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HIGHLIGHTS

» Higher FOXO3a levels suggest a link to malignancy in Uterine Smooth Muscle Tumors.
* Elevated expression of FOXO3a is connected to LMS prognosis, indicating it is a survival marker.
* MiRNA activity contributes to the imbalance of FOXO3a in Uterine Smooth Muscle Tumors.

ARTICLE INFO ABSTRACT

Keywords: Objective: The present study aimed to investigate FOXO3a deregulation in Uterine Smooth Muscle Tumors (USMT)
Leﬁom}’omﬁ and its potential association with cancer development and prognosis.

Leiomyosarcoma Methods: The authors analyzed gene and protein expression profiles of FOXO3a in 56 uterine Leiomyosarcomas
fmoigishismchemistry (LMS), 119 leiomyomas (comprising conventional and unusual leiomyomas), and 20 Myometrium (MM) samples.
MicroRNA The authors used techniques such as Inmunohistochemistry (IHC), FISH/CISH, and qRT-PCR for the present anal-

yses. Additionally, the authors conducted an in-silico analysis to understand the interaction network involving
FOXO3a and its correlated genes.

Results: This investigation revealed distinct expression patterns of the FOXO3a gene and protein, including both
normal and phosphorylated forms. Expression levels were notably elevated in LMS, and Unusual Leiomyomas
(ULM) compared to conventional Leiomyomas (LM) and Myometrium (MM) samples. This upregulation was sig-
nificantly associated with metastasis and Overall Survival (OS) in LMS patients. Intriguingly, FOXO3a deregula-
tion did not seem to be influenced by EGF/HER-2 signaling, as there were minimal levels of EGF and VEGF
expression detected, and HER-2 and EGFR were negative in the analyzed samples. In the examination of miRNAs,
the authors observed upregulation of miR-96-5p and miR-155-5p, which are known negative regulators of
FOXO03a, in LMS samples. Conversely, the tumor suppressor miR-let7c-5p was downregulated.

Conclusions: In summary, the outcomes of the present study suggest that the imbalance in FOXO3a within Uterine
Smooth Muscle Tumors might arise from both protein phosphorylation and miRNA activity. FOXO3a could
emerge as a promising therapeutic target for individuals with Unusual Leiomyomas and Leiomyosarcomas (ULM
and LMS), offering novel directions for treatment strategies.

Gene expression

Introduction expression of genes involved in apoptosis, cell cycle arrest, oxidative

stress resistance and autophagy.’”> Some researchers have suggested

Forkhead family of transcription factors — class O (FOXO) tran-
scription factors are involved in several physiological and pathologi-
cal processes, including aging, stress resistance, neurological
diseases, and cancer development." Within FOXO family, FOXO3a is
a crucial protein considered a tumor suppressor by regulating the

that FOXO3a acts as an adaptable player in dynamic homeostasis
both in normal and stressed tissue.? In addition, several works have
pointed to the relevance of FOXO3a/HER-2 (EGFR) signaling in can-
cer development and prognosis.> The growth factors ligation to their
receptors triggers the signaling cascade that leads to FOXO3a

*Corresponding author at: Obstetrics and Gynecology, Sao Paulo University, Faculty of Medicine, Sao Paulo 01246903, Brazil.

E-mail address: carvalhokc@gmail.com (K.C. Carvalho).

https://doi.org/10.1016/j.clinsp.2024.100350
Received 31 August 2023; Revised 20 February 2024; Accepted 12 March 2024

1807-5932/© 2024 HCFMUSP. Published by Elsevier Espafia, S.L.U. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/)


http://crossmark.crossref.org/dialog/?doi=10.1016/j.clinsp.2024.100350&domain=pdf
http://orcid.org/0000-0001-5607-3039
http://orcid.org/0000-0001-5607-3039
http://orcid.org/0000-0001-5607-3039
http://orcid.org/0000-0001-5607-3039
http://orcid.org/0000-0002-4419-982X
http://orcid.org/0000-0002-4419-982X
http://orcid.org/0000-0002-4419-982X
http://orcid.org/0000-0001-9027-8281
http://orcid.org/0000-0001-9027-8281
http://orcid.org/0000-0001-9027-8281
http://orcid.org/0000-0001-9027-8281
http://orcid.org/0000-0003-0774-9404
http://orcid.org/0000-0003-0774-9404
http://orcid.org/0000-0003-0774-9404
http://orcid.org/0000-0001-9097-8528
http://orcid.org/0000-0001-9097-8528
http://orcid.org/0000-0001-9097-8528
http://orcid.org/0000-0003-0111-9030
http://orcid.org/0000-0003-0111-9030
http://orcid.org/0000-0003-0111-9030
http://orcid.org/0000-0003-0111-9030
http://orcid.org/0000-0001-7295-678X
http://orcid.org/0000-0001-7295-678X
http://orcid.org/0000-0001-7295-678X
mailto:carvalhokc@gmail.com
https://doi.org/10.1016/j.clinsp.2024.100350
https://doi.org/10.1016/j.clinsp.2024.100350
http://https://www.journals.elsevier.com/clinics

T.G. de Almeida et al.
phosphorylation, translocation, and
degradation.”>*

Recently, microRNAs (miRNAs) have been described as one of the
mechanisms involved in FOXO3a regulation. MiRNAs are non-protein-
coding RNA molecules that repress the translation and/or promote
mRNA degradation.5 The 3'-UTR (3’-Untranslated region) of FOXO3a
mRNA contains multiple target sequences for miRNAs. The regulation of
FOXO3a by miR-155 has been documented in various cancer types,
including breast and lymphoma.®” Additionally, FOXO3a expression is
modulated by miR-132, miR-212, and miR-223.Lin and colleagues
showed that, in human breast cancer, miR-96 repressing FOXO3a
mRNA, leads to expression decreasing in FOXO3a targets (p27 and p21)
and increasing of cyclin D1. FOXO3a can also be directly regulated by
several other miRNAs in a direct and indirect way.®

Usually, FOXO3a loss of function determines deregulation in cell pro-
liferation and DNA damage accumulation, resulting in tissue disorders
and several cancer types development (including breast and prostate
cancer, glioblastoma, rhabdomyosarcoma and leukemia).>° However,
despite the relevance of FOXO proteins in several tumors, very little is
known about its role, regulation or expression profile in Uterine Smooth
Muscle Tumors (USMTs). These neoplasms can present a broad spectrum
of clinical complications from pelvic pain to death.'® Among them, Leio-
myomas (LM) are the most common benign tumor in reproductive-age
women. Despite their indolent clinical behavior, these tumors can
induce several troubles both for patients, due to symptoms, and for the
government, due the hysterectomies cost by year.'' LMS, on the other
hand, though rare, is the most common and aggressive USMT. These
tumors show high mortality and morbidity rates, with poor response to
chemotherapy and radiotherapy.'®'? Generally, LMS occurs in meno-
pausal women, and metastasis and relapse are very common.'? As an
intermediary entity, Unusual Leiomyomas (ULM) present features that
have similarities with both LM and LMS, encompassing bizarre nuclei
leiomyomas, symplastic and pleomorphic leiomyomas, mitotically
active, cellular and highly cellular leiomyomas, epithelioid leiomyomas,
myxoid leiomyomas, and others.'®'® They can represent a diagnosis
challenge for pathologist concerning their differentiation from LMS."'°

USMTs characterization by morphologic features and their biologic
diversity may be complex mostly due to their wide spectrum of features.
The exact origin of those tumors is unknown, and there are still contro-
versies regarding the possibility of LMS arising from a degenerated pre-
existing LM or their de novo development.'®'%'® The exploration of new
markers might help tumors’ differential diagnosis, patients’ prognosis,
and treatment response prediction, beyond to contribute with potential
new targets for specific therapy. Additionally, advances in the knowl-
edge of these neoplasms’ biology and behavior will benefit their better
clinical management. Here, the authors found FOXO3a with differential
gene expression profiles among USMT samples (LM, ULM and LMS),
using an array-based gene expression screening analysis of 112 genes
well described in the literature associated with several types of cancer.
Based on the fact that FOXO3a is described in the literature as a tumor
suppressor, the authors decided to assess its expression pattern and role
in the USMT. The main focus was to evaluate whether FOXO3a expres-
sion profile and regulation could be useful for these tumors diagnosis,
prognosis, and treatment prediction.

cytoplasmic consequent

Materials and methods
Sample selection and classification

The authors collected and analyzed a total of 55 Leiomyosarcoma
(LMS), 103 conventional Leiomyomas (LM), 16 Unusual Leiomyomas
(ULM), and 20 Myometrium (MM) samples from frozen and Formalin-
Fixed Paraffin-Embedded (FFPE) tissues. These samples were obtained
through surgeries conducted between 2000 and 2015. The follow-up
period for LMS patients was over thirty months, and relevant clinico-
pathological data were gathered for each tissue type. The FFPE tissues
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were sourced from Instituto Brasileiro de Controle do Cancer, Hospital
Santa Marcelina, A C Camargo Cancer Center, and Disciplina de Gineco-
logia do Hospital das Clinicas da Faculdade de Medicina de Sao Paulo.
The MM samples were collected from patients who underwent hysterec-
tomies without cancer, inflammatory, or infectious diseases.

The category “Unusual Leiomyoma” (ULM) encompassed tumors
that did not fit the criteria for conventional leiomyomas. This included
cellular or highly cellular, atypical, metastatic, and mitotically active
leiomyomas, as well as STUMPs, forming an intermediate group for com-
parative analysis.' '3

Medical records of participants were examined, gathering informa-
tion such as age, primary complaints, associated secondary diseases, sur-
gical procedures, treatments, tumor recurrence, and metastasis. Tumor
staging followed the FIGO-2009 guidelines,'* while histological grading
was based on nuclear polymorphism and mitotic index. The study
received ethical approval from the Research Ethics Committee of Facul-
dade de Medicina da Universidade de Sao Paulo-FMUSP and the
Research Ethics Committee of Hospital das Clinicas da Faculdade de
Medicina da Universidade de Sao Paulo - CAPpesq (Nos. 143/11 and
0845/11) and was conducted in accordance with the Helsinki Declara-
tion.

RNA extraction and qRT-PCR for gene and miRNAS expression analysis

Total RNA was isolated from FFPE samples (5 MM, 5 LM, 8 ULM, and
37 LMS) following established protocols.">'® Gene expression analysis
focused on 112 genes spanning diverse biological pathways, with exclu-
sive consideration of genes linked to FOXO3a regulation. For cDNA syn-
thesis, High-Capacity kits (Applied Biosystems, USA) were utilized,
employing 2 ug of total RNA. qRT-PCR reactions, executed in duplicate,
utilized 1.2 pL cDNA and 3.8 pL TagMan Gene Expression Master Mix
(Applied Biosystems, USA), conducted on the QuantStudio 12K Flex
Open Array Real-Time PCR System (Applied Biosystems, USA). Cycling
conditions adhered to manufacturer recommendations. Housekeeping
genes included ACTB, B2M, GAPDH, GUSB, HPRT1, and RPLPO. Data
analysis employed expression suite software v1.0.3 employing the com-
parative Cr (AACz) method (Life Technologies, USA), using MM sam-
ples as references.

For miRNA expression analysis, tissues were dissected to optimize
tumor cell yield. Qiagen miRNeasy FFPE Kit facilitated total RNA extrac-
tion from tissues. For cDNA synthesis and relative miRNA quantification,
Qiagen miScript II RT Kit, miScript SYBR Green PCR Kit, and miScript
miRNA PCR Arrays were employed. Specific miRNA sequences were
identified using the MIHS 102Z cancer-related development miRNA
PCR Array (Qiagen, Hilden, Germany). Reactions and analyses followed
established protocols.'>*®

Immunohistochemistry (IHC) and protein expression quantification

All cases were reviewed and selected based on the evaluations of two
independent pathologists (IWC and FAS). Discordant cases were evalu-
ated by another observer and retrieved for discussion and consensus.
The TMA blocks, hematoxylin and eosin, and immunohistochemical
analysis were performed as previously described.'”

All THC reactions for FOXO3a (1:100, pressure cooker, pH6.0, rabbit
polyclonal antibody, Novus Biological Inc, USA), FOXO3a-Phospho Ser-
253 (1:100, pressure cooker, pH6.0, rabbit polyclonal antibody, Arigo-
bio, USA), EGF (1:50, pH6.0, mouse monoclonal antibody, pressure
cooker + enzymatic digestion, DakoCytomation, USA), VEGF (1:100,
pressure cooker, ph6.0, rabbit polyclonal antibody, Abcam) and HER-2
(1:2,000, pressure cooker, pH6.0, rabbit polyclonal antibody, A0485,
DakoCytomation, USA) detection were standardized on conventional
slides before the analysis was performed on the TMA. Negative controls
were obtained by omitting the primary antibody or including nonreac-
tive IgG. All IHC reactions were performed in duplicate.
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For visual evaluation, each spot was scored for staining intensity and
the positive cell quantitation (frequency). To determine the protein
immunostaining score, the authors used a design proposed elsewhere
for nuclear and cytoplasmic protein staining.'”-'® HER-2 protein evalua-
tion was performed using the internationally recognized scoring system
from the ASCO/CAP guideline."®

Fluorescent and colorimetric in situ hybridization (FISH and CISH) for
HER-2 gene assessment

Vysis LSI Dual Color HER-2/CEN17 (Abbott Laboratories, Abbott
Park, IL, USA) was used for FISH analysis. All the pretreatment phase
was performed in a semi-automated machine VP2000 Processor™
(Abbott). Reactions were performed as described previously.?* FISH
slides were analyzed by observing the presence of green signals (for
HER-2 gene) and red signals (chromosome 17). The same proportion of
both green and red signals indicate no copy number alterations; propor-
tion >2.5 (2;10) could be considered gene amplification. Slides were
evaluated by pathologists using fluorescent microscopy.

Automated SISH was performed on Ventana Benchmark XT (Ventana
Medical Systems, Tucson, AZ, USA) using whole sample tissues. Ultra-
view Inform HER-2 DNA probe and Inform Chromosome 17 centromere
(cenl7) probe were visualized on the same slide. Assay conditions were
modified to obtain optimal results. The protocol (deparaffinization, pre-
treatment, hybridization, stringency wash, signal detection and counter-
staining) was fully automated. HER-2 probe was denatured at 95°C for
20 min and hybridized at 52°C for 6h. The chromosome 17 centromere
probe was denatured at 95°C for 20 min and hybridized at 44°C for 6h.
Stringency washes were performed at 72°C for 8 min. The silver signal
for HER2 was revealed by sequential silver reactions. The signal of the
centromere was visualized with the RedISH Naphtol reaction. The tis-
sues were counterstained with Hematoxylin II and Bluing Reagent.'”

Western blot assays for antibody specificity assessment

Breast cancer (MCF7, ATCC) cells were used for antibody specificity
analysis by western blot. Cell lines were grown in a specific medium
indicated by ATCC, supplemented with 10% fetal bovine serum and
0.1% penicillin-streptomycin. After the removal of the supernatant, the
cells were washed and scraped into Phosphate-Buffered Saline (PBS 1X).
The total protein extract from all samples was obtained with RIPA buffer
(50 mM Tris—HCI Ph 8.0, 150 mM NacCl, 1% NP-40, 0.5% sodium deoxy-
cholate, and 0.1% SDS). Protein concentration was determined using a
Brad-ford assay and 20-30 pg of protein were separated using 10% SDS-
polyacrylamide gels. After protein transference to nitrocellulose or
PVDF membranes (Thermo Fisher Scientific, Waltham, MA, USA),
monoclonal antibodies against FOXO3a total e —phospho (1:1000), in
PBS-Tween (0,001%) containing 5% non-fat milk, was added to the
membrane at 4°C overnight. Actin-b was included as a positive control
of the protein detection in all the experiments.

Statistical analysis

Fisher’s exact test was used to evaluate associations between protein
expression and clinicopathological parameters. Overall and disease-free
survival rates were calculated using the Kaplan-Meier method based on
a follow-up of 5 years for all ULM and LMS patients included in this
study. The odds ratio was calculated using the log-rank test. Hazard
Ratio (HR) and their 95% (95% IC) interval of confidence were calcu-
lated using the regression model of Cox.

All calculations were performed using GraphPad Prism 5.0 statistical
software (San Diego, CA, USA) and SPSS v.25 for Windows (SPSS Inc.
Chicago. IL, USA). Statistical significance was accepted for p-values
<0.05.
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Results

The average age of Leiomyoma (LM), Unusual Leiomyoma (ULM),
and Leiomyosarcoma (LMS) patients was 44 + 7.0, 43 + 9.0, and 55.4 +
15.2 years old, respectively. Among LM patients, 59% were Caucasian,
while 44% of ULM patients were Caucasian. In the LMS group, 59%
were Caucasian, 13% were non-Caucasian, and 5% were Asian. Meno-
pausal status was reported as 0%, 6%, and 46% in LM, ULM, and LMS
cases, respectively. Recurrence was observed in 18% of ULM patients,
whereas LMS had a recurrent/relapsed rate of 81.8%. Among LMS
patients, 76.4% presented a high-grade lesion, with the primary symp-
tom being vaginal bleeding (43.6%). It is noteworthy that 25.5% of LMS
patients did not use contraceptives, 27.3% underwent replacement ther-
apy, and 25.5% were multiparous.

Forty percent of these women did not perform treatment, 29.1%
were submitted to chemotherapy, and 20% performed radiotherapy. All
additional clinical and pathological data from LMS and LM patients are
presented in Table 1 and Supplementary Table 1, respectively.

Samples underwent dual pathology review, with representative
Hematoxylin-Eosin photomicrographs in Figure S1. An initial gene
expression screening encompassing 112 literature-linked genes from
pivotal cellular signaling pathways related to diverse cancer types was
conducted (Supplementary Table 2). qRT-PCR highlighted FOXO3a and
11 pathway-related genes exhibiting substantial differential expression
in USMT samples (Fig. 1A). FOXO3a expression was notably elevated,
approximately 30-fold (RQ) in LMS samples and 18-fold in ULM, com-
pared to LM and MM samples. GSK3a, GSK3f, CCND1, and CTNNB1
also displayed elevated expression in ULM (RQ = 2.89, 3.23, 7.17, and
2.01, respectively) and LMS (RQ = 5.11, 4.42, 2.08, and 2.72, respec-
tively). ULM samples exhibited increased expression of CCND2, MAPK1
(ERK1), MAPKS8 (JNK1), and PTEN (Fig. 1A).

FOXO3a overexpression was corroborated at protein levels via
Immunohistochemical (IHC) analysis across patients’ samples on Tissue
Microarray (TMA) slides. Both nuclear and phosphorylated (Ser253)
cytoplasmic forms of FOXO3a were assessed (Fig. 1 B-D). For nuclear

Table 1
Clinical and pathological features of LMS patients (n=55).

Feature n=>55
Age (Diagnosis) Mean (SD) 55.4 (15.2)
Median (min-max value) 52 (27-91)
<50 years 25 (45.5%)
>50 years 30 (54.5%)
Histological grade Low 13 (23.6%)
High 42 (76.4%)
Mainly Symptom Vaginal bleeding 24 (43.6%)
Pelvic pain 22 (40%)
N.A. 9 (16.4%)
Adjuvant Treatment ~ No 22 (40.0%)
Chemotherapy 16 (29.1%)
Radiothetapy 11 (20.0%)
Both 6 (10.9%)
Metastasis No 22 (40%)
Yes Local 9(16.4%)
Distance 24 (43.6%)
Recurrence No 10(18.2%)
Yes 45 (81.8%)
Figo Stage I 20 (36.4%)
II 10 (18.2%)
I 8(14.5%)
v 17 (30.9%)
Disease Stage Uterine disease (including uterine cervix) 18 (32.7%)
Pelvic involvement 10 (18.2%)
Extra pelvic disease (positives lymphnodes) 8(14.5%)
Metastasis (liver and lungs) 16 (29.1%)
N.A. 3(5.5%)

*HRT, Hormonal Reposition Treatment; SD, Standart Deviation; min, Mini-
mum value; max, Maximum value.
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Figure 1. FOXO03a expression profile in USMT patients samples. (A) Gene expression of FOXO3a and genes related to its regulation. The analysis was performed using
a Tagman PCR array-based screening, including 112 genes previously described in several cancer types. The relative expression values (RQ) were obtained using as ref-
erence control a pool of myometrium samples. (B) Semi-quantitative analyses of FOXO3a nuclear (wild type) protein expression in the samples. (C) Semi-quantitative
analyses of FOXO3a cytoplasmic (phosphorylated form) protein expression. (D) Representative photomicrographs of protein expression profile in the USMT samples
(original resolution 40x). FOXO/P, Phosphorylated Protein (cytoplasmic); FOXO/N (nuclear) — total protein; MM, Myometrium, LM, Leiomyoma, ULM, Unconven-
tional Leiomyoma; LMS, Leiomyosarcoma. Dashed line indicates the cut off value for positive protein expression (>3). Reference value of expression is indicated by
doted arrow (=1); p-values are indicated.
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Table 2
FOXO3a protein expression and patients’ features association analysis.

Characteristics/Category FOXON p-value FOXOp p-value

Negative  Positive Negative Positive

n=9 (%) n=39 (%) n=11(%) n =36(%)
Age (Diagnosis) 0.140% 0.505"
<50 years 2(8.7) 21 (91.3) 6 (28.6) 15 (71.4)
>50 years 7 (28.0) 18(72.0) 5(19.2) 21 (80.8)
Mainly Symptom 0.695" 0.243*
Vaginal bleeding 5(25.0) 15 (75.0) 7 (36.8) 12(63.2)
Pelvic pain 3(15.8) 16 (84.2) 4(20.0) 16 (80.0)
Adjuvant treatment 0.653* 0.662"
No 2(11.1) 16 (88.9) 4(21.1) 15 (78.9)
Chemotherapy 3(20.0) 12 (80.0) 3(23.1) 10 (76.9)
Radiotherapy 3(30.0) 7 (70.0) 4(36.4) 7 (63.6)
Both 1(20.0) 4(80.0) 0 4(100)
Disease staging 0.213% 0.700"
Uterine disease (including uterine cevix) 3(18.8) 13 (81.3) 4(23.5) 13 (76.5)
Pelvic involvement 0 10 (100) 4 (40.0) 6 (60.0)
Extra pelvic disease (positives limphnodes) 3(37.5) 5(62.5) 1(20.0) 4 (80.0)
Metastasis (liver and lungs) 3(23.1) 10 (76.9) 2(16.7) 10(83.3)
Relapse ocurrence 0.613" 0.078"
No 2(25.0) 6 (75.0) 4 (50.0) 4 (50.0)
Yes 4(12.9) 27 (87.1) 5(17.2) 24 (82.8)
Relapse site 0.583* 0.400"
Absent 2(25.0) 6 (75.0) 4 (50.0) 4 (50.0)
Local 1111 8(88.9) 1(16.7) 5(83.3)
Distant 4(17.4) 19 (82.6)
Metastasis ocurrence 1? 0.035"
No 1(25.0) 3(75.0) 3(75.0) 1(25.0)
Yes 8(18.2) 36 (81.8) 8(18.6) 35(81.4)
Metastasis site 0.506" 0.061"
Absent 1(25.0) 3(75.0) 3(75.0) 1(25.0)
Local 4(28.6) 10 (71.4) 4(26.7) 11 (73.3)
Distant 4(14.8) 23(85.2) 4(14.8) 23(85.2)
Both 0 3(100) 0 1(100)
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SD, Standart Deviation; min, Minimum value; max, Maximum value.

@ Fisher Test.

FOXO3a expression (wild-type protein), over 80% of LMS samples exhib-
ited positive protein expression, while ULM showed 36.4% strong/weak
expression and 27% moderate staining. LM samples had 25% strong and
31% moderate expression. Comparatively, ULM and LMS had higher
protein expression scores, with statistical disparities between LMS and
both LM and MM (Fig. 1B). Similarly, phosphorylated (Ser253) FOXO3a
(cytoplasmic) was elevated in ULM and LMS, contrasting with MM and
LM samples (Fig. 1C). ULM demonstrated the highest protein levels.
Figure 1D shows the staining pattern observed for nuclear cytoplasmic
forms of the FOXO3a protein.

Forty-eight (out of 56) samples of LMS were evaluated for nuclear
FOXO3a and 47 were assessed for its phosphorylated form. The protein
levels were considered negative when the Hscore values were < 3 and
positive for Hscore >3. No significant correlation was observed between
patients clinical and pathological features and nuclear protein expres-
sion (p > 0.05), but metastasis occurrence (p = 0.035) was associated
with cytoplasmic FOXO3a expression (Table 2). A marginal significance
was found for relapse (p = 0.078) and metastasis site (p = 0.061) with
phosphorylated protein expression in LMS samples (Table 2).

Overall Survival (OS) and Disease-Free Survival (DFS) were analyzed
considering the time between the diagnosis and decease, or the last
information (relapse, recurrence, and metastasis). Follow-up time was
established as 60 months and live patients (for OS) or misses of view
(both to OS and DFS) were included in the censored group. Figure 2A
presents the OS curve observed for all the LMS patients. FOXO3a strong
protein expression (weakly, moderate and strong staining), was associ-
ated with higher OS time (Fig. 2B). The authors also evaluated positive
or negative categories of protein the expression, considering its cell loca-
tion separately (nuclear or cytoplasmic) and, although a more preco-
cious curve of death was obtained for patients with negative nuclear

FOXO3a expression, no significant differences were found (Figs. 2 C and
D).

The Hazard Ratio (HR) values were assessed using the regression
model of Cox to analyze the prognosis value of FOXO3a expression
(Table 3). The global group survival probability is presented according
to the features. Adjuvant therapy (p = 0.015), disease staging
(p = 0.021), and relapse (p = 0.008) showed significant association
with overall survival in LMS patients. Metastasis occurrence and age
showed marginal values of significance concerning overall survival
(p = 0.074 and 0.071, respectively), and five years survival was 15.5%
(Table 3). Although no statistical significance was observed, a higher
percentage of deaths occurred in patients with negative FOXO3a nuclear
expression.

Subsequent analyses encompassed the assessment of HER-2 and
EGFR membrane receptor expression to investigate the potential
involvement of the EGF pathway in FOXO3a deregulation (Fig. 3). How-
ever, no positive staining was observed for both receptors in the sam-
ples. Given the frequent association of negative HER-2 expression with
gene alterations, FISH (on TMA slides) and CISH (on whole LMS tissues)
were conducted to evaluate the gene status. Figure 4A illustrates the
reaction profiles for HER-2 detection using IHC, FISH, and CISH. Neither
FISH nor CISH reactions showed chromosomal alterations in the HER-2
gene. Additionally, the authors examined EGF and VEGF as ligands in
the pathway potentially responsible for FOXO3a phosphorylation and
subsequent inactivation. EGF exhibited both cytoplasmic and nuclear
expression, while VEGF was exclusively observed in the cytoplasmic
compartment (Figs. 3 B and C). Immunohistochemistry revealed lower
levels of these proteins; however, considering only positive samples,
higher cytoplasmic EGF expression was observed in ULM compared to
LMS and LM (Fig. 3C). Nuclear EGF expression was lower in LMS
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Figure 2. Kaplan-Meier curves showing the overall and disease-free survival rates (months) of LMS patients. (A) Overall Survival (OS) of all the LMS patients included
in the present study. (B) OS of the patients according to total Foxo3a protein expression divided into 3 categories (weak, moderated, and strong protein expression).
(C) OS of the patients according to nuclear (wild type) FOXO3a. (D) OS of the patients according to cytoplasmic (phosphorylated form) of FOXO3a. The data are pre-

sented as percentage (%) and the time was plotted in months.

samples (Fig. 3 B and C). VEGF expression was similar in ULM and LMS
samples, with notably lower values (below the cutoff = 3) and negative
expression in LM samples (Fig. 3C). Due to the limited number of posi-
tive samples, statistical analysis could not be conducted.

Another significant regulatory mechanism considered in gene expres-
sion is miRNAs. These molecules are known to control HER-2, growth
factors, and FOXO3a expression. Evaluating their profiles could aid in
understanding the gene and protein expression results for USMT sam-
ples. The authors assessed 84 miRNAs implicated in the development of
several types of cancer and potentially involved in those three genes reg-
ulation (Fig. 4). The authors used MM samples as a reference for miRNA
expression in normal uterine tissue due to its mesenchymal nature and
similar location and biological changes to benign (LM and ULM) and
malignant mesenchymal tumors (LMS).

Initial miRNA expression analysis focused on comparing tumor sam-
ples to normal tissue (Fig. 4A). Between MM and LM samples, 21 miR-
NAs showed differential expression (14 wupregulated and 7
downregulated in LM). For MM vs. ULM, 31 miRNAs were upregulated
and 9 downregulated in tumors. The MM vs. LMS comparison revealed

50 miRNAs with distinct expression (21 upregulated and 29 downregu-
lated in LMS). Specifically considering miRNA regulators of HER-2,
VEGF, EGF, and FOXO3a from literature and the arrays, 15 sequences
displayed differential expression, linked with FOXO3a/VEGF/HER-2
deregulation. The clustergram (Fig. 4B) displays expression values across
samples for each tissue type, utilizing a color scale. Tumors, particularly
LMS, displayed notably different profiles from normal tissue (reference
group — MM). Among FOXO03a regulators, six miRNAs were identified
(miR-96-5p, miR-222-3p, miR-132-3p, let7c-5p, miR-155-5p, and miR-
25-3p). For HER-2, absent in 100% of samples without deletion/loss of
the encoding gene, four regulatory miRNAs (miR-125b-5p, miR-21-5p,
miR-125a-5p, and miR-205-5p) showed differential expression. Concern-
ing VEGF regulatory miRNAs, five exhibited distinct regulation in the
present study’s samples (miR-134-5p, miR-373-3p, miR-29b-3p, miR-
150-5p, and miR-126-3p). No differentially expressed miRNA involved in
EGF regulation was found in the array-based analysis.

The expression of the six miRNAs identified as FOXO3a regulators
(miR-96-5p, miR-222-3p, miR-132-3p, let7c-5p, miR-155-5p, and miR-
25-3p) was validated using a more sensitive and specific qRT-PCR
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Table 3
Overal survival of LMS patients.
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Characteristics Total of deaths HR (95% CI) p-value Survival % (5 years)
Geral 40/54 15.5%
FOXON

Negative 7/8 1.00 0
Positive 29/39 0.63(0.28-1.44) 0.275 17.1%
FOXOp

Negative 8/11 1.00 22.7%
Positive 26/35 1.11 (0.50-2.47)  0.790 15.1%
Age group

<50 years 16/24 1.00 24.6%
>50 years 24/30 1.78 (0.95-3.36) 0.074 8.5%
Mainly Symptom

Vaginal bleeding 16/23 1.00 8.2%
Pelvic pain 15/22 0.89 (0.44-1.80) 0.742 28.3%
Adjuvant treatment

No 14/22 1.00 24.9%
Chemotherapy 16/16 2.47 (1.19-5.14) 0.015 0
Radiotherapy 7/10 1.30(0.52-3.23)  0.576 22.9%
Both 3/6 0.94 (0.27-3.34)  0.924 40.0%
Disease staging

Uterine disease (including uterine cevix) 11/17 1.00 17.7%
Pelvic involvement 7/10 1.28 (0.50-3.31) 0.610 30.0%
Extra pelvic disease (positives limphnodes) 7/8 1.51 (0.58-3.92) 0.397 0
Metastasis (liver and lungs) 14/16 2.56 (1.15-5.72) 0.021 7.0%
Relapse

No 1/8 1.00 80.0%
Yes 28/34 15(2.02-111.4) 0.008 7.5%
Metastasis ocurrence

No 1/3 1.00 66.7%
Yes 39/51 6.3 (0.85-46.6) 0.071 11.6%

detection method (Tagman® probes and primers, Thermo Fisher Scien-
tific). Figure 4C displays miRNA-96-5p and miR-155-5p as the most
expressed in LMS samples, followed by miR-25-3p and miR-132-3p,
with let-7c-5p having the lowest expression. miR-155-5p appears to be a
significant miRNA regulator of FOXO3a, as the authors found four bind-
ing sites described for this miRNA in the gene sequence (Fig. 4D).

Moreover, an in-silico assessment of FOXO3a gene interactions with
its associated miRNAs and genes elucidated pertinent signaling path-
ways linked to FOXO3a expression. miRTARBase exclusively incorpo-
rated validated outcomes for FOXO3a and regulatory miRNAs,
substantiated via gene reporter assays, western blots, and qRT-PCR.
Each miRNA exhibited potential to modulate numerous genes, some of
which significantly influence FOXO3a regulation or might be impacted
by its expression (Fig. 5). The robust green connections directly tied to
FOXO03a signify miRNAs wielding substantial influence (miR-96, 155,
and 222) on gene regulation. While in silico analysis didn’t unveil a
direct robust correlation between let7c-5p and FOXO3a, a negative cor-
relation surfaced in their expression across IHQ (-0.002887213) and
gRT-PCR (-0.00752953) assays in LMS samples (data not shown).

Furthermore, supplementary network analysis (Fig. 6) spotlighted
multiple genes ensconced within pivotal biological pathways entwined
with tumor development, cell migration, invasion, metastasis, and
patient prognosis. Figure 6 comprehensively illustrates all genes co-
expressed with FOXO3a in gynecological tumors as substantiated by lit-
erature. The biological functions of these genes (Fig. 6A) and their delin-
eated biological process pathways (blue lines) pertinent to
gynecological tumors (Fig. 6B) are also delineated.

Discussion

As a heterogeneous group of tumors, USMT ranges from benign to
aggressive malignant tumors (LM and LMS, respectively).'*~'? Here, the
authors included LM, LMS, and Unconventional Leiomyoma (ULM) in
the present analyses, focusing on their morphological and clinical fea-
tures. The goal was to compare these tumors’ gene expression profiles
and to identify potential new markers for their differential diagnosis,

prognostic, and treatment prediction. Initially, the clinical and patholog-
ical data of the patients were evaluated. The average age of LMS women
was 55.4 years old, corroborating the literature[12] as well as observed
for LM and LMU. The treatment of choice for LMS patients was hysterec-
tomy (98%), which is considered the gold standard treatment for all
uterine sarcomas.**° Occurrence of metastasis was observed in 59% of
the cases, the lungs being the main affected site. The high tendency of
recurrence and distant metastasis has already been well documented for
this kind of tumor.'# Overall Survival (OS) at two years is generally less
than 50%, with hematogenous metastasis, mainly to the lungs.'” The
present results showed lower than 30% of OS after 30 months of initial
diagnosis, and DFS of 0% at this same time. These data corroborate the
higher rates of recurrence and aggressiveness of LMS described in the lit-
erature.”” As expected, OS was lower in patients with relapse and metas-
tasis occurrence as well as lung metastatic disease. The mean follow-up
of the patients was 36 months.

The molecular study of the events involved in the development of
different types of cancer has led to new strategies used in their diagnosis
and treatment. The origin of the USMT is still not well understood alike
there are still not effective and specific therapies for these tumors.
Molecularly, uterine Leiomyoma (LM) presents important genetic dys-
functions such as alterations in RAD51, BRCA1, MED12 and HMGA2,%"
genes related to DNA repair and cell growth. This tumor presents biolog-
ical and morphological characteristics like uterine Leiomyosarcomas
(LMS), making it difficult to establish a differential diagnosis. LMS, in
turn, shows molecular alterations in genes responsible for several func-
tions such as p51, pl6, and BCL-2, responsible for regulating the cell
cycle, growth and apoptosis, in addition to the downregulation of tumor
suppressors’ genes such as RB1, DCC, NM23, WT1, D14S267, P16 and
PTCH.?? The studied group has performed several molecular analyses in
USMT patients and samples.'*>'%*>2* The present study was started after
gRT-PCR data showed FOXO3a with significant differential levels of
expression among USMT samples. Initially, an array-based method
showed FOXO3a with an increasing expression profile in LM, ULM and
LMS, compared to normal Myometrium (MM). Gene expression data
was validated by IHC analyses both to wild-type protein as well as to the
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Figure 3. HER-2/EGF pathways members’ expression in USMT. Photomicrographs show in panel A, representative samples evaluated for HER-2 (IHC, FISH and CISH)
detection (original resolution 40x). (B) Representative photomicrographs of the samples stained for EGF and VEGF detection by IHC (original resolution 40x). (C)
Semi quantitative analyses of EGF (EGF/C - Cytoplasmic and EGF/N - Nuclear) and VEGF protein expression. Dashed line indicates the cut off value for positive pro-
tein expression (>3). MM, Myometrium, LM, Leiomyoma; ULM, Unconventional Leiomyoma; LMS, Leiomyosarcoma.
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Figure 4. miRNAs expression in USMT samples. (A) Scatter Plots comparing all the 84 oncomirs evaluated by qRT-PCR in the tumors and control samples (MM). (B)
Heat map showing the unsupervised expression profile of the 15 miRNAs sequences found as regulators of HER-2, EGF and VEGF, included in the array platform. (C)
Validation of the expression of FOXO3a regulators miRNAs. MM pool of samples were used as references for gene expression. (D) Predicted microRNA targets and tar-
get downregulation scores (microRNA.org - Targets and Expression). MM, Myometrium; LM, Leiomyoma; ULM, Leiomyoma; LMS, Leiomyosarcoma.

phosphorylated one. The loss of FOXO3a expression has been associated
with poor prognosis in several types of cancer.”° In ovarian cancer, the
loss of FOX03a function may limit the sensitivity of cancerous cells to
chemotherapy.?® Some chemotherapeutic drugs, currently used in the
treatment of breast cancer and in acute myeloid leukemia can activate
FOXO03a by reducing AKT activity.>® According to Yang and Hung, the
antitumor activity of FOXO3a can sensitize resistant tumor cells to radio-
therapy through combined treatment of radiation with chemotherapy.?”

A comparison of FOXO3a expression between MM and tumors
pointed out that most samples of MM showed weak or no protein expres-
sion. These results suggest that, for mesenchymal tissues, an increment
in FOXO3a expression might indicate the malignant potential of these
tumors. The fact that a predicted tumor suppressor marker exhibits a
higher expression in ULM and LMS caught the authors’ attention. In this
sense, the authors found research showing that, in addition to its func-
tion as a tumor suppressor, nuclear FOXO3 can also promote tumor cell
survival. In Chronic Myeloid Leukemia (CML), the inhibition or block-
ade of TGFf-FOX03a led to a significant reduction in the leukemia-initi-
ating cell population.?® The authors showed that a combination of TGF-
p inhibition, FOXO3a deficiency, and Imatinib treatment induces effi-
cient depletion of CML in vivo. Another work showed a new mechanism
contributing to multidrug resistance involving FOXO3a as a sensor for
cytotoxic stress induced by anticancer therapies. It was observed that
the sustained activation of FOXO3a promotes cell resistance and survival
via activation of ABCB1 expression.?’ In fibroblasts, similar to breast
cancer cells, FOXO3a inhibited HIF1l-induced apoptosis via CITED2,

resulting in reduced expression of NAP1 and RTP801 (pro-apoptotic).
Thus, FOXO3a plays an important role in the survival response of normal
and cancer cells in response to hypoxic stress.”’ In glioblastomas, it was
observed that upregulation of FOXO3a is associated with tumor progres-
sion and worse prognosis for the patients. The authors proposed that
FOXO3a may represent a new biomarker for prognosis or a potential
therapeutic target in glioblastoma.>’

Based on all this information, the authors attempted to understand
the role and regulation of FOXO3a expression in the USMT. When the
PI3K pathway is activated in response to growth factors, inhibition of
FOXO3a activity occurs, preventing its translocation to the cell nucleus.
Generally, FOXO3a loss of function occurs after its phosphorylation and
consequent degradation.”* Several studies have shown the relevance of
the HER-2/FOXO3a signaling pathway since these markers are associ-
ated with growth, proliferation, and cell survival. According to previous
literature, overexpression of HER-2 due to gene amplification occurs in
breast cancer, ovarian tumors, lung, colon, stomach, esophagus, endo-
metrium, and cervix.>* In this series, no positive HER2 expression was
found by immunohistochemistry. FISH (TMA samples) and SISH (whole
tumor) analysis were performed to assess if this protein lack was a conse-
quence of gene deletion, but no alteration was observed. These results
were not surprising because Layfield and colleagues had studied HER-2
protein expression in the LMS and found only 20% of positive cases (4
out of 20 samples).>> Amant et al. demonstrated the absence of expres-
sion in uterine LMS, AS and SEE.>* The authors were not able to detect
EGFR1 expression in those samples too.
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Figure 5. Interaction network of miR-96-5p, miR-222-3p, miR-132-3p, let7c-5p, miR-155-5p and miR-25-3p and their main target-genes. The network includes only
regulation with evidence defined in the literature. FOXO3a is indicated by the red dotted circle. The green lines indicate the interaction among the miRNAs and their

target genes. The red dotted circle indicates FOXO3a as the focus of the present study.

In parallel, tumor samples were evaluated for two growth factors pro-
tein expression (EGF and VEGF — as ligand and signaling initiators).
Among the main growth factors involved in the development of cancer
which represent important therapeutic targets, are the Epidermal Growth
Factor (EGF) and the Vascular Endothelial Growth Factor (VEGF). EGF
acts on several cell types, including epithelial and non-epithelial cells.
Here, cytoplasmic and nuclear EGF expression was observed, with a pre-
dominance of protein in the cytoplasm of malignant tumors. ULM sample
showed a higher amount of the cytoplasmic protein expression followed
by LMS, but no statistical significance was observed. Concerning nuclear
expression of the EGF, apparently, the cell nucleus would be a second site
of action of EGF and its receptor, and that location would be linked to
the regulation of cell proliferation.>® Nuclear expression was found in LM
samples, followed by ULM. The biological actions of EGF are mediated
through its binding to its receptor and once activated, the receptors trig-
ger the recruitment and phosphorylation of various intracellular sub-
strates, leading to mitogenic signaling and other cellular activities.
Moreover, VEGF pathway is well described as playing a role in tumoral
angiogenesis and several therapeutic or neutralizing antibodies for the
protein or its receptor have been documented.>® The present samples
showed lower expression of VEGF with score values below the cut-off
with detected protein only in ULM and LMS samples. Although a relevant
role of IGF in the FOXO3a inactivation had been described,”” the authors
did not perform this analysis, but a preliminary study from the group
found that IGFR and ISR1 genes are upregulated in the LMS cell line.

To assess the prognostic role of FOXO3a expression, the clinical and
pathological data of the LMS patients were evaluated in function of the

10

wild type and phosphorylated form of the protein expression scores.
Only metastasis occurrence showed significant association with phos-
phorylated protein expression. Relapse occurrence and distant metasta-
sis were more frequent in those patients too, but without statistical
significance (p>0.05). FOXO3a expression was associated with higher
DFS in LMS patients, with no significant differences in OS. Yu and col-
laborators observed that patients with gastric cancer, showing a lack of
FOXO3a expression, presented significantly lower OS than those
patients with higher protein amounts.®® However, patients with
increased FOXO3a expression, in the normal tissue cell nucleus adjacent
to the tumor, had significantly lower OS than other patients. No signifi-
cant differences were observed comparing the OS of patients with
FOXO3a wild type or phosphorylated form. The authors hypothesize
that the absence of statistical significance in the prognosis analyses was
due to both the higher number of LMS positive samples, and because the
overall and DFS are always lower in these patients too.

Regarding miRNA expression findings, it was observed that many of
them presented high values of fold regulation, considering the overex-
pression or down expression values of +2. Since all the miRNAs included
in the plates had been previously described as being involved in carcino-
genesis, their expression was expected to be lower in normal and in
benign tissue. Among the six miRNAs (miR-96-5p, miR-222-3p, miR-
132-3p, let7c-5p, miR-155-5p, and miR-25-3p) found with differential
expression in the LMS samples, and that were described in the literature
as FOXO3a regulators, miR-96-5p was the highest expressed one, fol-
lowed by miR-155-5p. MiR-96-5p was found overexpressed both in
tumors and serum from patients with ovarian cancer, which is a relevant
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Figure 6. Interaction network of FOXO3A and related genes described as associated with gynecological tumors. (A) Genes biological function in the cells. (B) Female
tumors described in the literature as associated with the signaling of the genes included in the network (p<0.0001).

hormone-dependent gynecologic cancer.® In breastcancer cells and tis-
sues, miR-96 was described as upregulated compared with the normal
ones.® This upregulation resulted in modulation of the cells’ entry into
the G1/S phase, as a consequence of the Cyclin-Dependent Kinase (CDK)
inhibitors, p27 and p21 downregulation, and cyclin D1 upregulation.
The authors demonstrated that miR-96 downregulates FOXO3a expres-
sion by targeting directly its 3’-untranslated region.® In colorectal can-
cer, miR-96 seems to contribute to cell growth, and target directly
TP53INP1, FOXO1 and FOX03a53. These results indicate its potential to
be used in miRNA-based therapies for patients. Concerning miR-155, Li
and colleagues showed that its deficiency decreases vascular calcifica-
tion due to increased Akt phosphorylation and FOXO3a degradation.*°
Other study confirmed that miR-155 drives the angiogenesis in gastric
cancer, enhancing the generation of new vessels in vitro through FOX0O3a
protein inhibition. The authors pointed to miR-155 as a potential bio-
marker for the detection of migration and angiogenesis in gastric cancer
cells, suggesting that it could acts as a novel target for anti-angiogenesis
therapy.*!

Overall, the present results, together with currently available data,
show FOXO transcription factors as molecules that may present flexible
action. They can have a suppressor or oncogenic role according to the
timing of the cells and tissues. Additionally, FOXOs suppression in can-
cer cells is thought a consequence of multiple onco-kinase activation by
a phosphorylation-ubiquitylation-mediated cascade. Therefore, several
evidence show that inhibition of FOXO proteins would naturally occur
due to a multifactorial post-translational process, as the authors hypoth-
esize that occurs in USMT patients (Fig. 7).

To the best of our knowledge, this study is the first evidence of the
FOXO3a expression in USMT. The results suggest the FOXO3a
impairment is associated with these tumors’ malignancy risk. These find-
ings will contribute significantly to the biological knowledge of the
USMT and, in the future, FOXO3a might become a potential prognostic
marker to these patients. Beyond that, these molecules may represent
potential therapeutic targets for individualized treatments for LMS
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Figure 7. Potential mechanisms involved in FOXO3a regulation in the USMT.
TKRs binding to growth factors that lead to AKT activity on FOXO3a is the
mainly and well described mechanisms of FOXO3a inactivation by phosphoryla-
tion. In USMT tumors, several evidence have shown a relevant role of the IGF/
IGFR signaling. MiRNAs have an increasing number of evidence both in USMT
development as well as in FOXO3a regulation.

patients. It is known that LMS precise diagnosis is only possible after sur-
gery, so, the majority of the studies include a small number of samples.
Here, the authors believe that this sample set has a size enough to make
the present data robust. On the other side, the inclusion of some older
specimens may limit the evaluation of some clinical data; but that does
not invalidate the contribution of these findings to the knowledge of
tumor biology.
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