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ARTICLE INFO ABSTRACT

Keywords: The development of epithelial-to-mesenchymal transition (EMT) like features is emerging as a critical factor
AML ) ) involved in the pathogenesis of acute myeloid leukaemia (AML). However, the extracellular signals and the
Tumour microenvironment signalling pathways in AML that may regulate EMT remain largely unstudied. We found that the bone marrow

I]::/I]\i/ITration (BM) mesenchymal/fibroblastic cell line HS5 induces an EMT-like migratory phenotype in AML cells. AML cells
Vixflentin underwent a strong increase of vimentin (VIM) levels that was not mirrored to the same extent by changes of
F-actin expression of the other EMT core proteins SNAI1 and SNAI2. We validated these particular pattern of co-

expression of core-EMT markers in AML cells by performing an in silico analysis using datasets of human tu-
mours. Our data showed that in AML the expression levels of VIM does not completely correlate with the co-
expression of core EMT markers observed in epithelial tumours. We also found that vs epithelial tumours,
AML cells display a distinct patterns of co-expression of VIM and the actin binding and adhesion regulatory
proteins that regulate F-actin dynamics and integrin-mediated adhesions involved in the invasive migration in
cells undergoing EMT. We conclude that the BM stroma induces an EMT related pattern of migration in AML cells
in a process involving a distinctive regulation of EMT markers and of regulators of cell adhesion and actin dy-
namics that should be further investigated. Understanding the tumour specific signalling pathways associated
with the EMT process may contribute to the development of new tailored therapies for AML as well as in different
types of cancers.

Cell adhesion

1. Materials and methods 1.2. Image acquisition and analysis

1.1. Cell culture mCherry-HS5 BM fibroblastic stromal cells were seeded at 10 x 103

cells/per well in 96 well plates in DMEM supplemented with 10 % FBS.

The Human AML cell lines eGFP-MOLM14 and eGFP-MV4-11 and
the BM stromal cells HS5 and mCherry-HS5 were previously generated
using lentiviral vectors (Arroyo-Berdugo et al., 2023). Cell lines were
cultured at 37 °C in a humidified atmosphere in the presence of 5 % CO,
95 % air. eGFP-MOLM14 cells were cultured in RPMI-1640 medium and
mCherry-HS5 cells in DMEM supplemented with L-glutamax, both
supplemented with 10 % foetal bovine serum (FBS).
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The following day, the culture media was aspirated and eGFP-MOLM-14
cells were layered on mCherry-HS5 cells at a density of 2 x 10° cells/ml
in 200 pl per well of RPMI supplemented with 10 % FBS. Three technical
replicas were seeded per experimental condition. At day 3, cultures were
filmed using time-lapse video by capturing micrographs of the eGFP
(Aex488nm/Aem528nm), mCherry (Ahex584nm/Aem607nm) every min-
ute for 20 min and phase contrast channels using the 10X lens and 1.5X
magnifier of a Nikon Elipse Ti microscope. Avi files of the eGFP channel
were exported and analysed using the Trackmate plugin in FIJI (https://
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imagej.net/software/fiji/) to determine the velocity and displacement
of cells. Single micrographs were used for quantification of the per-
centage of elongated cells. A lattice of nine square regions was placed
per field of view and the number of elongated and total cell per square in
the field was determined using the counting tool of FIJI. Still micro-
graphs from the same films were analysed to determine de grade of
circularity of cell shape using FLJI. Circularity values range from
0 (infinitely elongated shape) to 1 (perfect circle).

1.3. Immunofluorescence

Freshly prepared 10 pg/ml bovine fibronectin (Sigma) solution was
incubated over sterile glass coverslips for 1 h at room temperature
before plating eGFP-MOLM14 and HS5 cells as described above for the
live imaging experiments. At day 3, eGFP-MOLM14 cultured alone or in
the presence of HS5 cells were fixed with 4 % PFA/3 % sucrose for 25
min and permeabilised with 0.05 % Triton-X-100/PBS for 10 min.
Localization of VIM was achieved by means of incubation with an anti-
VIM antibody (SigmaAldrich, cat No V6630) diluted 1:500 in 2.5 %
BSA/PBS at room temperature for 1 h. After three PBS washes, samples
were incubated with an Alexa568-tagged anti-mouse secondary anti-
body diluted in 2.5 % BSA/PBS for 45 min at room temperature. Cov-
erslips were then washed three times with PBS and twice with distilled
water before being mounted in Vectashield mounting medium (Vector
Laboratories, UK). Fluorescence images were captured with a Nikon
Elipse Ti microscope using the NIS-Elements was used for collection and
storage. Images were exported as TIFF files and processed with Adobe
Photoshop 2023 software.

1.4. Zymography

mCherry-HS5 BM cells were seeded at 10° cells/per well in 6 well
plates in DMEM supplemented with 10 % FBS. The following day, the
culture media was aspirated and eGFP-MOLM-14 cells seeded at a
density of 2 x 10° cells/ml in 4 m11 per well of RPMI supplemented with
10 % FBS. At day 3 of culture, the culture medium was replaced with
RPMI and cells were incubated for 48 h. The supernatants were
collected, centrifuged (900 g for 5 min) to remove cells debris and mixed
with non-reducing Laemly buffer and subjected to sodium
dodecylsulfate-polyacrylamide gel electrophoresis(SDS-PAGE) in 0.75
mm,10 %(w/v) acrylamide gels containing 0.075 % (w/v) gelatin at 4°C.
Gels were soaked in 2.5 %(v/v)Triton X-100 with gentle agitation at
room temperature for 30 min to remove the SDS from the gels and to
allow protein renaturation. Gels were rinsed once with substrate buffer
(0.05MTris-HCl, pH8’ 0;1 mM CaCl2) and incubated in fresh substrate
buffer at 37 oC overnight. Then, gels were stained with Coomassie blue
stain under shaking for 30 min, followed by de-staining in distilled water
until suitable visualisation of digested gelatin bands was achieved. Gels
were imaged using the ChemiDoc from Biorad. Quantification of area
and pixels intensity of formed bands was determined using the analysis
tools of Adobe Photoshop 2023 to calculate the integrated intensity
values by multiplying the values of the two parameters. All experiments
were repeated 3 times.

1.5. Western blot

Approximately 20 pg of total cell lysate protein in Laemly buffer
were loaded per lane in a 12 % SDS-PAGE gel and subjected to elec-
trophoresis. Proteins were blotted onto nitrocellulose membranes with a
Bio-Rad Mini protein II transfer apparatus. Membranes were blocked
with 5 % dried milk/TBS-T for 1 h at room temperature, incubated with
antibodies against the proteins of interest at the concentrations indi-
cated by the suppliers at 4 C overnight with gentle agitation. After three
washes with PBS-T, immunoprobed proteins were detected by incuba-
tion with horseradish peroxidase-conjugated secondary antibodies at
room temperature for 1 h. After further washes in PBS-T, immunoprobed
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proteins were visualized by immunofluorescence or ECL chem-
iluminescence kit (Amersham, UK) and the signal emitted was collected
using a Li-cor Odyssey XF® imaging system.

1.6. Insilico analysis of the correlation between the expression of VIM
and genes of interest

The potential co-expression of V IM and groups of proteins of interest
(core EMT markers, actin polymerisation regulators and actin-binding
proteins, proteins involved in podosome and invadopodia formation)
was performed using the bioinformatics tool cBioportal analysis suite
(Cerami et al., 2012; Gao et al., 2013). Pearsons and Spearman’s values
(R) for linear and monotonic correlations were determined for each VIM
/gene of interest pair in each tumour type analysed. Significant
co-expression correlation values (p < 0.05) were considered according
to the correlation coefficient as weak (0.20-0.39), moderate
(0.40-0.59), strong (0.60-0.79) or very strong (0.80-1.0).

1.7. Statistics

For statistical analysis using the adequate tests, GraphPad Prism 9
software was used. Statistically significant difference using Mann-
Whitney was determined from p < 0.05.

2. Introduction

Epithelial Mesenchymal Transition (EMT) was first defined as a
process in which epithelial cells disassemble the stationary attachments
to the surrounding tissue and acquire a migratory phenotype, corre-
lating with the downregulation of molecular epithelial markers and the
acquisition of mesenchymal morphological and molecular features. This
process is key for tissue remodelling during embryonic development and
wound healing (Yang et al., 2020). The development of the EMT
phenotype involves at the molecular level the expression of a series of
transcription factors that include SNAIL/SNAI1, SLUG/SNAI2, TWIST
and the ZEB family of transcription factors, which in turn downregulate
the expression of E-cadherin (Thiery and Sleeman, 2006) and upregulate
and activate N-cadherin and the intermediate filament vimentin (VIM)
(Meng et al., 2018). The expression and organisation of VIM filaments
facilitate the migratory and invasive phenotype of cells that undergo
EMT.

The expression of EMT markers is also associated with aggressive
forms of cancers and poor prognosis of patients (Kahlert et al., 2017;
Pastushenko and Blanpain, 2019; Stavropoulou et al., 2016; Yang et al.,
2020). EMT is thought to play a key role in tumour progression by
facilitating an invasive phenotype in cancer cells that enables dissemi-
nation and metastasis (Pastushenko and Blanpain, 2019). Cancer cells
bearing an EMT phenotype also exhibit additional malignant charac-
teristics such as cancer stem cell properties (Guo et al., 2012), immu-
nosuppressive capacity (Noman et al., 2017; Terry et al., 2017) and
resistance to radiotherapy (Galeaz et al., 2021; Yu et al., 2021) and drug
treatments (Zhang et al., 2021a; Zhang et al., 2021b). Although the
development of an EMT phenotype was initially described in tumour of
epithelial origin (carcinomas), it was later revealed that cancers of
mesenchymal origin including both solid tumours and haematological
malignancies also undergo EMT-like processes (Kahlert et al., 2017;
Yang et al., 2020). In multiple myeloma (Azab et al., 2012; Cheong et al.,
2020; Ibraheem et al., 2019) and in Acute Myeloid Leukaemia (AML)
high levels of expression of EMT markers has been shown to correlate
with increased motility (Kahlert et al., 2017; Stavropoulou et al., 2016),
tumour progression and/or poor prognosis in patients (Kahlert et al.,
2017; Stavropoulou et al., 2016).

It is well documented that in solid tumours, various factors in the
tumour microenvironment (TME) including hypoxia (Choi et al., 2017;
Lin et al., 2016) and secretion of cytokines, growth factors (Ramundo
et al., 2021) and extracellular matrix proteins (Dai et al., 2019; Fattet
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etal., 2020) by cellular components such as cancer associated fibroblasts
(CAFs) (Attieh and Vignjevic, 2016) provide chemical and mechanical
cues that can induce an invasive migratory EMT phenotype in cancer
cells. The crosstalk between cancer cells and the TME can shape the
overall tumour organisation and the extent of development of the EMT
phenotype in cancer cells (Ligorio et al., 2019) and as a result, the
prognosis and response to therapy (Fiori et al., 2019; Wang et al., 2018).
The role of the TME in modulating EMT is not as well characterised in
haematological malignancies (Greaves and Calle, 2022). Multiple
myeloma is the haematological tumour where the regulation of EMT by
the TME has been studied in more depth. There is compelling evidence
that multiple myeloma cells can undergo an EMT process in response to
hypoxia (Azab et al., 2012) that results in increased migratory potential
and dissemination of cells to new sites in the bone marrow (BM) (Azab
et al., 2012; Cheong et al., 2020; Ghobrial, 2012; Ibraheem et al., 2019).
It has also been shown that BM mesenchymal/fibroblastic stromal cells
can secrete extracellular matrix proteins that promote EMT in myeloma
cells (Ibraheem et al., 2019). Taken together, the results in myeloma
raise the possibility that the TME may induce a migratory EMT pheno-
type in other haematological malignancies contributing to disease pro-
gression and response to treatments. The TME factors that may induce
EMT and the exact pattern of the regulation of EMT markers in AML and
in other haematological malignancies remain largely unknown.

The enhanced migratory capacity of cells that undergo EMT is the
result of the remodelling of their cytoskeletal networks and cell adhe-
sions (Greaves and Calle, 2022). Invadopodia are F-actin based struc-
tures containing VIM filaments, which have been described as key
structures that facilitate the invasive migration of cancer cells during
EMT (Linder et al., 2023). Podosomes are related structures to invado-
podia that belong to the same family of invasive adhesions called
invadosomes. Formation and turnover of these adhesions are regulated
by the dynamic polymerisation of F-actin, which is controlled by
actin-binding proteins. These include the actin nucleating factor Arp2/3
complex and its activators, the nucleators binding proteins of the
WASP/WAVE family and F-actin bundling proteins such as fascin and
a-actinin. Cell adhesion molecules of the integrin family and associated
intracellular proteins are structural and also regulatory components of
invadopodia and focal contacts formed by invasive cancer cells (Greaves
and Calle, 2022). The specific expression levels and organisation of these
proteins in adhesive signalling platforms in different types of cancers
regulate their particular pattern of migration, as well as other critical
aspects of carcinogenesis such as immunosuppression and drug resis-
tance (Biber et al., 2021; Greaves and Calle, 2022; Izdebska et al., 2020).
The defined co-expression of EMT markers with the components of ad-
hesions and the cytoskeleton in different cancers may explain the
tumour type-associated patterns of tissue localisation and response to
treatments.

In the current study, we show that BM mesenchymal/fibroblastic
stromal cells induce a migratory phenotype in AML cells that correlates
with a distinct pattern of co-expression of VIM with SLUG and SNAIL
divergent from the classical co-upregulation of these EMT markers in
epithelial tumours. We performed an in silico analysis of the tran-
scriptome of human tumours and validated our in vitro results. Our data
showed that AML cells display low or no correlation between the
expression levels of V IM and the EMT markers SNAI1/2, ZEB1/2 and
TWIST1/2, a feature that was shared with solid tumours of mesenchymal
origin. In contrast, epithelial tumours show a strong correlation between
the expression of VIM and classical EMT transcription factors. We also
investigate the possible correlation between the expression of V IM and
the cytoskeletal and integrin-related proteins that are present in the
adhesions formed by cancer cells undergoing EMT (Greaves and Calle,
2022) and compare the patterns in AML vs solid tumours. We studied the
possible role of BM mesenchymal/fibroblastic cells in the regulation of
the patterns of co-expression of VIM and some critical regulators of actin
and cell adhesion dynamics identified in silico in AML tumours.
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3. Results

3.1. BM mesenchymal/stromal cells induce an EMT migratory phenotype
in AML cells

In order to investigate the impact of BM mesenchymal/fibroblastic
cells on AML motility, we compared the activity of AML cell lines
cultured alone vs in co-culture with the cytoprotective BM stromal cell
line HS5. We used our experimental model based on the constitutive
expression of fluorescent proteins (eGFP in AML cells and mCherry in
HSS5 cells), which allows to easily distinguish the two cell populations in
co-culture (Arroyo-Berdugo et al., 2023). AML cells cultured alone dis-
played a circular morphology with a smooth surface (Fig. 1 A-B). In
contrast, in the presence of mCherry-HS5 cells, AML cells commonly
displayed a more irregular surface due to the development of membrane
extensions (Fig. 1 D-F) correlating with a significant increase in the
presence of elongated cells (Fig. 1 G) and an overall decrease in circu-
larity (Fig. 1 H). These changes in morphology reflected the enhanced
membrane protrusive activity and increase in cell velocity and
displacement of AML cells in co-culture with mCherry-HS5 cells (Fig. 1
I-L; Supplementary videos 1-4).

Migration of AML cells and extramedullary infiltration of AML blasts
has been linked to the secretion and/or expression of matrix degradation
and remodelling enzymes such as elastases (Tavor et al., 2005) and the
metalloproteinases (MMPs) MMP-2 and MMP-9 (Chaudhary et al., 2016;
Pirillo et al., 2022; Sawicki et al., 1998; Zhang et al., 2004). MMPs are
involved in the invasive migration of AML cells by facilitating tissue
remodelling and vessel leakage resulting in the release from the BM into
the blood system (Pirillo et al., 2022). Accordingly, we detected the
secretion of MMP-2 (pro-active and/or active forms) and MMP-9 in its
proactive form in the supernatants from co-cultures of AML cells
(eGFP-MV4-11 and eGFP-MOLM14) with mCherry-HS5 cells (Fig. 2
A-C). In contrast, AML cells cultured alone secreted very low amounts of
pro-active MMP-9 (eGFP-MV4-11 cells) or undetectable levels of MMPs
(eGFP-MOLM-14). mCherry-HS5 cells cultured alone secreted the
pro-active form MMP-2 at similar levels as detected in co-culture with
the two AML cell lines tested, whereas lower levels of active MMP-2
were detected in monoculture in comparison to secretion in co-culture
with eGFP-MV4-11 cells. Taken together, our results show that in
co-culture with BM stromal cells, AML cells develop a migratory
phenotype linked to the secretion of MMP-2 by BM mesenchymal/fi-
broblastic cells and the increased secretion of MMP-9 by AML cells into
the surrounding medium.

Secretion of MMPs is characteristic of cells undergoing mesenchymal
mode of migration and the significant expression of various classical
EMT markers has been shown to correlate with enhanced motility of
AML cells (Kahlert et al., 2017; Stavropoulou et al., 2016). We then
investigated whether the observed migration of AML cells induced by
the presence of BM stromal cells was associated with the development of
an EMT-like phenotype. VIM was barely expressed in eGFP-MOLM-14 or
eGFP-MV4-11 cells cultured alone (Fig. 2 D). However, in co-culture
with BM stromal cells, AML cells exhibited a highly significant upre-
gulation of VIM levels (19.6-fold and 11.4-fold increase in
eGFP-MOLM-14 and eGFP-MV4-11 cells, respectively) (Fig. 2 D, E).
Similarly to the pattern of co-expression described in epithelial tumours
undergoing complete EMT, the observed increase in VIM levels corre-
lated with a steep downregulation of E-cadherin (Fig. 2 D, F) and
upregulation of N-Cadherin (Fig. 2 D, E) in AML cells in co-culture. The
switch to the expression of VIM is critical to enable the migratory
phenotype of cells undergoing EMT. AML cells in co-culture with
BM-mesenchymal/fibroblastic stromal cells became more adhesive
(Fig. 2 G) and displayed a localisation of VIM filaments at the cell
margin or in the cytoplasm (Fig. 2 H) whereas AML cells cultured alone
displayed a round morphology and were mostly devoid of VIM (Fig. 2
H).

In contrast, the mesenchymal markers SNAI1 (also known as SNAIL)
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Fig. 1. BM mesenchymal/fibroblastic cells
induce the migration of AML cells. Micrographs
showing lives still images of eGFP-MOLM14
cells cultured alone (A-B) or in co-culture with
mCherry-HS5 cells (D-F); Micrographs A and D
show a composite of phase contrast and fluo-
rescence images including the channel to detect
mCherry (red) in mCherry-HS5 cells, B and E
show the eGFP fluorescence image (green)
showing the distribution of GFP-MOLM14 cells.
Magnifications of the boxed areas in B ad E are
shown in C and F, respectively. White arrows
point at fully elongated eGFP-MOLM-14 cells.
Bar 50 pM; (G) Graph showing the average and
SD of the percentage of elongated eGFP-
MOLM14 cells cultured alone or in the pres-
ence of mCherry-HS5 cells (+mCherry-HS5);
(H) Graph showing the circularity index of
eGFP-MOLM-14 as calculated using FIJI soft-
ware; Graphs showing the distribution of the
velocity (I) and displacement (J) values of
eGFP-MOLM14 cells. o p < 0.01;
*** p < 0.005 Man-Whitney test; (K, L) repre-
sentative images showing the migration tracks
of eGFP-MOLM-14 seeded alone and in the
presence of mCherry-HS5 cells, respectively.
Images were generated using the plugin Track-
mate in FIJI and show only the tracks of cells

* % detected the whole duration of the film.
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Fig. 2. BM mesenchymal/fibroblastic cells induce an EMT-like phenotype in AML cells. (A) Zymographies of supernatants collected from cultures of eGFP-MOLM14
or eGFP-MV4-11 cells. AML cells were cultured alone, cultured alone or AML and mCherry-HS5 cells in co-culture in RPMI supplemented with 10 % FCS for 3 days.
Supernatants of AML cells incubated with 1 ng/ml TGFf1 w ere used as positive control for MMP2 and MMP9 production by AML cells; (B, C) Quantification of the
intensity of the bands detected in the zymographies measured in arbitrary units (AU); (D) Western blot analysis showing the levels of expression of VIM, SNAIL,
SLUG, E-cadherin and N-cadherin in eGFP-MOLM14 and eGFP-MV4-11 cultured alone or in the presence of mCherry-HS5 cells (+HS5). Protein levels of -actin were
used as loading control; (E) Graph showing the average and SD of the relative value of the increase in the intensity of the bands of SNAIL (SNAI1), SLUG (SNAI2),
vimentin (VIM) and N-Cadherin (CDH2) from samples obtained from AML and mCherry-HS5 cells in co-culture with respect to the values obtained from AML cells
cultured alone (n = 3); (F) Graph showing the average and SD of the relative value of the decrease in the intensity of the E-cadherin (CDH1) bands from samples
obtained from AML and mCherry-HS5 cells in co-culture with respect to the values obtained from AML cells cultured alone (n = 3); (G) Graphs showing the average
and SD values of the percentage of adherent eGFP-MOLM-14 cells cultured alone or in the presence of mCherry-HS5 cells; (H) Micrographs showing eGFP-MOLM14
cells cultured alone (top panels) or in the presence of HS5 cells (middle and bottom panels). Images illustrate the distribution of VIM filaments (red) detected by
immunostaining on eGFP-MOLM14 cells (green). Magnifications of the boxed areas are shown on the right of the micrographs. Arrow heads point at the localisation

of VIM filaments at the cell margin of eGFP-MOLM14 cells.

and SNAI2 (also known as SLUG) were already expressed in AML cells at
basal level and the upregulation in the levels of SNAI1 and SNAI2
induced by the presence of mCherry-HS5 cells was modest in compari-
son to the upregulation of VIM, ranging from 1.3 to 2.2-fold increase
(Fig. 2 D, E).

Overall, we found that the presence of BM stromal cells promotes an
EMT-like migratory phenotype in AML cells. Our data indicate that in
this EMT-like process observed in AML cells show some similarities but
also differs in the patterns of co-expression of classical EMT markers in
comparison to classical EMT in epithelial tumours.

3.2. AML cells present a distinct pattern of co-expression of VIM and core
EMT markers that differs from epithelial tumours

EMT was initially thought as a binary process where tumour cells
displayed either a stationary epithelial or a migratory mesenchymal
phenotype linked to the particular pattern of co-upregulation or
repression of the EMT molecular markers. However, it is now well
accepted that mesenchymal tumours, including AML can also undergo
EMT-like processes that increase their migration capacity (Yang et al.,
2020). The exact dynamics of the co-expression of EMT markers in AML
cells during these EMT-like processes remain largely unknown.

Our data above indicate that the presence of BM stromal cells induce
an EMT-related migratory phenotype with a distinct lack of correlation
in the variations in the levels of SNAI1 and SNAI2 in relation to VIM or
N-cadherin, which are significantly co-upregulated in comparison. In
order to validate our in vitro findings and compare the dynamics of co-
expression of EMT markers in AML vs epithelial cancers, we per-
formed an in silico analysis of the pattern of co-expression of the mRNA
transcripts of VIM and classical EMT markers in human tumours. We
used the levels of VIM as an anchor for comparison of the co-expression
of other EMT-related markers in our study because according to the
latest guidelines by the EMT International Association, EMT is typically
defined by a switch in intermediate filament usage to VIM whereas
variation on the expression of the other EMT markers may not be as
prominent and may vary in cells undergoing EMT according the type of
cancer or the subpopulations within the same tumour (Yang et al.,
2020). Additionally, VIM filaments are critical for enabling the
enhanced migration of cells undergoing EMT (Yang et al., 2020).

Correlation analyses were performed using publicly available mRNA
expression datasets from AML, epithelial (pancreatic, colorectal, breast
and prostate carcinomas) and mesenchymal tumours (melanoma,
lymphoid leukaemia and lymphoma) available in the cBioportal data-
base and summarised in Table 1.

We considered relevant significant correlations of co-expression with
VIM (p < 0.05) with Pearsons correlation indexes R > 0.2 or R < —0.2
(Fig. 3). The initial characterisation of the EMT process described a
downregulation of CDH1 (E-cadherin) in parallel with an upregulation
of CDH2 (N-cadherin) and VIM (Yang et al., 2020). Our data show that
all epithelial and AML tumours showed a significant inverse correlation
between the levels of expression of VIM and CDH1, as expected based in
the classical EMT model (Fig. 3A) and correlating with our results in the

Table 1

Summary of the datasets used for the correlation analysis, classified according to
type of cancer. List of the study reference as listed in cBioportal (https://www.
cbioportal.org/), cohort size and publication associated with the dataset of the
datasets used to determine the co-expression of VIM levels with EMT markers
and proteins associated with the molecular composition of invasive adhesions.

Cancer Type cBioportal study Cohort Reference
reference size

AML Acute Myeloid Leukemia 173 (Liu et al., 2018)
(TCGA, PanCancer Atlas)

Pancreatic AML (TCGA, Firehose 173

adenocarcinoma Legacy)
AML (TCGA, NEJM 2013) 173 (Cancer Genome
Atlas Research, N.
et al., 2013)

Acute Myeloid Leukemia 451 (Tyner et al., 2018)
(OHSU, Nature 2018)
Pediatric Acute Myeloid 45
Leukemia (TARGET,
2018)
Pancreatic 96 (Bailey et al.,
Adenocarcinoma 2016)
(QCMG, Nature 2016)
Pancreatic 179
Adenocarcinoma
(TCGA, Firehose Legacy)
Pancreatic 177 (Liu et al., 2018)
Adenocarcinoma
(TCGA, PanCancer Atlas)

Colorectal Colorectal 382

adenocarcinoma adenocarcinoma (TCGA,

Firehose Legacy)

Colorectal 244
adenocarcinoma (TCGA,

Nature 2012)

Breast Invasive 1082
Carcinoma

(TCGA, PanCancer Atlas)
Metastatic Prostate 118 (Robinson et al.,
Cancer 2015)
(SU2C/PCF Dream Team,

Cell 2015)

Prostate Adenocarcinoma 493
(TCGA, PanCancer Atlas)
Pediatric Acute 203
Lymphoid Leukemia

- Phase II (TARGET,

2018)

Melanoma (MSK, NEJM 21 (Snyder et al.,
2014) 2014)

Diffuse Large B-Cell 48 (Liu et al., 2018)
Lymphoma

(TCGA, CanCancer Atlas)

(Cancer Genome
Atlas, 2012)

Breast carcinoma (Liu et al., 2018)

Prostate cancer

(Liu et al., 2018)

Mesenchymal
tumours

co-cultures of AML cells with BM mesenchymal/fibroblastic stromal
cells (Fig. 2 D). The expected positive co-expression pattern between
VIM and CDH2 was observed in all the epithelial tumours and in the AML
(OHSU, Nature 2018) database (Fig. 3 B), which correlated with our in
vitro results (Fig. 2 D). However, all the others AML data sets showed a
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Fig. 3. Correlation between the mRNA expression of the VIM and core-EMT markers. Graphs showing the Spearman’s coefficient correlation values between the co-
expression of VIM with (A) CDH1, (B) CDH2, (C) SNAI1, (D) SNAI2, (E) ZEB1, (F) ZEB2, (G) TWIST1, (H) TWIST2 obtained with the bioinformatics tools in cBioportal
using datasets specified in the graphs legend obtained from human cancer tumours of Acute Myeloid Leukaemia (AML), pancreatic carcinomas (Pancr), colorectal
cancers (Col), breast (Brs), prostate (Prst) carcinomas and mesenchymal cancers (Mesen). * p < 0.05 correlation statistical significance. The red dash lines show the
coefficient values of — 0.2 and 0.2. The correlation values between — 0.2 and 0.2 were considered too weak to reflect significant co-expressions.

tendency to an inverse co-expression of VIM and CDH2 whereas
mesenchymal tumours did not display any consistent correlation. There
was a clear pattern of co-expression of VIM and the core EMT markers
studied (SNAI1/2, ZEB1/2, TWIST 1/2) consistently across all the
epithelial tumours (Fig. 3 C-H) as it would be expected in classical EMT.
As detected in our in vitro essay, in AML tumours there was no corre-
lation between the variation in VIM levels and SNAII (Fig. 3C) while a
weak inverse correlation was detected with SNAI2 levels (Fig. 3 D). Lack
of significant co-expression was also detected between VIM and ZEB1/2,
TWIST 1/2 in AML tumours (Fig. 3 E-H). This pattern in AML was similar
to that of the mesenchymal tumours studied.

Overall, our in silico data show a distinctive pattern of co-expression
of VIM and some classical EMT markers in AML cells in comparison to
epithelial tumours. These in silico results validate our data of the pattern
of co-expression of VIM, CDH1, CDH2, SNAIL and SLUG in AML cells
undergoing EMT induced by BM stromal cells.

3.3. Distinct pattern of co-expression of VIM and cytoskeletal components
involved in EMT in AML in comparison to epithelial tumours

As a result of EMT, cancer cells acquire a migratory phenotype that
requires major coordinated changes in cytoskeletal organisation. Nestin
is another intermediate filament protein upregulated during EMT (Ish-
iwata, 2016; Zhang et al., 2016), which has been shown to regulate the

dynamics of VIM filaments (Wang et al., 2022). Additionally, in parallel
to the upregulation and polymerisation of VIM during EMT, cells un-
dergo major rearrangements of F-actin (Yang et al., 2020) that facilitate
the protrusion of the cell membrane and the formation of invasive ad-
hesions in solid tumours (Greaves and Calle, 2022). We then studied the
possible co-expression of VIM with components and regulators of F-actin
and other intermediate filament networks previously linked to the EMT
phenotype.

Using the same in silico analysis approach, we found that the gene
coding for (NES) was significantly co-expressed with VIM in all the solid
tumours tested, whereas this correlation was not observed in AML or the
other mesenchymal tumours analysed (Fig. 4A). The dynamics of F-actin
in lamellipodia as well as in invadosomes (invadopodia and podosomes)
is the result of the pattern of polymerisation of branched actin filaments.
This process can be regulated by the available proportion of protein
isoforms that comprise the Arp2/3 complex, which nucleates the poly-
merisation of branched F-actin (Abella et al., 2016). We then interro-
gated the cBioportal databases for possible differences in the
co-expression of VIM and the Arp2/3 subunits and isoforms that may
reflect specific changes in EMT-related migration between solid tumours
and AML (Fig. 4 B-K). In all the epithelial tumours analysed, expression
levels of ACTR2 showed no significant correlation with the expression of
VIM (Fig. 4 B). In two of the AML datasets, a weak positive correlation
was observed whereas there was a negative correlation in mesenchymal
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Fig. 4. Correlation between the mRNA expression of the VIM and genes coding for actin binding proteins. Graphs showing the Pearson’s coefficient correlation
values between the co-expression of VIM with (A) Nes, (B) ACTR2, (C) ACTR3, (D) ACTR3B, (E) ARPCIA, (F) ARPC1B, (G) ARPC2, (H) ARPC3, (I) ARPC4, (J) ARPC5,
(K) ARPC5L, (L) WAS, (M) WASL, (N) WIPF1, (O) WASF1 and (P) WASF2 obtained with the bioinformatics tools in cBioportal using datasets specified in the graphs
legend obtained from human cancer tumours of Acute Myeloid Leukaemia (AML), pancreatic carcinomas (Pancr), colorectal cancers (Col), breast (Brs), prostate
(Prst) carcinomas and mesenchymal cancers (Mesen). * p < 0.05 correlation statistical significance. The red dash lines show the coefficient values of —0.2 and 0.2.
The correlation values between —0.2 and 0.2 were considered too weak to reflect significant co-expressions; (Q) Western blot analysis showing the levels of
expression of Arp2/3 proteins, WASP, WIP and ILK in eGFP-MOLM14 and eGFP-MV4-11 cultured alone or in the presence of mCherry-HS5 cells (+HS5). Asterisks
point at the known calpain-cleavage fragment of WASP. Protein levels of f-actin were used as loading control.
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tumours (Fig. 4 B). A very weak but consistent correlation with ACTR3
expression was observed in pancreatic and breast cancer tumours
whereas no consistent correlation was detected in the rest of the cancers
analysed (Fig. 4C). AML tumours, colorectal and prostate carcinoma and
one of the data sets of pancreatic cancer showed a weak inverse corre-
lation in expression levels of ACTR3B and no clear pattern of
co-expression could be determined in the other cancer types analysed
(Fig. 4 D). A very weak pattern of co- expression of ARPCIA was
observed in AML tumours that was stronger in mesenchymal tumours
whereas prostate, breast and colorectal cancers did not show a clear
correlation with expression of VIM (Fig. 4 E). However, expression of the
ARPCIB isoform showed a clear positive correlation with the levels of
expression of VIM across all the cancers tested (Fig. 4F) similarly to
ARPC2 (Fig. 4G). AML cancers also showed a clear correlation with the
expression of ARPC3 that was null or reverse in the other tumours
analysed with exception of the dataset of paediatric acute lymphocytic
leukaemia (Fig. 4 H). The same stronger positive correlation in AML
tumours was observed with the expression of ARPC4 and ARPC5 in
comparison to the other tumour analysed, except for the breast and
prostate cancer tumours, which also showed, albeit weaker correlation
with ARPC4 and ARPC5 (Fig. 41, J). The expression of ARPC5L showed a
very weak but very consistent downregulation in all the epithelial tu-
mours, except the breast cancer analysed and no correlation was
observed in AML or mesenchymal tumours (Fig. 4K).

We tested whether some of the significant patterns of the co-
expression of VIM with the Arp2/3 proteins identified in silico were
reproduced in the revealed EMT-like phenotype induced in AML cells by
BM-mesenchymal/fibroblastic cells. Mimicking the results in silico, the
steep increase in VIM levels in AML cells induced by the co-culture
setting was not mirrored by the variations of expression of ARPC1A
and ARPCS5L (Fig. 4 E, K, Q). The high degree of co-expression of VIM
with ARPC1B, ARPC3 and to some extent with ARPC4 were also
observed in AML cells co-cultured with BM mesenchymal/fibroblastic
cells (Fig. 4F, H, I, Q). The tendency for the co-expression of VIM with
ARPC2 in AML cells in the in silico study was only reproduced in vitro
with the cell line eGFP-MV4-11 (Fig. 4G, Q).

The WASP/WAVE family of proteins are key nucleation promoting
factors that activate the Arp2/3 complex, playing a critical role in cell
migration and signalling associated with various cell functions involved
in cancer development and metastasis (Alekhina et al., 2017; Kurisu and
Takenawa, 2010). Given that overall, our data indicate that AML and
epithelial tumours seem to have different patterns of co-expression of
VIM with the Arp2/3 subunits ARPC3 and ARPC4, we explored whether
there were also differences in relation to the expression of Arp2/3 ac-
tivators (Izdebska et al., 2020). Interestingly, we found a clear pattern of
co-expression of WAS with all the cancers studied, except for the mel-
anoma and diffuse acute B-cell lymphoma tumours (Fig. 4L). The protein
WASP (the product from the WAS gene) was initially thought to be
expressed exclusively in haematopoietic cells whereas the protein
N-WASP was the member of the same family that was ubiquitously
expressed in all tissues (Calle et al., 2008). However, WASP has been
reported to be upregulated in epithelial tumour cells (Schrank et al.,
2018; Zhang et al., 2019). Our data corroborate previous studies asso-
ciating the expression of WASP with epithelial cells displaying a
mesenchymal (EMT-related) phenotype (Zhang et al., 2019). On the
contrary, no significant correlation or an inverse correlation of VIM
levels and WASL (the gene coding for N-WASP) was found in all the
tumours analysed except for the melanoma and diffuse acute B-cell
lymphoma tumour analysed (Fig. 4M). WASP and WIP (the protein
coded by WIPF1) have been shown to work as a functional unit that
regulates the organisation and dynamics of F-actin (Chou et al., 2006; de
la Fuente et al., 2007). We found moderate and strong correlations be-
tween VIM levels and the expression of WIPFI in all the epithelial tu-
mours tested, whereas this correlation was none or inversed in AML and
the other mesenchymal tumours analysed (Fig. 4N). We also studied the
variations in the levels of these critical Arp2/3 complex regulators in the
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AML cells undergoing an EMT-like process in the presence of BM mes-
enchymal/fibroblastic cells vs AML cultured alone. We found that WASP
levels were sustained but not increased in the presence of BM stromal
cells (Fig. 4 Q). However, the significant inverse co-expression of VIM
and WIP in AML tumours detected in silico (Fig. 4N), was reproduced to a
large extent in the AML cells co-cultured in the presence of BM stromal
cells (Fig. 4 Q).

We also found a distinctive pattern of co-expression in AML cells of
VIM and the isoforms of the Arp2/3 activators WAVELI (protein coded by
WASF1) and WAVE2 (protein coded by WASF2). A positive correlation
was observed in epithelial tumours, stronger for WASPF1, that in AML
tumours was inverse for WASF1 (Fig. 40) and null for WASF2 (Fig. 4P).
Mesenchymal tumours presented no correlation for WASFI (Fig. 40)
and not a clear pattern of correlation for WASF2 (Fig. 4P).

Overall, our data show in AML tumours some specific patterns of co-
expression with VIM with the subunits and isoforms of the Arp2/3
complex as well as with the levels of the Arp2/3 activators that are
distinct from the ones observed in epithelial tumours. This pattern of co-
expression identified in silico is largely induced in AML cells by BM
mesenchymal/fibroblastic stromal cells.

3.4. Specific patterns of co-expression of VIM and components of invasive
adhesions in AML in comparison to epithelial tumours

The size and dynamics of invadosomes are regulated by the associ-
ated cell adhesion molecules and interacting proteins (Linder et al.,
2023). The same adhesion molecules can be clustered in invasive focal
contacts also involved in the migration of cells undergoing EMT
(Greaves and Calle, 2022). We reasoned that since invadosomes and
invasive focal contacts can assemble during EMT the components of
these adhesions associated with EMT may be upregulated or down-
regulated in parallel to VIM in order to modulate the function of
EMT-related adhesion sites.

Integrin Linked Kinase (ILK) is a common component of integrin-
mediated molecular platforms involved in the assembly of podosomes
(Griera et al., 2014), invadopodia (McDonald and Dedhar, 2022) and
invasive focal contacts (Li et al., 2007; McDonald and Dedhar, 2022),
which is upregulated during EMT (McDonald and Dedhar, 2022). Our
data show that expression of ILK correlates with VIM in all the tumours
analysed (Fig. 5A). Our in vitro data also showed that the presence of BM
mesenchymal/fibroblastic stromal cells also induced high levels of
co-expression of ILK and VIM in AML cells (Fig. 4 Q). Interestingly, the
genes coding for PINCH1 (LIMS1) and PARVIN (PARVA), two critical
proteins that regulate ILK activity, presented a different pattern of
co-expression in silico. LIMS1 and PARVA were co-expressed with VIM in
all epithelial tumours (except for LIMS1 in prostate cancer) whereas
their expression was inversely correlated in AML tumours and showed
no clear correlation in the mesenchymal tumours analysed (Fig. 5 B, C).

Cortactin (coded by CTTN) is a regulator of F-actin dynamics that
interacts with WIP in invadopodia and podosomes (Linder et al., 2023)
and has been shown to participate in EMT (Ji et al., 2020). We found that
CTTN was only co-expressed with VIM in mesenchymal tumours (Fig. 5
D) and presented a negative correlation in the AML tumours.

a-actinin (coded by ACTN) is an F-actin-bundling protein present in
invadosomes (Linder et al., 2023) that is involved in EMT (Izdebska
et al., 2020). We analysed the co-expression with VIM of its four known
isoforms. We found a clear correlation of expression of VIM with ACTN1
in all the epithelial and mesenchymal tumours analysed except to pae-
diatric Acute Lymphocytic Leukaemia. In contrast, no correlation was
observed in the AML tumours (Fig. 5 E). No significant patterns of cor-
relation were observed with the ACTN2 gene in any of the tumours
studied (Fig. 5F). Similarly, no significant correlation with ACTN3 was
observed in AML tumours (Fig. 5G) while a positive weak correlation
was detected in pancreatic, prostate and colorectal cancer. In contrast, a
more consistent correlation with the expression of ACTN4 was observed
in AML cells in comparison to the rest of the tumour types analysed
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Fig. 5. Correlation between the mRNA expression of the VIM and genes coding for proteins involved in invadosome formation. Graphs showing the Pearson’s
coefficient correlation values between the co-expression of VIM with (A) ILK, (B) LIMS1, (C) PARVA, (D) CTTN, (E) ACTN1, (F) ACTN2, (G) ACTN3, (H) ACTN4, (I)
FSCN1, (J) FSCN2, (K) FSCN3, (L) SH3PXD2A and (M) DIAPH1 obtained with the bioinformatics tools in cBioportal using datasets specified in the graphs legend
obtained from human cancer tumours of Acute Myeloid Leukaemia (AML), pancreatic carcinomas (Pancr), colorectal cancers (Col), breast (Brs), prostate (Prst)
carcinomas and mesenchymal cancers (Mesen). * p < 0.05 correlation statistical significance. The red dash lines show the coefficient values of —0.2 and 0.2. The
correlation values between —0.2 and 0.2 were considered too weak to reflect significant co-expressions. There were analysed genes that were not included in some of
the databases and appear blank in the graphs.

Supplementary video 1. Time-lapse video of eGFP-MOLM14 cells seeded alone. Micrographs were acquired every minute for 15 min. The film shows a composite of
phase contrast and eGFP fluorescence channel (green). Bar 50 pm.

Supplementary video 2. Time-lapse video of eGFP-MOLM14 cells seeded alone. Micrographs were acquired every minute for 15 min. The film shows the eGFP
fluorescence channel (green). Bar 50 um.

Supplementary video 3. Time-lapse video of eGFP-MOLM14 cells seeded in the presence of mCherry-HS5 cells. Micrographs were acquired every minute for 15 min.
The film shows a composite of phase contrast and eGFP fluorescence channel (green) and mCherry (red). Bar 50 pm.

Suppleme ntary video 4. Time-lapse video of eGFP-MOLM14 cells seeded in the presence of mCherry-HS5 cells. Micrographs were acquired every minute for 15 min.
The film shows a composite of phase contrast and eGFP fluorescence channel (green) and mCherry (red). Bar 50 pym.

(Fig. 5 H).

Expression of FSCN1 and FSCN1 (the genes coding for the isoforms 1
and 2 of F-actin-bundling protein fascin (Chung et al., 2022; Izdebska
etal., 2020)) showed very weak or inverse co-expression with VIM in the
AML tumours (Fig. 5 I, J). All the epithelial tumours presented a clear
co-expression pattern of FSCN1 with VIM (Fig. 5 I). A distinctive sig-
nificant correlation was observed with FSCN3 in AML tumours while
there was no significant correlation with the rest of tumour types

10

analysed (Fig. 5K).

SH3PXD2A is the gene coding for TKSS5, a critical regulator of
podosome and invadopodia formation (Linder et al., 2023). SH3PXD2A
showed a specific pattern of inverse co-expression with VIM in AML cells
in contrast with the positive moderate correlation detected in the great
majority of the rest of the tumours analysed (Fig. 5L).

Finally, we found that DIAPH1, the gene coding for the actin poly-
merising factor DIA/DF1 showed a moderate correlation with the
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expression levels of VIM in the AML tumours whereas it showed a null or
inverse correlation in the rest of the tumours under study (Fig. 5M).

Taken together our data also show that AML present specific patterns
of co-expression of VIM with the transcripts coding for proteins that
regulate the structure and dynamics of invadosomes (LIMS1, PARVA,
ACTN3 and 4, FSCN1 and 3, SH3PXD2A and DIAPH]1) that are distinct
from the patterns observed in epithelial tumours.

4. Discussion

Similarly to MM (Ghobrial, 2012), leukaemia can be envisaged as a
model for metastatic cancer (Whiteley et al., 2021) in which the
migratory capacity of leukaemia cells plays a critical role in disease
progression and drug resistance by facilitating cancer cell dissemination
to new sites and the interaction with cytoprotective tissue niches
(Whiteley et al., 2021). In AML, compelling evidence indicates that
upregulation of EMT markers enhances the migratory capacity of AML
blasts (Kahlert et al., 2017) and correlates with poor prognosis (Stav-
ropoulou et al., 2016; Wu et al., 2018). However, the triggering factors
and signalling pathways involved in development of EMT in AML cells
remain largely unknown (Greaves and Calle, 2022). The BM microen-
vironment has been shown to induce EMT in MM by providing a hypoxic
environment and through the secretion of extracellular matrix proteins
by BM mesenchymal/fibroblastic stromal cells that promote migration
of MM cells (Azab et al., 2012; Ibraheem et al., 2019). Hypoxia has also
been shown to induce EMT in AML (Jiang et al., 2021; Percio et al.,
2014). In the current work, we have explored the possible role of BM
mesenchymal/fibroblastic stromal cells in regulating AML migration
through the activation of an EMT program.

We found that BM mesenchymal/fibroblastic stromal cells promote
migration of AML cells in a process linked to the increased release of
MMP-2 and MMP-9 to the extracellular milieu. Our results suggest that
AML cells are responsible for the increased secretion of MMP-9 in our
experimental setting. It is likely that in co-culture, mCherry-HS5 cells
secrete the detected pro-MMP-2 as high levels of pro-MMP-2 were
detected in the culture media of these cells cultured alone. However, we
cannot discard a possible secretion of MMP-2 by AML cells (Chaudhary
etal., 2016; Sawicki et al., 1998). A similar pattern of secretion of active
MMP-2 in co-culture of BM stromal and AML cells vs BM stromal cells
cultured alone has been previously reported in BM cultures from AML
patients (Janowska-Wieczorek et al., 1999). The secretion of MMP-9 and
MMP-2 has previously been linked to the invasive migration of AML
cells as well as to tumour progression (Chaudhary et al., 2016; Pirillo
et al., 2022; Sawicki et al., 1998; Tavor et al., 2005; Zhang et al., 2004)
and poor responses to therapy (Song et al., 2009). MMP-2 and MMP-9
may promote the remodelling of the extracellular matrix and/or the
activation of matrix-associated soluble factors such as TGFp1 (Horiguchi
et al., 2012) that could further promote AML migration and mobi-
lisation. It has also been shown that MMPs can increase vascular leaki-
ness contributing to AML mobilisation, loss of normal haematopoietic
stem cells from the BM and disease progression (Pirillo et al., 2022).
Overall, our results suggest that the crosstalk between AML cells and
protective BM stromal cells prompts the migration of AML cells and the
secretion of MMP-2 and MMP-9. This increase in protease secretion may
contribute to the MMP-dependent mode of migration of AML cells and
the remodelling of the BM microenvironment that facilitates disease
progression.

Secretion of MMPs is linked to the mesenchymal mode of migration
and AML cells have been shown to express high levels of EMT markers in
patients with poor prognosis (Stavropoulou et al., 2016). Additionally,
detection of high levels of expression of VIM (Wu et al., 2018) and
downregulation of E-cadherin (Zhang et al., 2017) in AML blasts from
patients correlates with poor clinical outcomes. Hence, we decided to
investigate whether the increased migratory phenotype of AML cells
induced in co-culture with BM stromal cells correlated with the changes
in expression of classical EMT markers. We detected a highly significant
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increase in VIM levels in AML cells in co-culture mirrored by an increase
in expression of N-cadherin occurring in parallel to the repression of the
expression of E-cadherin. In contrast, the increase in the EMT-related
transcription factors SNAI1 and SNAI2 was very modest in compari-
son. Since AML cells are mesenchymal, it is not surprising that the
pattern of activation of some EMT markers when cells may undergo EMT
may differ from those previously characterised in epithelial tumours
(Yang et al., 2020). The most recent consensus in the EMT field is that
non-epithelial tumours may undergo particular patterns of expression of
EMT markers that equally result in a migratory EMT-like phenotype
(Yang et al., 2020). In AML cells, the fact that the levels of some core
EMT markers such as SNAI1 and SNAI2 may not vary to the same extent
as VIM, does not imply that they may not have critical roles in the AML
EMT phenotype (Carmichael et al., 2020; Zhang et al., 2020). It is
possible that particular configurations of co-expression of EMT markers
may result in different molecular landscapes that could explain the
pattern of cancer cell plasticity associated to specific tumours. A recent
report in breast cancer indicates that even within the same tumour type,
cancer cells can undergo different “EMT trajectories” (different patterns
of co-expression of EMT markers) that may be determined by the cellular
composition of the surrounding TME (Malagoli Tagliazucchi et al.,
2023). Hence, the activation of regulatory networks resulting from these
co-expression patterns of EMT-related genes may regulate in cancer cells
their migratory phenotype and adaptation to the interaction with the
surrounding tissues. These processes may contribute to cell plasticity
related to drug resistance and ultimately limit the response of AML cells
to therapy (Pastushenko and Blanpain, 2019). Importantly, our data
indicate that the interaction of AML cells with BM mesenchymal/fi-
broblastic cells promotes the development of an EMT-like phenotype in
AML cells. Cancer cells undergoing EMT processes are more resistant to
radiotherapy and drug treatments (Yang et al., 2020). It is possible that
the identified EMT-process induced in AML cells by BM mesen-
chymal/fibroblastic cells may contribute to their cytoprotective role
against drug treatments (Arroyo-Berdugo et al., 2023). Understanding
the signalling pathways involved in the EMT-like processes in AML
induced by the BM microenvironment may lead to the identification of
targets for new therapeutic interventions to overcome drug resistance in
AML.

In order to validate the observed pattern of relative expression of
VIM and SNAI1 and SNAI2 in AML and to identify other possible distinct
co-expression patterns of VIM with core EMT markers, we performed an
in silico analysis using datasets of mRNA levels obtained from Human
AML tumours vs tumours of epithelial and mesenchymal origin. AML
and epithelial tumours showed the expected pattern of positive and
negative co-expression of VIM with CDH1 and CDH2, respectively. This
pattern of expression of CDH1 and CDH2 related to EMT may regulate
progression of AML tumours. For example, expression of limited levels
of CDH1 has been associated with poor prognosis in AML (Zhang et al.,
2017) and clustering of CDH2 has been shown to regulate the trafficking
of AML cells to the BM (Marjon et al., 2016) while high expression
correlates with poor prognosis (Qu et al., 2023).

As previously reported, we corroborated that the expression of the
core EMT markers SNAI1, SNAI2, ZEB1, ZEB2, TWIST1 and TWIST2
clearly correlated with increased levels of VIM in all the epithelial tu-
mours tested (Yang et al., 2020). In contrast AML tumours showed a
distinct null and even reverse correlation, between expression of these
markers and VIM. These results validate our in vitro data showing the
particular modulation of VIM with respect to the levels of SNAI1 and
SNAI2 in AML cells undergoing EMT induced by BM mesenchymal/fi-
broblastic cells. It is likely that the core EMT markers are differentially
controlled in non-migratory (when VIM levels are very low) vs migra-
tory AML cells and may involve signalling networks that may differ from
those in epithelial tumours. Determining these possible differences in
the mechanism of regulation of the activity of EMT markers between
cancers should lead to a better understanding of the cancer-type asso-
ciated EMT states and to the development of tailored anti-metastatic and
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tumour progression therapies. Additionally, regulation of VIM levels in
AML may be regulated by alternative pathways. For example, the
transcription factor HOXA9 can regulate the expression of VIM and
N-cadherin (Xu et al., 2021). Expression of the oncogenic fusion protein
MLL-AF9 in haematopoietic stem cells leads to the development of
aggressive AML tumours showing high expression levels of HOXA9 and
VIM as well as other EMT markers that also correlate with poor prog-
nosis in patients (Stavropoulou et al., 2016). Finally, our data indicate
that BM mesenchymal/fibroblastic cells induce the expression of VIM
correlating with the development of an EMT-like mode of migration
(integrin, MMP and Src-activity dependent) in AML cells. However, it is
possible that similarly to healthy myeloid cells (Shaebani et al., 2022)
and other cancer cells (Lavenus et al., 2020), when exposed to confined
environments AML cells may have the capacity to switch to an amoeboid
mode of migration (integrin, MMP and Src-activity independent), which
can also be regulated by VIM (Lavenus et al., 2020; Shaebani et al.,
2022).

EMT-related migration involves the polymerisation of upregulated
VIM into filaments in coordination with the rearrangement of the other
cytoskeletal networks (Greaves and Calle, 2022). We showed that the
presence of BM fibroblastic stromal cells induce both the upregulation of
VIM and the formation of VIM filaments in migrating AML cells.

Rearrangement of F-actin also occurs in coordination with the
upregulation of VIM during EMT (Izdebska et al., 2020; Yang et al.,
2020). The protrusive activity of the leading edge of migrating cells is
powered by the polymerisation of branched F-actin. This process is
regulated by the activity of the actin polymerising factor Arp2/3 com-
plex (Abella et al., 2016), which is activated by the families of nucleation
promoting factors (Biber et al., 2020). We explored whether the
co-expression of VIM and the proteins involved in F-actin and adhesion
remodelling also presented particular patterns in AML cells vs epithelial
tumours related to a differential regulation of the F-actin polymerising
machinery to facilitate the different patterns of interaction of AML cells
with the surrounding tissues (Greaves and Calle, 2022). The proportion
of the subunit isoforms present in the Arp2/3 complex affects the
structure and dynamics of F-actin (Abella et al., 2016). We found a
common pattern of co-expression of VIM with the ARPC1B isoform and
the ARPC2 subunit in all the cancers studied. These two subunits of the
Arp2/3 complex have been shown to play a role in cancer. Upregulation
of ARPC1B has been shown to promote oncogenesis and EMT cell
migration in prostate (Gamallat et al., 2022), glioma (Gao et al., 2022),
glioblastoma (Liu et al., 2022) as well as resistance to radiotherapy (Gao
et al., 2022; Kumagai et al., 2006). ARPC1B enhances the activity of the
Arp2/3 complex in comparison with its isoform ARPC1A (von Loeffel-
holz et al., 2020). Expression of high levels of ARPC2 has been shown to
promote breast cancer cell EMT migration and metastasis (Cheng et al.,
2019). In addition to its role in promoting actin polymerisation
contributing to EMT, the ectopic expression of ARPC2 has been shown to
induce the expression of the mesenchymal markers N-cadherin and VIM
(Cheng et al., 2019) further associating its expression to regulation of
EMT. Moreover, inhibition of ARPC2 activity restricts the migration of
lung, pancreas and colon cancers (Choi et al., 2019). Taken together,
these results suggest that upregulation of VIM occurs in parallel with the
expression of the isoforms of the Arp2/3 complex subunits that would
facilitate enhanced actin polymerisation.

In addition, we have also identified distinct patterns of expression of
Arp2/3 subunits associated to AML cancers with increased co-expression
of ARPC1A, ARPC3 and ARPC4 with VIM vs epithelial tumours. To our
knowledge, none of these Arp2/3 subunits have been shown to play a
role in AML. However, these three subunits have been related to cancer
cell migration and invasion in other tumour types (Laurila et al., 2009;
Rauhala et al., 2013). We found that BM mesenchymal/fibroblastic
stromal cells induce the co-expression of VIM with ARPC1A, ARPC3 and
ARPC4 in AML cells correlating with the development of a migratory
EMT-like phenotype. Future studies should address the possible specific
role of these isoforms in AML migration and progression and their
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possible significance for the design of therapeutic interventions to block
EMT-mediated drug resistance.

The Arp2/3 complex becomes active by binding to nucleation pro-
moting factors such as the WASP/WAVE family of proteins, which have
also been involved in carcinogenesis (Izdebska et al., 2020). Our data
also show a clear co-upregulation of WAS (coding for WASP) with VIM in
the majority of the tumours studied. Interestingly, ARPC1B, whose
transcript we found co-expressed with VIM similarly to the pattern of
WAS, has been shown to interact with WASP and promote its Arp2/3
complex activating function during podosome formation (Leung et al.,
2021). The enhanced activity of the Arp 2/3 complex mediated by WASP
may be a possible mechanism of activation of F-actin dynamics during
EMT that parallels upregulation of VIM that may be common to
epithelial tumours and AML. However, the regulation of WASP in AML
cells may differ from epithelial tumours since the gene coding for the
protein WIP (WIPF1), which plays a critical role in the maintenance of
WASP stability and subcellular localisation (Chou et al., 2006; de la
Fuente et al., 2007), showed in our in silico studies a pattern of inverse
co-expression with VIM in AML cells whereas it mirrored the expression
of VIM in epithelial tumours. WIP has previously been shown to drive
oncogenesis in several solid tumours (Escoll et al., 2017; Gargini et al.,
2016; Menotti et al., 2019; Salvi and Thanabalu, 2017) while in some
haematological malignancies (Pereira et al., 2017; Wang et al., 2021)
and in lymphoma (Menotti et al., 2019) WIP and WASP work as tumour
suppressors. Our data suggest that the role and regulation of WASP and
WIP in AML may differ from other haematological malignancies. We
found that similarly to the observations in other haematological ma-
lignancies, WIP may be expressed at lower levels in aggressive forms of
AML with an invasive EMT profile rich in VIM. However, our results
revealed a co-expression between the gene coding for WASP (WAS) and
VIM in AML. Our data also indicate that BM mesenchymal/fibroblastic
cells contribute to the regulation of the reverse co-expression of WIP
with VIM while they hardly affected the expression of WASP. This
suggests that perhaps other BM microenvironment components may be
the major contributors to the modulation of WASP levels during the
development of the EMT-like phenotype in AML. The exact role and
mechanisms of regulation of WASP and WIP in AML should be further
studied to clarify their exact role in EMT and tumour progression.

The variations in the patterns of co-expression of epithelial and
mesenchymal markers (Pastushenko and Blanpain, 2019; Pastushenko
et al., 2018) may also explain the specific configuration of cell adhesion
molecules and associated proteins assembled during EMT migration in
different tumour types (Greaves and Calle, 2022). Integrins and associ-
ated proteins are critical for the formation of the variety of cell adhe-
sions including invadopodia, podosomes and invasive focal contacts
formed in cancer cells undergoing EMT processes. All the tumours
analysed in our in silico study including AML showed an upregulation of
ILK, which correlates with the involvement of integrin-mediated
migration in the EMT processes developed. We also found that BM
mesenchymal stromal cells promote the co-expression of VIM and ILK in
AML cells. However, given the differences between AML and the
epithelial tumours in the co-expression of the genes LIMSI and PARVA,
which code for the ILK interacting proteins PINCH1 and parvin, it is
likely that the integrin-mediated adhesions are distinctively organised
and/or controlled in AML vs epithelial tumours. The difference in
co-expression of VIM with ACTN1, 3 and 4, FSCN1 and 3, SH3PXD2A and
DIAPH]1 in AML vs epithelial tumours also suggest the specific regulation
of the organisation and dynamics of F-actin. The resulting cytoskeletal
and adhesion configuration will ultimately control the specific migra-
tion patterns that may be associated with tissue invasion and lodging to
form secondary tumours of AML.

5. Conclusions

In summary, our findings further support the existence of cancer-
type specific modes of EMT (Yang et al., 2020) that result from
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distinct patterns of coordinated expression of cytoskeletal and adhesion
proteins. These patterns may be determined by the specific regulation of
core EMT markers. Specifically, we show that in response to the stim-
ulation by BM mesenchymal/fibroblastic cells, AML cancer cells can
undergo an EMT-like phenotype that results from a strong upregulation
of VIM that does not correlate with the upregulation of some core EMT
markers observed in epithelial tumours. This process also involves some
distinct patterns of co-expression of actin binding and adhesion proteins
that regulate F-actin dynamics. These results warrant future in-
vestigations to identify and further characterise the signalling networks
activated to induce these processes in order to devise new tailored
therapies for AML as well as different types of cancer.
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