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ACUTE MYELOID LEUKEMIA
Expression profiling of extramedullary acute myeloid leukemia
suggests involvement of epithelial-mesenchymal transition
pathways
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Extramedullary (EM) colonization is a rare complication of acute myeloid leukemia (AML), occurring in about 10% of patients, but
the processes underlying tissue invasion are not entirely characterized. Through the application of RNAseq technology, we
examined the transcriptome profile of 13 AMLs, 9 of whom presented an EM localization. Our analysis revealed significant
deregulation within the extracellular matrix (ECM)-receptor interaction and focal-adhesion pathways, specifically in the EM sites.
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Check for updates

The transcription factor TWIST1, which is known to impact on cancer invasion by dysregulating epithelial-mesenchymal-transition
(EMT) processes, was significantly upregulated in EM-AML. To test the functional impact of TWIST1 overexpression, we treated OCI-
AML3s with TWIST1-siRNA or metformin, a drug known to inhibit tumor progression in cancer models. After 48 h, we showed
downregulation of TWISTI, and of the EMT-related genes FNT and SNAI2. This was associated with significant impairment of
migration and invasion processes by Boyden chamber assays. Our study shed light on the molecular mechanisms associated with
EM tissue invasion in AML, and on the ability of metformin to interfere with key players of this process. TWISTT may configure as
candidate marker of EM-AML progression, and inhibition of EMT-pathways may represent an innovative therapeutic intervention to

prevent or treat this complication.

Leukemia (2023) 37:2383-2394; https://doi.org/10.1038/s41375-023-02054-0

INTRODUCTION
“Myeloid sarcomas” (MS) or otherwise defined extramedullary
acute myeloid leukemias (EM-AML), indicate extramedullary
masses of myeloid blasts, altering the tissue architecture [1-3].
MS may be present at the time of diagnosis or relapse in about
10-15% of AML, with or without simultaneous bone marrow (BM)
involvement, which however inevitably occurs during the disease
course in the majority of cases [4]. Recent data on large patient
series have confirmed that MS is associated with dismal prognosis,
with significantly lower probability of achieving complete remis-
sion, and reduced survival, as compared to the corresponding
AML subtypes [3]. Most commonly affected tissues include soft/
connective tissue (31-35%), skin/breast (11-46%), and gastro-
intestinal system (10-19%), with less frequent involvement of
reproductive organs (1-10%), bone (5-16%), head and neck

(6-14%), and central nervous system (CNS, 4-11%) [5-8]. The
incidence of MS increases in the allogeneic stem cell transplanta-
tion (HSCT) setting, accounting for 10-25% of EM relapses,
occurring at median intervals of 6-12 months after HSCT [9, 10].

Different attempts have been made to predict the risk of EM-
AML localizations, but they have been unsuccessful to date. A
monoblastic/myelomonocytic morphology is frequent in EM-AML,
and the immunophenotype is usually positive for myeloid and
monocytic markers, including CD11b, CD56, CD33, CD68, lyso-
zyme, and the more immature CD117 and CD34, CD61,
glycophorin and CD4 [11]. Clonal cytogenetic abnormalities have
been observed in 54-70% of cases, but there is no clear
correlation between the AML subtype and the development of
EM disease [12]. The mutational topography also does not show a
specific signature, predictive of synchronous or metachronous EM-
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T ~+1 £ £3 AML, with frequencies of NPM1, NRAS, IDH2, DNMT3A and TET2
3n 38 38 mutations overall similar to that of de novo AML [13-15].
VO Bu gu In recent years, studies on EM-AML have shown deregulation in
& 13 1% leukemic blasts of epithelial-mesenchymal transition (EMT) path-
a8 (26|25 ways, mirroring the metastasis formation process in solid tumors
29S8 E [16]. EMT is in turn controlled by several signal transduction
= .i' [ i O . y 9
g X e FE|£E pathways, leading to the activation of the master regulators
E g ™ g < é’ < TWIST1, SNAIL and ZEB [17]. These key EMT transcription factors
2 05 O S| o= _ (EMT-TF) may trigger cellular changes associated with invasiveness
5| 3 e e and cancer cell dissemination [18].
£ § § g g g g g § Given the paucity of data on the cell-specific features leading to
E ©G0OC0C 00 GO = EM localization of AML, and taking advantage of cases collected
o through a multi-institutional effort, we analyzed by RNA-Seq the
& 5 expression profiles of EM localizations of AML as compared to that
g |3 = of paired BM blasts, isolated at the time of initial diagnosis or of
£ o = . _ @ relapse. The final goal was to identify predictive factors of EM-
53 £ 2 5 migration of AML cells, and possible druggable targets to be used
Sz = =2 s to prevent or treat this prognostically adverse leukemic
5 = manifestation.
= o
(o] =]
= 8
(] =
8 § MATERIALS AND METHODS
s = Study cohort
E K] During the years 2019-2022, we collected samples from 16 AML patients,
° ° § 3 12 of whom developed an extramedullary localization (7 at diagnosis and 5
°E' 2 T IS © “E’ at relapse). There were 6 males and 6 females, of a median age 63 years
s = ) ) + o (range 40-79). Bone marrow mononuclear cells (BM-MNC) of 4 patients
° X > X ]
I = = > X bl with AML, who did not develop an EM localization, and of 3 healthy donors
- 2 9 $ i = (HDs) were included in the study as controls (Supplementary Fig. 1).
: 5 According to the declaration of Helsinki, all patients gave informed
g = £ consent for the study, that was approved by the Institutional Review Board
-2 S 3 of the Policlinico Tor Vergata of Rome, as part of the Mynerva program.
@ u 9 Clinical and biological features of the AML patient cohort are reported in
s 8 e - z Table 1. Skin was the secondary AML site in 6 cases (50%), while lymph
O G G G = nodes and bone localizations were present in 4 and 3 patients (33 and
g 25%, respectively). Paired samples of BM and sarcoma tissues at the time
» e = of diagnosis and/or relapse were available for 7 cases. The 4 AML samples
g = g_ used as controls had a monoblastic morphology, and did not develop a
i o % secondary localization at a median follow-up of 29.5 months from initial
& = 2 diagnosis (range 22-35 months).
5 |= = Routine morphologic, immunophenotypic and genetic analysis were
B % carried out in all cases at presentation or relapse. Conventional karyotyping
N o was performed on BM aspirates after short-term culture and analyzed after
g @ g G-banding. For molecular analysis, MNCs were isolated from patients BM
= 2 5 by Ficoll-Hypaque gradient centrifugation using Lympholyte®- H (Ceder-
E E o N % lane, ON, Canada) and DNA was extracted using the column-based
v QlAamp DNA Mini Kit (Qiagen), following the manufacturer’s instructions.
i The mutational landscape was studied by targeted next-generation
Q 9 Q a2 sequencing (NGS) of 30 myeloid genes, using the Myeloid-Solution-Panel
@ 2, 2 |2 5 by SOPHIiA GENETICS (SOPHIiA GENETICS, Saint Sulpice, Swiss) and the
=e = VS 0= % sequencing platform MiniSeq® lllumina (lllumina, San Diego, CA, USA).
<& IOAE RN BORSK BORS g FASTQ sequencing files were uploaded to the SOPHIA DDM® platform
“n (coverage > 1000X), that enables the detection, annotation and classifica-
. g tion of genetic alterations (SNVs, Single Nucleotide Variants and insertions/
o @ ~ - ° T deletions) through artificial intelligence. Only variants with a variant allele
<> © ~ N = frequency (VAF) greater than 1% and alterations identified as highly or
= q y 9 ghly
> probably pathogenic were considered, and analysis was performed
5 3 according to standard procedures.
g 5 Diagnosis of EM-AML was confirmed by immunohistochemistry (IHC)
g s § and histopathological analysis of biopsy specimens. Immunohistochemical
= . S staining was performed using an automated slide preparation system
< (Benchmark XT, Ventana, Tuscon, AZ), a Ventana Enhanced DAB Detection
E < Kit (Ventana, Tucson, AZ), and commercially available prediluted mono-
=] = o ) TEU clonal antibodies: CD163 (NeoMarkers), CD4 (Biocare Medical), myeloper-
- kY] oxidase, lysozyme, CD3, CD4, CD8, CD15, CD20, CD34, CD43, CD56, CD68,
1] w CD79a, CD117, Factor VIII (FVIII), and glycophorin A (all Ventana, Tucson,
> ~ . R . .
c ™) AZ) (Supplementary Fig. 2 shows a myeloid sarcoma immunohistochem-
< S istry, derived from UPN1).
o
b} =
- s RNA isolation and RNA-Seq
2 > Total RNA was extracted using TRIzol™ Reagent (Invitrogen, Thermo Fisher
= = Scientific, Waltham, MA, USA) from BM-MNC samples of AML patients, and
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from the OCI-AML3 cell line. RNA isolation from paraffin-embedded tissue
was performed using the RecoverAll™ kit (RecoverAll™ Total Nucleic Acid
Isolation Kit for FFPE; Thermo Fisher Scientific, Waltham, MA, USA). At least
50ng of RNA was reverse transcribed with the SuperScript™ IV VILO™
Master Mix (Thermo Fisher Scientific, Waltham, MA, USA). The reaction mix
was incubated in a thermal cycler at the following conditions: 25 °C for
10 min, 50°C for 10 min, 85°C for 5min and holding at 4°C. cDNA
corresponding to 50 ng RNA was used for qRT-PCR.

For RNA-Seq, RNA was quantified by spectrophotometry and evaluated
for integrity using the Agilent 4200 TapeStation system. In addition to the
RNA Integrity Number (RIN) value, the Distribution Value 200 (DV200),
corresponding to the percentage of fragments with dimensions >200 bp,
was also evaluated for RNA isolated from FFPE (formalin-fixed, paraffin-
embedded) tissues. RNA sequences with RIN >2 and DV200 >25% were
selected for transcriptomic analysis.

The library preparation was carried out using the Takara Bio SMARTer
Stranded Total RNA-Seq Kit v2-Pico Input Mammalian, with an input of
8-10ng RNA isolated from fresh blood samples or of 20-50ng RNA
isolated from FFPE samples. RNA libraries were quantified by fluorimetry
(Qubit™ dsDNA HS Assay Kit), and analyzed for quality check and final
quantification by the Agilent TapeStation 4200 with the High Sensitivity
D1000 ScreenTape Assay kit system. The overall quality and the presence
of adapter sequences was checked by the FastQC program (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/). All paired reads
were then aligned to the reference human genome (GRCh38/hg38) using
the aligner splice-aware STAR v2.5.0c (26), sorted and indexed by Samtools
(27).

The reads for each gene were calculated using the quantMode
geneCounts option and then elaborated by the Bioconductor DESeq?2
v1.30 (28).

Differential gene expression and functional enrichment
analysis

Expression data derived from DESeq2 package was used to perform
differential gene expression analysis. Statistical significance threshold for
differentially expressed genes (DEGs) was set using a Benjamini-Hochberg
adjusted P-value < 0.1 and |log2(Fold Change)| = 2 to identify upregulated
or downregulated genes. DEGs were analyzed using the Database for
Annotation, Visualization and Integrated Discovery (DAVID) (v. 2021,
https://david.ncifcrf.gov) [19, 20], using the Kyoto Encyclopedia of Gene
and Genome pathways database (KEGG pathway enrichment analysis). In
detail, a Gene Functional Annotation Chart option was applied, which
collects all significant terms of the list as inputs to visualize KEGG
pathways. Statistically significant pathways were selected using a
Benjamini-Hochberg adjusted P-value < 0.01 as cut-off criteria.

A second computational analysis was carried out using gene set
enrichment analysis (GSEA), using the GSEA software v.3.0, and a gene-
based permutation test with 1000 replications. Significantly enriched
pathways were defined according to P-value of < 0.01 and false discovery
rate (FDR) < 0.25.

To control for the different RNA sources [formalin-fixed, paraffin-
embedded (FFPE) EM localization vs BM-MNC], non-differentially expressed
genes were analyzed by DESeq2, and by Pearson correlation. The top 10%
most expressed genes were then used as input for pathway enrichment
analysis. Pathways with Benjamini-Hochberg-corrected P-value < 0.1 were
considered significantly enriched.

Cell cultures and RNA interference
The human leukemia cell line OCI-AML3 was obtained by the German
Collection of Microorganisms and Cell Cultures GmbH (DSMZ,

Gene

RUNX1
SRSF2
NPM1
TET2
ASXL1
FLT3
ETV6
IDH1
JAK2
SETBP1
WT1
CEBPA
CSF3R
DNMT3A
EZH2
IDH2
NRAS
PTPN11
SF3B1
ABL
BRAF
CALR
CBL
HRAS
KIT
KRAS
MPL
TP53
U2AF1
ZRSR2

UPN1 [UPN2 [UPN3 [UPN4 | UPN5 [UPN6 |UPN7 [UPN8 [UPN9 [UPN14 [UPN15 [UPN16

_ Multiple mutations
-Missense mutation

Frameshift Mutation

Nonsense Mutation

-Splice Site

Fig. 1

Targeted-NGS analysis of BM samples of pts with EM-AML (n = 12). t-NGS of 30 myeloid genes performed using the Myeloid-Solution

Panel by SOPHIA GENETICS and MiniSeq® lllumina sequencing platform. Only variants with a variant allele frequency (VAF) greater than 5%
and alterations identified as highly or probably pathogenic were considered for the analysis.
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Braunschweig, Germany) and cultured in RPMI 1640 Medium (Gibco
Roswell Park Memorial Institute, Sigma-Aldrich, St. Louis, MO, USA),
supplemented with 20% FBS (fetal bovine serum), 1% L-glutamine and
1% penicillin/streptomycin (Lonza Sales, Basel, Switzerland). Cells were
then plated in sterile flasks and maintained in culture in a thermostat
incubator, at 37 °C under 5% CO, atmosphere.

A siRNA oligonucleotide targeting the human TWIST1 cDNA sequence
was purchased from Invitrogen (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA, siRNA 514524 sense 5'—3": GCACCAUCCUCACACC
UCUtt, siRNA s14524 antisense 5'—3: AGAGGUGUGAGGAUGGUGCcg). A
siRNA sequence not matching any mRNA present within the cells was used
as negative control. Forty-eight hours after transfection, downregulation of
RNA expression was confirmed by gRT-PCR.

Metformin treatment
OCI-AML3 cells were seeded into 6-well plates at a density of 1.5 x 10° cells
per well in 3mL complete medium, and metformin (Selleck Chemicals,

Houston, TX, USA), dissolved in H,O, was added at increasing
e
A ~ 0
versus 23
v R
AML Ctrl D
n=4 n=4 D
n=4
UPN11
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20~ UPN3
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§ U‘g“ UPN13
g UPN10 °
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concentrations (10, 20 and 40 mM) for 24 and 48 h. After metformin
treatment, cell viability was studied by Trypan-Blue dye exclusion assay
(0.5% w/v) (Sigma-Aldrich, St. Louis, MO, USA) by a phase contrast
microscope. Cell suspension was then collected for RNA extraction, using
TRIzol™ Reagent (Invitrogen, Waltham, MA, USA). qRT-PCR was performed
using SYBR Green chemistry (iTag™ Universal SYBR® Green Supermix, BIO-
RAD, Hercules, California, USA). Gene expression was calculated using the
2728 method, and normalized to B2M levels. Primers’ sequences and qRT-
PCR conditions are reported in Supplementary Table 1.

Migration and invasion assays

A 24-well plate, 8-um pore size Costar transwell plate (Corning, Cambridge,
MA, USA) was used to test the migration and invasion ability of OCI-AML3.
For the invasion assay, the chamber was coated with Geltrex™ matrix
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA), to mimic the
extracellular matrix. A total of 2 x 10° cells pre-treated with siRNA or
metformin and the corresponding controls were resuspended in 200 pL of
RPMI 1640 medium, and seeded in the upper chamber of the transwell,

B

versus

——
AML Ctrl R
n=4 n=5
407 ypNi
®
o - UPN12
8 [ J
C
o
= UPN3
> ® UPN13
x ®
©
e UPN8
= UPN11
o UPN2 ®
®
UPNg
20- )
UPN10
@®
25 0 25 50
PC1: 34% variance ® BM-MNC of EM-AML
® BM-MNC of AML Citrl
®
UPN3

® BM-MNC

® Paired EM localization

Fig.2 Principal component analysis (PCA). A PCA of control AML patients (AML Ctrl, n = 4) versus BM at diagnosis of patients who presented
EM-AML at diagnosis (n = 4) or at relapse (n = 4). B PCA of expression profiles of AML Ctrl and BM-MNC of patients who experienced both BM
and EM relapse (n =5). C PCA of paired samples of extramedullary localizations as compared to BM (n = 7). The blue dots show the AML Ctrl
patients, the red dots show the patients who developed the extramedullary localization. The graphic legends are Created with BioRender.com.
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while the lower well was filled with 600 uL RPMI 1640 medium containing
20% FBS. After incubation for 4h at 37°C, transmigrated cells were
counted by flow cytometry for 5min, after labeling with an anti-CD45
human monoclonal antibody.

Statistical analysis

Statistical analysis was carried out using the GraphPad Prism software v8.0
(GraphPad Software, San Diego, CA). Specifically, the non-parametric
Kruskal-Wallis test was applied to compare gene expression levels by RT-
PCR in BM and EM samples. Wilcoxon matched-pairs test was used for the
evaluation of expression levels of genes of interest after treatment with
siRNA or metformin. Data are presented as the median with range of the
experiments.

RESULTS

Mutational landscape of EM-AML

The mutational landscape of AMLs with EM localizations, at
diagnosis or relapse, was analyzed by targeted-NGS on DNA
extracted from BM-MNC samples (n = 12) (Supplementary Fig. 1).
We identified the presence of a median of 4 mutations per patient
(range 0-7) (Fig. 1), with no detectable mutations in the BM
samples of 2 patients who had less than 5% BM blasts. As shown

A DpaviD GSEA B
23 13 27
(36.5%) (20.6%) (42.9%)
Arrhythmogenic right ventricular
cardiomyopathy
Axon guidance C
B cell receptor signaling pathway

Calcium signaling pathway
Dilated cardiomyopathy
== ECM-receptor interaction
— Focal adhesion
Hematopoietic cell lineage
Hypertrophic cardiomyopathy
Natural killer cell mediated
cytotoxicity
Pathways in cancer
Primary immunodeficiency
Vascular smooth muscle contraction

Color Key

10 15

cont

5

\

7

(10.9%) (51.6%) (37.5%)

in Fig. 1, the most commonly mutated genes were SRSF2 (41% of
cases), RUNX1 and NPM1 (33% of cases each).

Transcriptome profile of EM-AML reveals dysregulation of
EMT-related pathways

The expression profile of BM and EM-AML localizations was then
characterized by RNA sequencing of samples isolated from 13
patients, 9 of whom were complicated by an EM localization. BM-
MNC of 4 AML patients who did not develop extramedullary
disease served as AML controls (Supplementary Fig. 1).

The trascriptomic profile of diagnostic BM-MNCs of patients
who developed a myeloid sarcoma at the time of diagnosis (n = 4)
or relapse (n = 4) was compared to that of BM-MNCs of 4 AML Ctrl.
Comparing these BM samples, no evident cluster separation could
be identified by Principal Component Analysis (PCA) (Fig. 2A).

We then compared the expression profiles of AML Ctrl to that of
BM-MNC of patients who experienced both BM and EM relapse
(n=>5) (Fig. 2B). Differential gene expression analysis revealed
deregulation of three pathways involved in blast cells adhesion to
endothelial surfaces, including cytokine-cytokine receptor inter-
action, toll-like receptor and chemokine signaling (Supplementary
Fig. 3). In particular, 22 DEGs linked to cytokine-cytokine receptor

DAVID GSEA

24 6 39 25
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33

I 7
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Focal adhesion
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ITGA3
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Row Z-Score

Fig. 3 Statistically significant pathways and genes. A Venn plot of the deregulated pathways identified by DAVID and GSEA in
extramedullary localizations samples as compared to BM. The pathways are sorted alphabetically by pathway name. B Venn plot of the
upregulated genes, linked to ECM-receptor interaction (in yellow) and Focal adhesion (in purple), in common between DAVID and GSEA.
C Heatmap showing the differential gene expression of the 32 DEGs upregulated in the extramedullary localizations as compared to the
respective bone marrow samples. Stronger relationships between samples are given by shorter distances in the hierarchical clustering and the
upregulation by the darker green color in the heatmap. BM bone marrow, EM extramedullary.
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with BioRender.com.
interaction, were upregulated in AML Ctrl compared to EM-AMLs. (Supplementary Fig. 7A, B). The same analysis was then repeated
These data were validated by qRT-PCR, confirming the upregula- using the GSEA software, and resulted in abnormal regulation of
tion of 4 out of 22 selected genes (CCL3, CCL4, CCRT and CCR2). 40 pathways, with enrichment of 24 pathways in EM localizations
(Supplementary Fig. 4). compared to BM-MNC (P-value < 0.01 and FDR < 0.25, Supplemen-

We then investigated the expression profiles of paired samples tary Fig. 7C, D). Upregulated pathways identified by DAVID and
from 7 patients, consisting of BM-MNCs and EM localizations at GSEA were mainly associated with those with biological activity in
the time of diagnosis (n = 4) or relapse (n = 3). As a control for the cancer stem cells from several types of tumors [21, 22]. On the
different RNA sources, we scored non-differentially expressed contrary, downregulated pathways were related to impaired
genes in FFPE EM localizations versus BM-MNCs, corresponding to antitumor properties [23].

9783 of 31,835 genes. The two datasets were strongly correlated Importantly, combination of the two analysis converged on
(Pearson’s r =0.751, Supplementary Fig. 5), indicating a negligible enrichment of gene networks (n = 13) involved in ECM-receptor
effect of FFPE preservation on global gene expression. The interaction and focal adhesion, which may exert a functional
transcriptional regulation of granulopoiesis pathway was signifi- impact on the migration and invasive ability of the leukemic cells
cantly enriched (top 10 percentiles), as expected in AML (data not (Fig. 3A). Specifically, intersection of DEGs related to ECM signaling
shown). and focal adhesion of the corresponding leading-edge gene-sets,

Using PCA, a clear separation of the BM-MNC profiles versus allowed us to identify 32 common genes (Fig. 3B) upregulated in
secondary localizations became evident (Fig. 2C), with deep patients who experienced an EM localization (Fig. 3C), that were
differences in the transcriptome pattern between BM-MNC and likely critical for the deregulation of EMT-associated pathways.
extramedullary site. In particular, we identified 3572 DEGs, of We then studied by qRT-PCR the expression of 22 of the 32
which were 2889 upregulated, and 683 downregulated in EM genes upregulated in the EM localizations. Significant over-
localizations, as showed by the volcano plot (Supplementary expression of 19 of 22 genes (86%) was confirmed in three paired
Fig. 6). EM and BM-MNC samples from the retrospective study cohort

The functional enrichment analysis of DEGs using DAVID, (UPN4, 5 and 7, P-value <0.0001), and in an independent paired
showed involvement of 25 KEGG pathways for upregulated DEGs, prospective study cohort (n = 3) (Fig. 4A). Median gene upregula-
and 11 for downregulated genes (P-value <0.01 and FDR < 0.01) tion was 743 folds (range 48-15,489) and 59 folds (range
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t,

0-10,474), in the retrospective and prospective patient cohorts,
respectively.

The analysis of the same set of 19 genes in BM-MNCs of patients
who had EM-AMLs versus healthy donors, did not show any
evidence of differential expression, suggesting that these genes
are selectively modulated only in the extramedullary context
(Fig. 4B).

TWIST1 silencing affects FN1 expression, but not the
migratory capacity of OCI-AML3 cells

TWIST1, a transcription factor involved in EMT signaling, was
among the genes significantly upregulated in EM-AML samples
(Fig. 5A). To explore the functional effects of its upregulation, we
silenced TWISTT using a siRNA directed against a specific portion
of the 3’ untranslated region (UTR). As reported in Fig. 5B,
silencing of TWISTT induced a moderate time-dependent reduc-
tion of cell proliferation, as compared to control. After 48 h of
transfection, TWISTT mRNA expression decreased by 76.8%
[corresponding to median Fold Change (FC) of —4.32], as
compared to control siRNA. Similarly, we observed a statistically
significant decrease in FNT expression (corresponding to median
FC of —2.17, P-value<0.05), a TWISTI target involved in
extracellular matrix remodeling and cancer cells invasion (Fig. 5C).
However, the Boyden chamber assay, performed to test the

SPRINGER NATURE

10 nM siRNA, as compared to negative control siRNA. Error bars indicate the median with range of three
; ACt = Ct test gene - Ct housekeeping gene; housekeeping gene = B2M. The significant FC cut-off is

impact of TWISTT silencing on migration capability of OCI-AML3
cells, showed no significant differences in the migration rate
between siRNA-treated and control cells, and there was only a
slight reduction (20.28%) of the capability of invasion of treated
cells through the Geltrex™ matrix (Supplementary Fig. 8).

Metformin treatment results in downregulation of EMT-
related genes and interfere with metastatic behavior of OCI-
AML3 cells

Since metformin has been shown to interfere with the metastatic
behavior of cancer cells, we tested the cytotoxicity of this drug on
OCI-AMLS3 cells, cultured with 10 and 20 mM metformin for 24 and
48 h. The treatment induced a significant decrease of cell number
at 48 h (Fig. 6A), which was associated with a significant decrease
of mRNA expression of TWIST1 and of its target FN1, in a dose and
time-dependent fashion (P-value <0.05), whereas a trend for
SNAI2 was observed at 20 mM metformin (P-value = 0.06) (Fig. 6B).
In the same line, metformin also impaired cell migration and
invasion by 66.3 and 50%, respectively (P-value = 0.0313) (Fig. 7).

DISCUSSION
Extramedullary soft tissue localizations are rare in myeloid
neoplasms. The most common manifestation is myeloid sarcoma,
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onsetting at AML diagnosis or relapse. The precise mechanism of
EM involvement is not fully understood [3, 4. In this study, we
demonstrate that the transcriptome profile of extramedullary
localizations in AML is significantly different from the correspond-
ing BM blasts. On the contrary, genetic profiles of AML patients
developing MS were similar to that of de novo AML, as previously
reported [24], with SRSF2, RUNX1 and NPM1 as the most frequently
mutated genes. Mutational profile was not studied on DNA
extracted from the EM-AML samples in our patients, due to the
poor quality of available DNA. No differences in the type and
frequency of mutated genes in EM vs BM samples has been
reported in the literature [14, 25].

Of the highest importance, we studied the gene expression
profiles of BM vs EM samples to try to dissect the mechanisms that
allow leukemic blasts to invade and colonize extramedaullary sites.
Among the top deregulated pathways, we identified those
involved in the migration and invasive ability of tumor cells, and
genes with major functions in the microenvironment, promoting
cancer progression [26]. Among these, were specific cytokines and
molecules increasing the cellular ability of invasion and metasta-
tization. Proteins making up the extracellular matrix participate in
the abovementioned processes, in particular genes encoding for
collagen, laminins, integrins and fibronectins [27, 28]. ECM
proteins have been suggested to constitute a niche for the cancer
stem cells (CSCs) by giving structural and molecular support for
their proliferation, self-sustain and differentiation [29]. In our
patients who developed an EM localization, we observed
upregulation of genes encoding for six collagen isoforms (COL),
glycoproteins, fibronectin (FNT7), tenascin (TNC), thrombospondin
(THBS2), and laminins (LAMA4/LAMB1), which are part of the
structure of the basal membranes, support self-renewal of tumor
cells, increase the EMT process and lead to drug resistance.

Leukemia (2023) 37:2383 - 2394

Specifically, comparing BM samples of AML Ctrl to those of
patients at the time of the EM relapse, we observed deregulation
of the cytokine-cytokine interaction pathway, which has been
previously reported to play a role in tumor development and
progression [30, 31]. This suggests impairment of the ability of
leukemic blasts to remain anchored to the hematopoietic niche in
patients who develop a myeloid sarcoma, together with the
acquisition of the ability to escape from the BM microenviron-
ment, and marginalize at other sites [28, 32]. In this line, leukemic
cells disrupt the BM stroma, which is a hub for normal
hematopoietic cells’ support, creating a tumor microenvironment
and altering the interactions between stromal molecules and their
receptors [33, 34]. The prominent role of adhesion molecules in
the homing and proliferation of progenitor cells is confirmed by
the use in clinical practice of Plerixafor, a CXCR4 inhibitor that
enhances progenitor cell mobilization for transplantation pur-
poses [35-37].

Aberrant gene expression in EMT-related pathways, such as
ECM-receptor interaction and focal adhesion, is one of the
hallmarks of cancer invasion and metastasis. Genes involved in
this reprogramming process inducing a mesenchymal phenotype
include SNAIT (SNAIL), SNAI2 (SLUG), ZEB, and TWIST1 [38-40]. The
latter is part of a family of transcription factors characterized by a
basic-helix-loop-helix (bHLH) domain, and is responsible for both
primary tumor formation and metastasis [41, 42]. In hematologic
malignancies, TWISTT interaction with several molecules and
proteins (e.g., adhesion molecules) is essential for the regulation
of apoptosis and EMT [43-45]. In our patient cohort, we show that
TWISTT and its interactor FNT [46] were significantly upregulated
in EM-AML localizations, and that siRNA-mediated suppression of
TWIST1 expression leads to FNT downregulation. Similarly, Yang
et al. and Kwok et al., showed that TWISTT siRNA block metastasis
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In vitro cell migration and invasion assessment using Boyden Chamber Assay after metformin treatment. Flow cytometry analysis

of migration (A, B) and invasion (C, D) capacities of OCI-AML3 cells treated with metformin. In (A) and (C) panels are shown the results of one
experiment representative of those that gave similar results. In (B) and (D) panels are reported the median number of events as a result of

three independent experiments. *P < 0.05.

formation and induce apoptosis of breast and prostate cancer
cells [47, 48].

Among drugs able to interfere with the EMT process,
metformin has been shown to specifically inhibit cancer invasion
[49-52]. In particular this drug blocks the activation of numerous
pathways, as AMPK and PI3K/Akt/mTOR signaling, and down-
regulates directly TWIST1 expression [43, 45]. Interestingly, in the
present study, we found that metformin decreased AML cell
growth in a dose and time-dependent manner. This was
associated with downregulation of TWISTT expression, and with
decreased expression of its targets FNT and SNAI2. However,
silencing of TWISTT alone was not sufficient to affect the
migration potential of OCI-AML3 cells, indicating that the EMT
process involves different pathways and numerous other factors.
On the contrary, in cells silenced for TWIST1, there was a trend
towards inhibition of the invasion process. We thus speculate that
TWIST1 inhibition may block several proteins, such as metallo-
proteases, which promote cell invasion by degrading the
extracellular matrix.

On the contrary, metformin treatment significantly reduced
both the invasion and migration capabilities of the cells. This
relates in part to the activity of metformin against TWIST1, but also
to the inhibition of its target SNAI2, as previously reported [53].

In conclusion, taken together, our data show that deregulation
of the ECM-receptor interaction and focal-adhesion pathways may
play an important role in the functional alterations of leukemic

SPRINGER NATURE

cells, favouring their migration from the bone marrow to
extramedullary sites. Moreover, since there are no specific
approaches to prevent or treat extramedullary localizations, which
are often resistant to standard AML treatment, we provide
evidence that metformin may be relevant for the development
of a targeted combined treatment approach.
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