers [10]
Despite this, data from LUSC, BRCA and PCA clearly showed that a
decrease in NF-YAs/NF-YAl ratio is linked to a pro-migration signature
and an aggressive metastasis-prone phenotype, characterized by the loss
of epithelial and acquisition of epithelial-mesenchymal transition (EMT)
features [13].

Colorectal cancer (CRC) is the third most commonly diagnosed
tumor cancer in men and the second in women worldwide. In particular,
colon adenocarcinoma (COAD) is the most prevalent type of CRC. The
Tumor, Node, Metastases (TNM) staging is currently used to predict the
prognosis for CRC affected patients, it guides the need for adjuvant
therapy after potentially curative surgery and allows to select patients
for participation in clinical trials [19].

On the basis of multiple sets of data, including DNA copy number and
DNA methylation, messenger RNA (mRNA) and microRNA (miRNA)
expression, and exome sequencing, three major molecular subtypes have
been identified: MSI/CIMP (microsatellite instability/epigenomic CpG
island methylator phenotype), CIN (chromosomal instability) and
invasive subtypes [20].

In addition to gene expression-based subtyping, CRC gene expression
heterogeneity is best described through four internationally approved
Consensus Molecular Subtypes (CMS) [21]. The CMS1 group is charac-
terized by hypermutation, enrichment of BRAF mutation and immune
infiltration, while the canonical epithelial subtype CMS2 shows strong
upregulation of WNT and MYC; KRAS-metabolic adaptation distin-
guishes the metabolic subtype CMS3, and the stemness, EMT and extra
cellular matrix (ECM)-remodeling transcriptional signature character-
izes the mesenchymal subtype CMS4.

The ECM is a key component of the tumor microenvironment and
contributes to cancer pathogenesis by modulating immune response,
proliferation and survival of tumor cells, and cancer cell migration [22,
23].

With the aim to identify a possible NF-YA splicing signature for
stratification of CRC patients, we found a significant association be-
tween a reduced NF-YAs/NF-YAI ratio and those CRC subtypes char-
acterized by ECM transcriptional profiles, such as MSI/CIMP and CMS4
subtypes. Through the modulation of NF-YA isoforms, we demonstrated
that NF-YAl overexpression impairs cell proliferation, anchorage-
dependent and -independent cell growth. High NF-YAI levels trigger a
pro-migratory behavior of CRC cells both in 2D and 3D culture condi-
tions. Time-lapse imaging highlighted that NF-YAl enhances fast single
cell amoeboid-like migration, in opposition to NF-YAs that promotes
collective migration. NF-YAI"8" cells are characterized by a transcrip-
tional signature associated with ECM and EMT. The two NF-YA isoforms
control the expression of E-cadherin through direct binding to its
CCAAT-promoter region, with NF-YAs activating and NF-YAI inhibiting
E-cadherin transcription. Further, we investigated the different aggres-
siveness of CRC cells in vivo: compared to NF-YAs™#", NE-YAIM&" cells
showed greater metastatic potential when injected into transgenic
zebrafish, a model for metastasis extravasation.

Altogether, our data clearly suggest that the two NF-YA variants can
be key markers for CRC patients stratification, with high NF-YAI
expression being a hallmark of cancer cell dissemination and CMS4
mesenchymal subtype.

2. Materials and methods
2.1. TCGA data analysis

RNA-seq raw counts data of TCGA COAD cohort were retrieved from
firebrowse (http://firebrowse.org/) webpage. The dataset is composed
of 500 samples, 41 of which normal tissues and 459 tumor tissues.
Clinical and survival data were downloaded from UCSC Xena repository
[24]. Genes and isoforms raw counts were normalized using DESeq2 R
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package [25].

Survival analyses according to expression data were performed
stratifying the patients for which the Progression Free Interval (PFI)
information was available in two groups: one including the first three
quartiles (high) and the other one comprising the last quartile (low).
Significant differences in survival were assessed according to the
Kaplan-Meier analysis and log-rank test.

Comparisons of NF-Y subunits or NF-YA isoforms between condi-
tions were conducted on normalized counts and statistical significance
was assessed with Wilcoxon rank-sum test. NF-YAs/NF-YAI ratio was
computed as the Log2 of normalized counts ratio after the addition of a
pseudovalue equal to 1. All bioinformatic analyses were performed in
the R programming environment (version 4.2.0) using the ggplot2,
ggpubr, survival, survminer, tidyverse packages.

2.2. TCGA samples classification

Expression subtype of TCGA samples was assigned using the deep
learning-based framework DeepCC [26], employing as training set 220
samples classified in mRNA clusters [20]. Analogously, the samples
were classified into Consensus Molecular Subtypes using as training set
the 371 labeled TCGA samples available [21].

2.3. CRC cell lines RNA-seq data processing

Raw RNA-seq data of Cancer Cell Line Encyclopedia (CCLE) were
retrieved on Sequence Read Archive (SRA). Reads were aligned to
human transcriptome with bowtie2 [27] and transcripts were quantified
with RSEM v. 1.3.1 [28].

2.4. Promoter analysis

In silico analysis of promoter sequences (—950 to +50 relative to
transcription start site) for the presence of putative NF-Y binding
sites was performed with the computational algorithm Lasagna-Search
2.0 (https://biogrid-lasagna.engr.uconn.edu/lasagna_search/), with
TRANSFAC and JASPAR core matrices for NF-Y and NFYA, using default
system parameters and cutoff p-value of 0.001. We assessed the presence
of the CCAAT/ATTGG pentanucleotide by manual inspection of each
promoter in the UCSC Genome Browser (http://genome.ucsc.edu)
through the Short Match Track Settings, and the presence of NF-Y
binding from the ENCODE Project, through the Transcription Factor
ChIP-seq Peaks from ENCODE 3 tracks in the UCSC Genome Browser
(human GRCh37/hg19).

2.5. Cell lines, treatments and lentiviral transduction

HT29 (ATCC Cat# HTB-38), RKO (ATCC Cat# CRL-2577) and HFF
(ATCC Cat# SCRC-1041) cells were grown in DMEM High Glucose
Medium (Biowest, France). HCT116 (ATCC Cat# CCL-247) were grown
in IMDM Medium (Biowest, France). All media were supplemented with
2 mM glutamine, 100 IU/ml penicillin, 100 pg/ml streptomycin and
10% FBS (Gibco). The cells were grown at 37 °C and 5% CO, with
saturating humidity.

Stable NF-YA-overexpressing cell lines were obtained by lentiviral
infection of HCT116 and HT29 cells with pSIN-NF-YAs, pSIN-NF-YAl
or control pSIN-empty particles for 48 h [41]. Infected cells were then
selected using puromycin (3 pg/ml) and maintained in medium sup-
plemented with puromycin (0,8 pg/ml), as previously described [14].

For protein degradation inhibition assay, HCT116 cells (3 x 10%/
well) were grown in complete medium for 24 h, then treated with 10 uM
Chloroquine (Sigma Aldrich) and 50 pM Z-Leu-Leu-Leu-H (MG132;
AbMole Bioscience) for 16 h.
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2.6. Anchorage-independent and anchorage-dependent 3D colony assay

For anchorage-independent colony formation assay, 0.6% low melt
agarose gel with 10% FBS in appropriate complete cell growth medium
was prepared and added to 6-well plate as a base agar. 5 x 10° cells/well
were resuspended in 0.22% (HCT116) or 0.3% (HT29) agarose gel in
appropriate complete cell growth medium and plated on top of a base
layer. After 3 weeks (HCT116) or 2 weeks (HT29) colonies were stained
with 0.07% crystal violet solution in 1X PBS. Plates were imaged and
colonies were counted in three independent experiments.

The xeno-free hydrogel system (Vitrogel 3D, TheWell Bioscience,NJ)
that mimics the natural ECM environment was used for anchorage-
dependent colony formation assay from single cell. After warming,
Vitrogel 3D was diluted with 0.1X PBS (1:1), and then gently mixed with
HCT116 cells suspension (5 x 10%/well) (2:1). 75 pl of hydrogel/cell
mixture were transferred into a 96-well plate and, after 15 min of in-
cubation for stabilization, 75 ul of complete IMDM medium was added
to the hydrogel into each well. Cell growth and cluster formation were
imaged after 1 week by EVOS M5000 microscope (Thermo Fisher Sci-
entific, MA).

2.7. Cell proliferation assay

5 x 10® HCT116 or HT29 overexpressing cells were seeded into 96-
well plate and grown in complete medium. After 24 h, 48 h, 72 h, 96 h,
PrestoBlue reagent (#A13261, Thermo Fisher Scientific, MA) was added
to the medium (1:9 v/v) and incubated for 1 h at 37 °C. Cell viability was
calculated by quantifying PrestoBlue reduction by measuring the
absorbance at 570-620 nm, according to the manufacturer’s protocol.
Three independent experiments were performed.

2.8. Migration and invasion assays

Cell motility was studied in Transwell membranes (pore size 8 pm;
#3464, Corning), as previously described [14]. HCT116 overexpressing
cells were starved overnight and 5 x 10° cells were seeded in 100 pl of
serum free medium into the upper chamber of the Transwell. Complete
IMDM medium containing 10% FBS was used as chemoattractant in the
lower chamber. After 96 h, the cells were removed from the upper
chambers with a cotton swab, while cells on the underside of the inserts
were fixed and stained with 0.5% crystal violet solution in 20% Meth-
anol, for 15 min. Inserts were then washed with distilled water, dried
and imaged with an EVOS M5000 microscope (Thermo Fisher Scientific,
MA). Cells were counted in five randomly selected fields of each sample
and percent migration was calculated, according to the manufacturer’s
protocol.

Cell migration was further studied in Alvetex scaffolds (12-well
insert, #AVP005, Reprocell, UK): the membranes were hydrated in 70%
ethanol and washed in culture medium. 5 x 10° HCT116 overexpressing
cells were dispensed in 75 pl of medium on the middle of the disc, and
incubated for 2 h at 37 °C to facilitate cell attachment, then the wells
were filled with complete growth medium below and above the mem-
brane. After 72 h, Alvetex scaffolds were washed with 1X PBS,
embedded in OCT matrix and processed for cryosectioning. Longitudinal
sections of 10 pm were stained with standard haematoxylin and eosin
(H&E) or processed for immunofluorescence. Images were obtained
with an EVOS M5000 microscope (Thermo Fisher Scientific, MA) and
the percentage of cell penetration was measured with ImageJ software.

Wound healing cell migration assay: HCT116 or HT29 over-
expressing cells (6 x 10%) were seeded into Ibidi culture-insert (#80209,
Ibidi GmbH, Germany) and cultured until confluence, then the insert
was removed to create the gap. The cells were gently washed with 1X
PBS and complete IMDM medium was provided. Images were acquired
with an EVOS M5000 microscope (Thermo Fisher Scientific, MA)
immediately after insert removal (T0) and up to 48 h for HCT116 and 72
h for HT29 cells. Wound areas were measured by using Photoshop
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software and residual wound area (%) was calculated with the formula:
final area/initial area x 100.

Wound healing co-culture assay: HFF (6 x 10% and HCT116-
overexpressing (6 x 10%) cells were seeded into two adjacent wells of
the same Ibidi culture-insert and cultured until confluence was reached.
Before removing the insert, HCT116 and HFF were stained with Vibrant
DiO Cell-Labeling solution (#V22886, Molecular Probes) or DAPI for 10
min, respectively. The insert was removed to create the gap, the cells
were gently washed with 1X PBS and complete medium was provided.
Images were acquired with an EVOS M5000 microscope (Thermo Fisher
Scientific, MA) immediately after insert removal (T0) and up to 72 h.

2.9. Immunofluorescence

Alvetex sections were fixed for 20 min with 10% Formalin Solution
(#HT5014, Merck KGaA), rinsed three times with 1X PBS for 5 min and
permeabilized with ice-cold 1X PBS/0.5% TritonX-100 for 10 min at RT.
Sections were incubated 1 h in blocking buffer (4% BSA, 0.1% TritonX-
100 in 1X PBS) and then incubated over-night at 4 °C with rabbit anti-Ki-
67 antibody (dilution 1:300 in blocking buffer; #9129, Cell Signaling).
After two washes with 1X PBS for 5 min, Alexa-fluor 488-conjugated
antibody (dilution 1:400 in blocking buffer; #A-21206, Thermo Fisher
Scientific, MA) was incubated for 1 h at RT, followed by nuclei staining
with DAPI (1:5000 in 1X PBS) for 10 min. After washing with 1X PBS,
sections were mounted on slides with imaging spacers in Mowiol. Im-
ages were acquired using an EVOS M5000 (Thermo Fisher Scientific,
MA) fluorescence microscope.

For E-cadherin immunofluorescence, HCT116 cells were seeded on
coverslips and grown to confluence. Cells were fixed for 15 min in 10%
Formalin Solution (#HT5014, Merck KGaA), rinsed twice in 1X PBS and
permeabilized with ice-cold 1X PBS/0.05% TritonX-100 for 10 min at
RT. After incubation in blocking buffer (1% BSA in 1X PBS) for 30 min,
samples were first incubated overnight at 4 °C with anti-E-cadherin
antibody (dilution 1:1000 in in blocking buffer; #3195, Cell
Signaling), then for 1 h with anti-rabbit Alexa-fluor 488-conjugated
antibody (dilution 1:400 in blocking buffer; #A-21206, Thermo Fisher
Scientific). Nuclei were counterstained with DAPI. After washing with
1X PBS, the cells were mounted on slides in Mowiol. Images were ob-
tained using an EVOS M5000 (Thermo Fisher Scientific) fluorescence
microscope.

2.10. 3D multicellular tumor spheroids (MTSs)

5 x 10° HCT116 overexpressing cells were plated into 96-well Round
Bottom Ultra-Low Attachment (ULA) plates (#7007 and #4515, Corn-
ing, USA) in 150 pl complete ice-cold medium containing 1 mg/ml
Matrigel matrix (#354248, Corning, USA) followed by centrifugation
for 10 min at 1000xg, 4 °C, using no braking. MTSs were incubated for 7
days at 37 °C and 5% CO; in humidified incubator. 50 pL of fresh
complete medium was added every 3 days. MTSs images were acquired
with an EVOS M5000 microscope (Thermo Fisher Scientific, MA) [14].

To assess cell dissemination from spheroids, MTSs were gently
collected after four days of culture and washed with 1X PBS, using cut
P200/P1000 pipette tips to preserve morphology, then one 50 pl drop
containing one MTS was transferred into a 96-well flat bottom plate and
submerged in culture medium. MTS-detached cells were monitored up
to 6 days by EVOS M5000 imaging system (Thermo Fisher Scientific,
MA).

Spheroid 3D cells invasion was assessed by transferring MTSs on a
collagen-based substrate. The collagen matrix was prepared as follows:
high-concentrated rat tail collagen I (#7341085, Corning, USA) (3 mg/
ml) was mixed with NaOH, NaHCO3 and IMDM medium, in ice-cold
condition. After controlling pH (7-8), 100 pL of matrix were
dispensed into 96-well plate and allowed to polymerize for 30 min at
37 °C. MTSs were gently collected and washed with 1X PBS, using cut
P200/P1000 pipette tips to preserve morphology, then one 50 pl drop
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containing one MTS was transferred on the collagen layer and complete
IMDM medium was provided. Spheroid cell invasion was monitored and
imaged up to 7 days by EVOS M5000 imaging system (Thermo Fisher
Scientific, MA).

2.11. Time-lapse imaging

Time-lapse imaging was performed using a home-developed on-stage
cell incubator [29]. The system provides an environment at constant
temperature of 37 °C and constant 5% CO, concentration. For wound
healing experiments, live cell imaging was performed with an Olympus
IX 70 microscope equipped with a 20X phase-contrast objective (NA
0.75) and a CMOS camera (Hamamatsu ORCA-flash 4.0LT - C11440).
The live-cell imaging incubator was mounted on a home-developed
motorized x-y stage to acquire images at multiple positions (up to 12)
with an auto-focus system developed exploiting a stepper-motor con-
nected to the objective lens knob and controlled by Arduino Uno and a
purposely written Python software. For each sample, a mosaic of 2 x 2
adjacent images was acquired and a stitching of the images was the
performed using the Fiji built-in plugin Grid Stitching (https://imagej.
net/plugins/grid-collection-stitching) [30]. In the case of live-imaging
of the multicellular spheroids, a 10x bright field objective was used.
Images were acquired every 6 or 8 min for a total time up to 48 h.

2.12. Wound healing image analysis

The profile of the advancing cell-sheet edges in wound-healing ex-
periments was measured by a specifically developed Fiji macro and a
Python software. Briefly, adjacent images acquired during live-cell im-
aging were fused in 2 x 2 mosaics by using the Fiji built-in plugin Grid
Stitching. Such mosaics were aligned in a time-lapse sequence with a
second built-in plugin, Template Matching/Align slices in stack. After-
wards, in order to establish the perimeter of the closing wound and the
complexity of the advancing cell front, an already existing macro
Wound_healing size_tool [31] was modified to best suit our requirements.
The macro, as originally conceived by the authors, allows to contour the
cell front with customizable parameters and quantify the wound area;
we included a function that enables the export of the x-y coordinates of
the contour points in a text file. Finally, a dedicated script in Python was
developed to extrapolate the x-y coordinates of the two facing cell
fronts, to discard outliers defects as well as floating cells not included in
the cell-sheets and add missing points. The obtained effective length of
the cell-sheet edge was then divided by the acquired image width to
obtain a parameter expressing the complexity of the advancing front,
defined as follows (L/D):

i=N—1
> 2 2
\/ Xi = Xi + (vi — i
L/DFromLeﬂgrh =0 ( +1) (0 = Yis1)

Imagewian Imageyiqn

This parameter (by definition always >1) allows to distinguish the
characteristics of the different cell populations between a more indi-
vidual or collective migration propensity. In the case of more individual
migration, the complexity parameter is higher than that obtained in the
second case. The script also traces the mean position of the points of both
left and right fronts over time, in order to measure the mean front
displacement with respect to the initial mean position.

PIV (Particle Image Velocimetry) analysis was performed by the
Open PIV MATLAB software. This analysis allows to extract the velocity
trend in snapshots of the same sample area obtained at different times.
In the plots we reported the magnitude of the speed with a false color
scale and we overlaid arrows to indicate the directionality of the speed.
For the analysis, we used averages over time in a time interval of about
30 min. From the x and y components, we calculated the angle of the
velocity with respect to the perpendicular to the cell sheet edge.
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2.13. Protein extraction and immunoblotting

Whole-cell protein extracts were prepared by lysis of 2D cultured
cells into 1X SDS sample buffer (25 mM Tris—HCI pH 6.8, 1.5 mM EDTA,
20% glycerol, 2% SDS, 5% f-mercaptoethanol, 0.0025% Bromophenol
blue). Protein lysates of MTSs were obtained from a pool of at least eight
spheroids. After two washes with 1X PBS, MTSs were disaggregated with
0,1% trypsin for 10 min at 37 °C, then resuspended in medium and
centrifuged at 3000 rpm for 5 min. Cell pellets were washed with 1X PBS
and lysed in 1X SDS sample buffer. Equivalent amounts of cellular ex-
tracts were resolved by SDS-PAGE, transferred to nitrocellulose mem-
brane (GE Healthcare) with Trans-Blot Turbo Transfer System (Bio-Rad,
USA) and immunoblotted with the following primary antibodies, diluted
1:1000 in 1X TBS with 1 mg/ml BSA: rabbit anti-vimentin (#D21H3 XP,
Cell Signaling), rabbit anti-Snail (#C15D3, Cell Signaling), rabbit anti-
Slug (#C19G7, Cell Signalling), rabbit anti-E-cadherin (#3195, Cell
Signaling), mouse anti-NF-YA (G2) (#sc-17753, Santa Cruz Biotech-
nology), rabbit anti-AKT (#MAB2055, R&D Systems), rabbit anti-
phospho-AKT(S473) (#AF887, R&D Systems), rabbit anti-RhoA (67B9,
#9968, Cell Signaling),rabbit anti-RhoC (D40E4, #9968, Cell
Signaling),mouse anti-Tubulin (#66031, Proteintech Europe). Mem-
branes were blotted and scanned with Amersham Imager AI680 RGB
(GE Healthcare), using chemiluminescent detection reagents Westar nC
and Supernova HRP substrates (Cyanagen).

2.14. RNA extraction and RT-qPCR

RNA was extracted from cells by using Ripospin II mini Kit
(#314-150, GeneAll), according to the manufacturer’s protocol. For
cDNA synthesis, 200 ng of RNA was retrotranscribed with PrimeScript
RT Reagent Kit (#RR037A, Takara Bio). Quantitative RealTime PCR was
performed with SsoAdvanced Universal SYBR Green Supermix
(#1725274, Bio-Rad, USA) using Biorad CFX connect Real-Time PCR
Detection System. Oligonucleotides sequences are listed in Supplemen-
tary Table 1. Data were analyzed using the Bio-Rad CFX Maestro 2.0
software (Bio-Rad) and mRNA expression was normalized to Rps20. For
transcriptomic analysis of “Extracellular matrix and adhesion mole-
cules”, 20 ng/pL of cDNA were loaded into predesigned 96-well plate
panel (#10034145, Bio-Rad, USA) and quantitative RealTime PCR was
performed by using Roche LC480 thermocycler with SsoAdvanced
Universal SYBR Green Supermix.

2.15. Chromatin immunoprecipitation

Chromatin was prepared from subconfluent HCT116 cells and ChIP
was performed as previously described [32,33]. Each IP was incubated
overnight at 4 °C on a rotating wheel with the following antibodies: 1 pl
of anti-NF-YA (#C15310261, Diagenode), 4 pug of anti-NF-YB (Pab001,
GeneSpin) or rabbit IgG (sc-2027, Santa Cruz Biotechnology). Immu-
noprecipitated DNAs were isolated by phenol-chloroform extraction and
resuspended in Tris-EDTA buffer. Quantitative Real-Time PCR was
performed with SsoAdvanced Universal SYBR Green Supermix
(#1725274, Bio-Rad) in the Bio-Rad CFX connect machine. Sequences of
primers used are listed in Supplementary Table 2.

2.16. Cell transfection and luciferase assay

Sub-confluent HCT116 overexpressing cells were transfected in 24-
well plates using Lipofectamine 2000 Transfection Reagent (Invi-
trogen), according to the protocol provided by the manufacturer. Cells
were recovered 24 h after transfection and resuspended in lysis buffer
(1% TritonX 100, 25 mM GlyGly pH 7.8, 15 mM MgSO4, 4 mM EGTA pH
8). Luciferase activity was measured on a GloMax Discover microplate
reader (Promega). 250 ng of the Cdhl promoter luciferase construct
(proE-cad178-Luc, Addgene plasmid # 42081 [34]) were co-transfected
with 100 ng of pCMV GFP and 100-200-300 ng of pSG5-NF-YA-DN



G. Rigillo et al.

vector encoding for the NF-YA dominant negative mutant or pSG5
expression vector encoding for murine NF-YAl and NF-YAs [35,36]. The
results were normalized to protein concentration (Bradford reagent,
Sigma Aldrich) and percentage of GFP-positive cells, measured by At-
tune NxT Flow Cytometer (Thermo Fisher Scientific). Four independent
transfections were performed.

2.17. Zebrafish injection of cancer cells

Fertilized eggs from the Tg(flil:EGFP) transgenic zebrafish strain
were obtained from natural spawning, maintained in fish water with
0.1% of Methylene Blue and raised at 28 °C, according to Kimmel et al.
[37]. Before handling, larvae were anesthetized in 0.02% tricaine so-
lution (Sigma-Aldrich).

Prior to injection, cancer cells were collected by trypsinization and
labeled with red (CellTracker™ CM-Dil, Invitrogen) or deep red fluo-
rescent dye (CellTracker™ Deep Red, Invitrogen) for 20-30 min and
resuspended in PBS at a concentration of 2.5 x 105/uL. Tg(flil1:EGFP)
transgenic zebrafish embryos were dechorionated at 48 h post-
fertilization (hpf), anesthetized before injection and oriented in a
lateral orientation on an agarose bed. 300/500 cells were implanted in
the sub-peridermal space of larvae using a pulled micropipette. Embryos
injected in the perivitelline space that show cancer cells in circulation
were excluded. The selected embryos were incubated at 34 °C. At 24 h
post-injection (hpi), the presence of circulating cells was evaluated using
a confocal microscope (Nikon Corporation, Tokyo, Japan) and images
analyzed with the NIS Elements software (Nikon Corporation, Tokyo,
Japan).

2.18. Statistical analysis

Data represent the mean of at least three independent experiments +
standard deviation. Statistical analyses were performed using GraphPad
PRISM 8.0 software using one-way ANOVA or unpaired Student’s t-test,
as appropriate. p values < 0.05 were considered to be statistically sig-
nificant: (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (¥****).

3. Results

3.1. The expression of NF-YA transcript variants is deregulated in CRC
patients

To investigate the possible role of NF-Y in colon cancer, we first
analyzed the expression levels of NF-Y subunits in COAD (colon
adenocarcinoma) patients. TCGA data clearly showed a significant
overexpression of both NF-YA and NF-YB transcripts, in opposition to
NF-YC that was down-regulated in tumor compared to normal samples
(Fig. 1A). The increase in NF-YA transcripts is ascribable to the NF-YAs
variant, which is up-regulated in opposition to NF-YAIl (Fig. 1B), as
already observed for other types of cancers [9,10,14,38]. We then
evaluated the ratio between NF-YAs and NF-YAI transcripts in patients
stratified according to lymph node involvement, a determining prog-
nostic classification used for therapeutic decisions: NF-YAI significantly
increases in patients characterized by a high number of positive lymph
nodes (n = 11-16 and n = 17+ categories) versus negative patients (n =
0) (Fig. 1C, left panel). Despite not statistically significant, the increase
in NF-YAI levels was paralleled by a decreasing trend in the
NF-YAs/NF-YAl ratio (Fig. 1C, right panel). While total NF-YA or
NF-YAs levels did not correlate with the overall survival probability of
patients (OS) (Suppl. Fig. 1A and B), we observed a significant reduction
in OS in patients characterized by high NF-YA]l mRNA compared to
those with low transcript levels (Fig. 1D).

To further explore the hypothesis that NF-YAI could discriminate
aggressive CRC, we analyzed the expression of NF-YA isoforms in CRC
patients stratified on the basis of CMS subtypes (Fig. 1E). Compared to
normal samples, NF-YAs increases in all CMS subtypes with the
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exception of CMS1, while NF-YAl decreases in all CMSs, CMS4
excluded. Hence, with respect to other CMS tumor subtypes, a lower
NF-YAs/NF-YAl ratio is observed in CMS4, which is characterized by a
mesenchymal subtype that involves the upregulation of EMT pathways,
TGF-p signaling, matrix remodeling, stromal infiltration, poor relapse-
free and survival (Suppl. Fig. 1C) [21]. Similarly, we identified a sig-
nificant upregulation of NF-YAI transcription in the MSI/CIMP group,
which is enriched for the CMS4 subtype (Suppl. Fig. 1C and D). Inter-
estingly, the CMS2 cluster showed an increase in the NF-YAs transcript
compared to the other CMS subtypes, consistently with the key role of
NF-YAs in proliferation and cell cycle pathways, gene sets that are
enriched in CMS2 adenomas (Fig. 1E) [13,17,21,39].

These results suggest that higher NF-YAI expression could predict
increased CRC aggressiveness and metastasis, presumably through the
acquisition of a migratory/EMT phenotype, as observed in the CSM4
group.

3.2. High NF-YAl levels correlate with the expression of mesenchymal
markers and enhance cell migration

To determine whether the two NF-YA isoforms can differently
sharpen CRC behavior, we decided to use in vitro cellular models. By
Western blot, we analyzed the protein levels of NF-YAs and NF-YALI in
three different CRC cell lines: the epithelial HT29 cells, which have in-
termediate capacity to differentiate, the aggressive non-differentiating
HCT116 cell line, and the mesenchymal RKO cells (Fig. 2A). The
levels of the EMT markers Vimentin, Snail and Slug confirmed the
epithelial, epithelial/mesenchymal, and mesenchymal phenotypes of
HT29, HCT116 and RKO cells, respectively. Although NF-YAs is the
predominant isoform in all CRC cell lines, as expected, we observed an
increasing expression of NF-YAI from HT29 to RKO cells, hinting that
NF-YAI expression could be involved in mesenchymal transition and
aggressive phenotype (Suppl. Fig. 2).

These results together with the higher expression of NF-YAI in the
CMS4 group prompted us to study possible effects on the EMT and ECM
pathways induced by the overexpression of NF-YAs or NF-YAl in CRC
HCT116 and HT29 cell lines (Fig. 2B and Suppl. Fig. 3A).

First, we investigated the consequences of NF-YA overexpression on
the proliferative and clonogenic abilities of HCT116 and HT29 stable
cell lines. While NF-YAs overexpression (NF-YAshigh) did not affect cell
proliferation, NF-YAl-overexpressing cells (NE-YAIM8") showed a sig-
nificant decrease in cell doubling, as highlighted by cell viability assay
(Fig. 2C). Despite not statistically significant, a similar difference in cell
proliferation between NF-YAs"®" and NF-YAIM#" was observed in HT29
cells (Suppl. Fig. 3B). Additionally, NF-YAl induced a striking reduction
of anchorage-independent colony formation in both cell lines (Fig. 2D
and Suppl. Fig. 3C). Further, we analyzed the behavior of 3D colonies
grown from single cells seeded into Vitrogel that closely mimics the
natural ECM. After 9 days of culture, NF-YAs"™8" HCT116 formed
compact round colonies with increased dimension compared to empty
cells. In opposition, NF-YAI"8" HCT116 were not able to form polarized
structures and showed larger irregular colonies (Fig. 2E).

According to the hypothesis of the existence of a balance between
migration and proliferation in cancer cells [40], we investigated the
migration abilities of HCT116 overexpressing cells. Transwell assays
showed that high expression of both NF-YAl and NF-YAs enhances cell
migration, with 3-fold increased migration of NF-YAIM8" cells versus
control cells (Fig. 2F). We observed the same behavior when we cultured
the cells in Alvetex supports, highly porous polystyrene scaffolds
designed for 3D cell culture. Both NF-YA isoforms, in particular NF-YAL,
enhanced the depth of cell penetration into the scaffold (Fig. 2G).

3.3. NF-YAl overexpression triggers single-cell migration and single-cell
detachment events

Wound healing assays and live imaging analysis further
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Fig. 1. Expression of NF-YA and its splice variants in CRC samples. A) Transcriptional levels of NF-YA, NF-YB and NF-YC subunits in tumor (T) tissue samples
compared to normal (N) ones from the TCGA-COAD data set. Data are expressed as normalized count. P values were calculated with the Wilcoxon test. The number of
patients for each condition is reported in brackets. B) Transcript levels of NF-YAI and NF-YAs isoforms (left) and ratio of NF-YAs/NF-YAIl transcripts (right) in tumor
(T) compared to normal (N) tissue samples from the TCGA-COAD data set. p values were calculated with the Wilcoxon test. The number of patients for each condition
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Fig. 2. Effect of NF-YA isoforms overexpression on proliferation and migration abilities of CRC cells. A) Western blot analysis of EMT markers (vimentin, snail,
slug, E-cadherin) and NF-YA isoforms in CRC cell lines (HT29, HCT116, RKO). Tubulin was used as loading control. The quantification of NF-YAs and NF-YAl
expression by ImageJ analysis is reported as NF-YAs/NF-YAI ratio. S = NF-YAs, L. = NF-YAL B) Protein levels of NF-YA isoforms measured by Western blot in
HCT116 cells stably transduced with empty, NF-YAI and NF-YAs lentiviral particles. Tubulin was used as loading control. The quantification of NF-YAs and NF-YAl
expression by ImageJ analysis is reported as NF-YAs/NF-YAI ratio. S = NF-YAs, L = NF-YAL C) Cell proliferation curve of stably overexpressing HCT116 cells
analyzed by PrestoBlue cell viability assay after 24, 48, 72, 96 h of growth. Data were normalized to 24 h time point and represent mean + SEM (one-way ANOVA:
*p < 0.05 vs empty, n = 3). D) Colony number of Empty, NF-YAI and NF-YAs stable HCT116 cells in anchorage-independent condition. Data represent mean + SEM
(one-way ANOVA: **p < 0.01 vs empty, n = 3). E) Optical microscopy images representing Empty, NF-YAs and NF-YAI 3D colonies morphology in Vitrogel matrix.
Scale bar: 200 pm. F) Percentage of cell migration of Empty, NF-YAI™®" and NF-YAs"#" cells measured by transwell assay. Data represent mean + SEM (one-way
ANOVA: *p < 0.05, n = 3). G) Left: representative images of Alvetex cryosections stained with H&E and immunostained with Ki67 (green); scale bar: 100 pm. Right:

percentage of cell penetration of Empty, NF-YAI"'" and NF-YAs"&h
empty. n = 3).

cells in Alvetex scaffold after 72 h. Data represent mean + SEM (one-way ANOVA: **p < 0.01 vs

demonstrated higher migration abilities of both HCT116 and HT29 NF-
YAIME! cells (Fig. 3A; Movies 1-3, Suppl. Fig. 3D). Particle image
velocimetry (PIV) analysis on cell migration in HCT116 showed
increased speed of flows within cell sheet of NF-YAIM8! cells compared
to NF-YAs"8" ones (Fig. 3B). Interestingly, while the leading edge
advanced steadily forward in NF-YAs™#" HCT116 cells, NF-YAI"8" cells
showed a disordered progression, as highlighted also by the complexity
parameter L/D (Fig. 3C). This difference was corroborated by mea-
surements of directionality within the cells sheet. As shown by angular
deviation and variance, NF-YAs overexpression induced the cells to flow
into the space at the sheet edge, differently from NF-YAI"8" cells that
migrated in multiple directions and with an angular direction farther
from the perpendicular to the front edge (Fig. 3D).

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.canlet.2023.216262

These results suggested that collective migration occurs in NF-
YAs™8P cells, while more disordered motion at the leading edge, remi-
niscent of single cell migration, characterizes NF-YAI"8! cells. Cancer
cells disseminate as individual cells via mesenchymal or amoeboid
modes, with the amoeboid state being considered a mechanism to ac-
quire further plasticity and overcome certain environmental challenges,
such as confined migration through narrow spaces and smaller pores of
the ECM. High resolution microscopy images clearly showed the pres-
ence of cells with amoeboid-like morphology at the migrating edge of
NE-YA]Pish cells, but not of control or NE-YAs"8" ones (Fig. 3E).
Consistently, live cell analysis of wound healing highlighted the pres-
ence of NF-YAIM8" cells migrating through amoeboid-like movement
(Movie 4). We observed the same migration style in NE-YALMigh cells, but
not in NF—YAshigh, when cultured in non-confluent 2D conditions
(Movies 5,6).

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.canlet.2023.216262

To determine whether the different modalities of migration have
implications for cell dissemination from primary tumors, we transferred
pre-formed spheroids on collagen substrate (Fig. 3F). Empty and NF-
YAsM8P cells showed cells “wetting” the substrate out but in close
proximity of the spheroid body. In opposition, single cells disseminated
from NF-YAI"sh spheroids into the substrate. To better explore this
phenomenon, 3D spheroids formed in Matrigel matrix were transferred
into flat-bottom multi-well tissue culture plates, and time-lapse micro-
scopy was used to detect cells detaching from the spheroid surface into
free space (Fig. 3G.). Compared to the spheroids composed of empty
HCT116, more cells migrated collectively from the NF-YAs"8" spheroid
with few single cells visible at the front of migrating cells, while NF-
YAI"8" cells moved individually and left the spheroid body (Movies
7,8,9, Fig. 3G).

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.canlet.2023.216262

3.4. NF-YAI"" cells have infiltration ability in vitro and high metastatic
dissemination in vivo

To further demonstrate that increased NF-YAI expression favors cell
invasion abilities, we compared the extent of infiltration of NF-YAlh'gh,

NF-YAs"8! and empty cells into a monolayer of primary human fibro-
blasts (HFF). Stably transduced HCT116 and HFF were cultured in
adjacent compartments of a silicone insert that was removed when the
cells reached confluence, enabling both cancer cells and fibroblasts to
migrate towards each other (Fig. 4A). After 72 h from insert removal,
NF-YAIM8" cancer cells infiltrated into the stromal monolayer. Interest-
ingly, also HFF cells scattered into NF-YAIM8h HCT116 population,
suggesting that high NF-YAI expression could attract stromal cells.

We then studied the dissemination properties of CRC cell lines using
the Tg(flil:EGFP) zebrafish in vivo model. Empty, NF-YAs"®" and NF-
YAI"8" HCT116 cells were injected separately in the perivitelline space
to simulate the tumor mass. As previously demonstrated in vitro, NF-
YAI"8" cells showed higher migration properties in comparison to NF-
YAsM8 cells (Fig. 4B). Empty and NF-YAs"8" cells showed similar per-
centages of embryos with circulating cells, 56.19% and 51.02%,
respectively, while NF-YAI"#" cells reached the 72.67%. Next, we
decided to co-inject NF-YAs"8" and NF-YAI"® cells, in order to better
simulate cell sub-clones heterogeneity (Fig. 4C). Also in these experi-
mental conditions, NE-YAIM8 cells exhibited higher migration capa-
bility: 37.26% of the embryos (p = 0.04) had uniquely NF-YA[Pigh
metastasizing cells, while 17.78% of the embryos had both NF-YAshish
and NF-YAI"®" cells dissemination. Surprisingly, we did not identify
embryos with only NF-YAs™8" cells.

3.5. NF-YAI"8" and NF-YAs"8" cells show a different ECM-related and
EMT-related gene signature

A combination of strong cell-matrix and weak cell-cell adhesions
could account for increased invasion abilities of NF-YAIM#! cells. In
opposition to collective motility that requires coordinated cell-cell in-
teractions, individual cell migration relies on weakened intercellular
adhesion, and changes in ECM properties could promote EMT and
mesenchymal-to-amoeboid transition [42]. To explore this hypothesis,
we performed RT-qPCR analysis using a predesigned 96-well panel to
profile the expression of ECM and adhesion molecules in NF-YAs™8 and
NF-YAIM8h HCT116 compared to empty cells. While only few genes were
modulated by NF-YAs, NF-YAI forced expression triggered the tran-
scriptional up-regulation of multiple genes belonging to peptidase,
collagen, integrin, laminin and ECM families (Fig. 5A and Suppl. Fig. 4).
Interestingly, the majority of the genes up-regulated in NF-YAIM8! cells
have significant higher transcription levels in the CMS4 CRC subtype in
comparison with the other classes (Fig. 5B). Additionally, we observed
an increase in mRNA levels of key EMT genes, such as Snail, Fibro-
nectinl and Tgfp in NF-YAIM8! cells (Fig. 50).

To determine whether NF-YAI could directly control the expression
of the above-described ECM-related and EMT genes, we first examined
their regulatory regions for the presence of NF-Y binding sites (Fig. 5D).
Despite the enrichment in the NF-Y motif in both ECM and EMT genes,
most of the ECM genes up-regulated in NF-YAIM8! cells did not show
direct NF-Y binding from ENCODE data at UCSC, which tracks tran-
scription factor binding to DNA elements by ChIP-seq. Since these data
do not include CRC cells, we performed qChIP (quantitative Chromatin
ImmunoPrecipitation) in HCT116 cells. We confirmed that NF-Y does
not bind to the CCAAT-binding motif in the promoter of fibronectin 1
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gene. Differently, we validated the binding of NF-Y on the EMT genes
Snail and Snai2 (Fig. 5E). Beyond the up-regulation of the canonical
EMT-TFs SNAIL and SLUG (Fig. 5F), we identified an increase in the
expression of the Rho family of GTPases, RhoA and RhoC, which regu-
late cell motility through effects on actin and microtubule dynamics,
myosin activity and cell-ECM/cell-cell adhesions [43], in both

A B
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NE-YAIM8® and NE-YAsM8! cells (Fig. 5F). Differently, we observed a
major effect induced only by NF-YAI on the phosphorylation of Akt,
known to have a role in EMT and cell migration [44]. Total extracts from
spheroids showed the same expression pattern, except for RhoC (Fig. 5F,
right panel).
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Fig. 3. Effects of stable overexpression of NF-YA isoforms on cell migration mode and dissemination. A) Ibidi wound healing assay on empty, NF-YAl and
NF-YAs overexpressing HCT116 cells: quantification of the wound area compared to the initial gap, arbitrarily set at 100%, after 16 h (T1), 24 h (T2), 30 h (T3), 48 h
(T4). Data represent mean + SEM (one-way ANOVA: *p < 0.05, n = 3). B) Left: PIV (Particle Image Velocimetry) plots of the advancing edge of empty, NF-YAI and
NF-YAs cells in a wound healing experiment. The false-color scale represents the comparison of the cell motion speed (the lighter regions are areas with faster
migration speed whereas the vectors also represent the velocity direction. Scale bar: 200 pum. Right: the speed distribution plot for the three different cell populations
is reported. C) Left: snapshots of the wound healing experiments for empty, NF-YAI"#" and NF-YAsP&" cells. The images show the reconstructed advancement front. L
is the effective front length whereas D is the width of the imaged area. Right: L/D ratio as a function of time is reported for the different cell populations together with
the average displacement of the cell fronts. D) Analysis of migration direction of the different cell populations. Upper panel: the direction angle is defined with
respect to the perpendicular to the average cell front. Lower panel: the distributions of the cell migration directions are reported for the different cells. E) Left:
snapshot of movie 4 representing cell front in the wound healing assay of NE-YAI"8" cells. Scale bar: 200 um. Right: high resolution microscopic image of NF-YAI"h
cells immunostained with phalloidin (red) and dapi (blue). Scale bar: 50 pm. F) Representative images of empty, NF-YAI- and NF-YAs-overexpressing MTSs formed
in Matrigel matrix and then transferred on collagen substrate. Red arrows indicate cells migrating from spheroids. Scale bar: 300 pm. G) Snapshots of movie 7, 8, 9
Eepresenting cell detachment and dissemination (red arrows) from empty, NF-YAI"#" and NF-YAs"8" MTSs moved into flat bottom well plate. Scale bar: 100 pm.

3.6. NF-YAl and NF-YAs oppositely regulate E-cadherin gene expression In addition to the transcriptional regulation, the expression of E-
cadherin is controlled by protein stability [47,48]. The analysis of

Although qChIP and RT-qPCR assays demonstrated a direct role for E-cadherin by Western blot and RT-qPCR highlighted decoupled mRNA
NE-Y in the regulation of some EMT genes, they did not account for the and protein levels, suggesting an additional non-transcriptional mech-

diversity in the modes of cell migration observed in NF-YAI"8" and NF- anism in NF-YAI"®" cells. Indeed, cell treatments with proteasome and
YAs™8" cells. Therefore, we focused our attention on the Cdhl gene, lysosome inhibitors (MG132 and Chloroquine, respectively) partially
encoding for E-cadherin, an adherens junction protein fundamental in rescued the robust protein decrease previously observed in NF-YA[Pigh
coordinated and collective migration [45]. We observed a significant cells and further increased E-cadherin protein levels in NF-YAs"8" cells
decrease in protein and mRNA levels of E-cadherin in NE-YAIM8! cells (Fig. 6H).

(Fig. 6A and B). Oppositely, NF-YAs™8h cells showed increased expres- Taken together, these results demonstrate that the two NF-YA iso-
sion of E-cadherin when cultured as 3D spheroids (Fig. 6A, right panel). forms can oppositely control gene expression by direct chromatin
The analysis of E-cadherin staining by immunofluorescence confirmed recruitment on target genes. Among NF-Y target genes, E-cadherin

lower levels together with partial cytoplasmic delocalization in repression mediated by NF-YAI can be responsible of the aggressive
NF-YAIM8h cells (Suppl. Fig. 5). Similarly, E-cadherin levels were phenotype observed in NF-YAIM8h cells,

reduced in NF-YAI"®" and increased in NF-YAs"®" HT29 cells (Suppl.

Fig. 3E). These results hinted that E-cadherin could be one of the NF-Y 4. Discussion

targets differently controlled by NF-YA isoforms. qChIP identified both

NF-YA and NF-YB subunits on the promoter of the E-cadherin gene in The EMT process has an undisputed role in promoting invasiveness,
HCT116 cells (Fig. 6C). The analysis of NF-YA binding in NFE-YAIM8h and metastatic ability and drug resistance in cancer cells [49]. EMT ac-
NF-YAs™M8h cells clearly showed that both isoforms increase the companies the dissemination of epithelial cells through the disruption of

recruitment of the NF-Y complex onto chromatin, regardless of which adherens and tight junctions. Moreover, the expression of mesenchymal
isoform is overexpressed (Fig. 6D), thus ruling out that gene repression markers promotes interaction with the ECM to enhance cell migration
observed in NF-YAI"8! cells depends on the loss of NF-Y binding. and intravasation. Surviving circulating tumor cells eventually extrav-

The luciferase reporter assay highlighted a significant decrease and asate into distant organs and give rise to metastases [50]. In the last
increase of the Cdhl-promoter activity in NF-YAI"8" and in NE-YAsh8? years, many studies showed the occurrence of parti-
cells, respectively, when compared to empty ones (Fig. 6E). The reduced al/intermediate/hybrid EMT phenotypes that may be even more effec-

activity could be the consequence of direct gene repression mediated by tive than a complete EMT in metastatic cell dissemination [51,52].

the NF-YAl-containing NF-Y complexes, rather than an indirect effect The expression of the NF-YA subunit and its splice variants has
induced by other proteins modulated in NE-YAI"8® cells. To explore already been shown to be altered in various tumor types. In particular,
these hypotheses, we co-transfected the Cdhl promoter reporter vector Mantovani’s group showed the existence of a NF-YAIM8h.Claudin'o"
with NF-YAs in NF-YAI"®® cells and vice versa. The activity of the Cdhl signature associated with low levels of basal keratins and high EMT
promoter in NF-YAIM8h cells increased following NF-YAs over- markers in basal-like aggressive breast tumors [13].

expression, in opposition to the decrease induced by NF-YAIl in NF- Here we showed that NF-YAIl commonly decreases in CRC tissues in

YAs"P cells (Fig. 6E). These results suggested that a competition occurs opposition to NF-YAs, except for the CMS4 mesenchymal subtype that
between NF-YAs and NF-YAI in the regulation of the Cdh1 target gene. shows normal NF-YAl levels and lower NF-YAs/NF-YAl ratio compared
Transient transfection of a DNA-binding NF-YA mutant (NF-YA-DN), to other CMSs.

working as a dominant repressor of NF-Y-DNA complex formation, HCT116 CRC cells, which have higher levels of NF-YAs compared to
further clarified the activity of NF-YA isoforms on Cdhl promoter NF-YAIl, represent a good model to investigate the effect of increased
regulation (Fig. 6F) [46]. The dose-response decrease in luciferase ac- NF-YAl expression. The comparison between engineered HCT116
tivity triggered by NF-YA-DN in control HCT116 cells, demonstrated overexpressing NF-YAs or NF-YAI highlighted different cell prolifera-
that the endogenous NF-Y heterotrimer, primarily composed of the tion and migration behaviors. NF-YAs"#" cells form compact and well-

NF-YAs isoform, works as transcriptional activator on the E-cadherin organized spheroids that are bigger than control cells when cultured
gene. We observed a similar trend in NF-YAsM8h cells, although to a in VitroGel Hydrogel Matrix, which closely mimics the natural ECM

lesser extent, presumably because higher NF-YAs expression reduces the environment. In opposition, NF-YAI"®" cells show reduced 2D cell
effect of the dominant negative. Differently, the NF-YA-DN mutant did proliferation and form irregular-shaped spheroids when cultured in 3D,
not affect the luciferase activity in NF-YAI"®" cells. The analysis of hinting at loss of homotypic cell adhesion. For epithelial cells, multi-
chromatin extracts from transduced HCT116 provided a possible cellular spheroid formation is primarily mediated by E-cadherin-con-
explanation to this result (Fig. 6G): since both endogenous NF-YAs and taining adherens junctions [53]. In agreement with this, we detected

overexpressed NF-YAI are recruited onto chromatin, the competition of different levels of E-cadherin expression in NF- YAIM8h and NF- yAshish
the NF-YA-DN with both isoforms could affect both NF-YAs-induced cells cultured in both 2D and 3D conditions.

activation and NF-YAl-mediated repression, hence resulting in no The different expression of E-cadherin is also consistent with the
transcriptional effects on Cdhl gene transcription. diverse mode of migration observed in engineered HCT116 cell lines.
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High NF-YAI levels support cell dissemination by adopting heteroge-
neous mesenchymal and amoeboid single cell strategies, while collective
migration distinguishes NF-YAs™&" cells. Collective migration is char-
acterized by groups of cells that retain cell-cell adhesion and E-cadherin
expression, and commonly leads to local invasion of cancer cells. In
opposition, the formation of distant metastatic lesions requires the loss

11

of intercellular interactions that enable individual cancer cells or small
cell clusters to detach from the primary tumor, penetrate blood or
lymphatic vessels and extravasate in distant organs [54,55]. This
behavior is consistent with the higher number of zebrafish metastatic
embryos following the injection of NF-YAI"8P yersus NF-YAs" 8 cells in
the perivitelline space. The increased metastatic ability of NF-YAI"8! jg
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Fig. 6. Regulation of the E-cadherin gene by NF-YA splicing isoforms. A) Western blot analysis of E-cadherin protein levels in 2D (left) and 3D (right) empty, NF-
YAI"8" and NF-YAs™8" cells. Tubulin was used as loading control. The quantification of E-cadherin levels by Image J analysis is reported as normalized to Tubulin and
relative to empty, arbitrarily set at 1. B) mRNA levels of Cdhl gene measured by RT-qPCR in NF-YAs™8" and NF-YAI"8" HCT116 compared to empty cells. Data
represent mean + SEM (one-way ANOVA: *p < 0.05, n = 4). C) qChIP analysis of NF-YA (left) and NF-YB (right) binding to promoter region of Cdhl gene in HCT116
cells. The satellite heterochromatin region of chromosome 1 (Chr 11) has been used as negative control region and IgG as a negative control antibody. Data represent
mean + SEM (Student t-test: ***p < 0.001, ****p < 0.0001, n = 5). D) qChIP analysis of NF-YA binding to promoter region of Cdh1 gene in empty, NF-YAI"¢" and
NF-YAs™8! cells. Data represent mean = SEM (Student t-test: *p < 0.05, n = 5). E) Cdh1 gene promoter activity measured by luciferase reporter assay in empty, NF-
YAI"#? and NF-YAsP8" HCT116 cells following the co-tranfection of pSG5-NF-YAs or pSG5-NF-YAL Data represent mean + SEM (one-way ANOVA with Fisher’s LSD
test: *p < 0.05, n = 4). F) Cdhl gene promoter activity after transient co-transfection of empty, NF-YAI"#" and NF-YAs"" cells with Cdh1-LUGC vector and the DNA-
binding NF-YA mutant (NF-YA-DN) at different concentrations (100, 200, 300 ng). Data represent mean + SEM (Two-way ANOVA with Fisher’s LSD test: *p < 0.05,
n = 7). G) Protein levels of NF-YA isoforms measured by Western blot in soluble nuclear and chromatin-enriched cell extracts of empty, NF-YAI"®#" and NF-YAs"is"
HCT116 cells. Actin and histone H3 were used as loading controls. H) Western blot analysis of E-cadherin protein levels in empty, NF-YAI™'" and NF-YAs™&" cells
treated for 16 h with the proteasome (MG132, 50 pM) and lysosome (Chloroquine, 10 M) inhibitors. Tubulin was used as loading control. The quantification of E-
Eadherin levels by Image J analysis is reported as normalized to Tubulin and relative to empty, arbitrarily set at 1.

further corroborated by the co-injection of NF-YAI"8" and NF-YAshish YA isoforms in CRC subtypes are associated with diverse cellular and

cells, which can mimic the clonal heterogeneity within a tumor mass. molecular phenotypes, which may be at least in part established through
While we detected metastatic embryos with only NF-YAIM8h cells (about the specific activity of NF-YAl or NF-YAs.

40%) or both NF-YAI"#" and NF-YAs"®" cells (about 20%), there were Altogether, our study shows that high NF-YAI transcription levels
no embryos containing NF-YAsM8h cells uniquely. This phenomenon can stratify CRC patients and predict their poor overall survival, simi-
could be the consequence of the different behavior of the two cell types larly to CMS subtyping. Tumor cells with high NF-YAI expression ac-
in the neoplastic ecosystem that we already observed in prostate cancer quire enhanced single-cell migratory and invasive potential, most likely
[14]: NF-YAs"#" cells are highly proliferating and allow tumor growth, as the consequence of low E-cadherin expression (Fig. 7). NF-YAl to
whereas NFE-YAIM8"  cells represent circulating tumor cells, NF-YAs splice-switching strategies based on antisense oligonucleotides
pre-metastatic populations that give rise to distant metastases. (ASOs) could be a powerful approach to alter the NF-YAs/NF-YAl ratio

In breast cancer, of the 11 upregulated EMT genes analyzed in NF- and, consequently, inhibit the metastatic potential of CRC cells.

YAI"8"_Claudin'®" cells, Mantovani’s group identified the CCAAT box

and NF-Y binding only in the TGFBR2 promoter, a bona fide target gene Consent for publication
[56]. Hence, they concluded that NF-YA[Pigh participates in EMT

through indirect mechanisms. Differently, our chromatin immunopre- Not applicable.
cipitation analysis shows that NF-Y can directly control the transcrip-
tion of some key EMT genes and can induce a hybrid EMT state in CRC
cells. In particular, NF-YAl seems to be more active in Snai2 trans-

act.iva.tion and. Cdh1 repression. NF-Y ability to function as bOt.h tran- Tg(flil:EGFP) transgenic zebrafish strain was handled in compliance
scriptional activator and repressor has already been shown and it relies with local animal welfare regulations (authorization n. prot. 18311/
on the recruitment onto chromatin of co-activators or co-repressors [35, 2016; authorization for zebrafish breeding in IRST facility released by

36,57,58]. Considering that exon 3 splicing has no effect on the DNA the “Comune di Meldola”, November 09, 2016) and in conformity with
binding domain of NF-YA isoforms, it was not surprising to detect the Directive 2010/63/EU.

similar binding of NF-YA to the Cdhl promoter in NE-YAI"8" and
NF-YAs"®" cells. Further studies will allow to better characterize the
repressive complex recruited together with NF-YAI on the regulatory
regions of the Cdh1 gene.

Consistent with multiple interactions occurring between EMT,
epithelial polarization, cell migration and ECM, NF-YAIM8 cells are
characterized by significant modulation of the transcriptional profile of
extracellular matrix and adhesion molecules genes. Of the 19 genes
differentially expressed upon NF-YAI overexpression, 15 contain NF-Y
binding motives in their promoter regions, which implies a possible
direct role for NF-Y in ECM regulation.

Finally, we should not forget that mechanisms other than direct
regulation by transcription factors participate in EMT regulation.
Epigenetic modifications, alternative splicing, microRNA-mediated gene
silencing, translation initiation and protein degradation mechanisms
play a critical role in this process [59-61], suggesting that NF-Y and its
splice variants could participate in EMT in multiple ways. Consistently
with this hypothesis, it is well documented that NF-Y is a pioneer
transcription factor that drives epigenetic mechanisms and also controls
the expression of proteasome subunits and activity [62,63]. In agree-
ment with this, the robust decrease in E-cadherin protein levels observed
in NF-YAI"8" cells is partially rescued by the administration of protea-
some and lysosome inhibitors.

Although loss and gain of function experiments in cell lines are
effective strategies to identify proteins activity, we are aware that they
do not exactly mimic the conditions observed in patients. However, the
integration of the results obtained from overexpressing cells and large-
scale biological datasets clearly suggests that the distinct levels of NF-
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