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Aberrant metabolism has been identified as a main driver of cancer. Profiling of metabolism-related
pathways in cancer furthers the understanding of tumor plasticity and identification of potential
metabolic vulnerabilities. In this prospective controlled study, we established transcriptomic profiles
of metabolism-related pathways in endometrial cancer (EC) using a novel method, NanoString
nCounter Technology. Fifty-seven ECs and 30 normal endometrial specimens were studied using the
NanoString Metabolic Panel, further validated by gqRT-PCR with a very high similarity. Statistical
analyses were by GraphPad PRISM and Weka software. The analysis identified 11 deregulated genes
(FDR<0.05; |FC|21.5) in EC: SLC7A11; SLC7A5; RUNX1; LAMA4; COL6A3; PDK1; CCNA1; ENO1; PKM;
NR2F1; and NAALAD?2. Gene ontology showed direct association of these genes with ‘central carbon
metabolism (CCM) in cancer’. Thus, *CCM in cancer’ appears to create one of the main metabolic axes
in EC. Further, transcriptomic data were functionally validated with drug repurposing on three EC
cell lines, with several drug candidates suggested. These results lay the foundation for personalized
therapeutic strategies in this cancer. Metabolic plasticity represents a promising diagnostic and
therapeutic optionin EC.

Endometrial cancer (EC) remains one of the most common cancers of the female reproductive system and its
incidence is expected to rise sharply over the next decades'. Epidemiological and clinical evidence implicates
metabolic abnormalities in its development®. However, the etiology of this disease is still debated. A categoriza-
tion of EC involves two clinical types: Type I which encompasses endometrioid grade 1 (well differentiated)
and grade 2 (moderately differentiated) tumors, and Type II: undifferentiated grade 3 of any histotype. Type I
represents the vast majority (80-90%) of cases, especially in obese pre-, peri-, and early post-menopausal women,
whereas Type II occurs mostly in postmenopausal women and has a high risk of relapse and metastatic disease’.
Moreover, a new classification of EC by The Cancer Genome Atlas Consortium has been implemented, which
considers four molecular subtypes. Molecular subtyping may yield information on cancer biology, prognosis
and treatment benefits; however, a long-term follow-up is needed for the development of new management
approaches®’.

Metabolic reprogramming has been identified as one of the main drivers of cancer. Recent literature has
established a molecular link between oncogenic pathways and tumor metabolism®. Cancer cells have an increased
energy uptake and utilization compared with normal cells” and prefer to convert glucose to pyruvate and lactate
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by glycolysis even in the presence of an adequate oxygen supply. This deviant energetic metabolism, known as
the Warburg effect, is characterized by a very high rate of anerobic glycolysis and an uptake and incorporation of
resultant nutrients for increased biosynthesis alternatively to efficient adenosine triphosphate (ATP) production®.
Metabolic profiling in EC showed increased rates of glycolysis and decreased glucose oxidation than in normal
endometrial cells without the reduction of oxidative phosphorylation (OXPHOS)®. The role of the Warburg
effect in cancer pathogenesis has yet to be established, however, being a therapeutic vulnerability, such an altered
metabolism may become a window for new therapeutics in EC patients™.

Transcriptomics has the potential to identify particular metabolic phenotypes that are associated with cancer
and provide insights into the mechanistic pathways involved in cancer development and progression. To date,
there has been no study specifically looking at the transcriptomic analysis of metabolism in EC. Therefore, the
broad goal of this investigation was to establish transcriptomic signature in EC to comprehensively characterize
its metabolic status and provide gene expression fingerprint. Pathways and network connections were verified
to further explore the relationships between the differentially expressed genes (DEGs). Such an approach could
give a considerable background for the clinical management of EC patients and provide an important tool for
future research. Consequently, the results of this study, verified on three separate cell lines, highlight the new
molecular features of EC, and provide insight into the events underlying the development and progression of EC.

Results

Metabolism-related transcriptomic changes in endometrial cancer and functional enrichment
analysis. The metabolic profiling of 768 genes was performed using the NanoString Technology platform.
Eleven genes were identified as differentially expressed between EC and controls based on a false discovery
rate (FDR) threshold of<0.05 and |fold change (FC)| of>1.5 (Fig. 1A). All the DEGs were entered into the
Search Tool for Retrieval of Interacting Genes/Proteins (STRING) database to obtain the interaction data. After
analysis, 11 nodes were shown to be interacting with five edges having a 0.909 average node degree and 0.636
average local clustering coefficient. The protein-protein interaction (PPI) enrichment value was predicted to
be 0.00445 (Fig. 1B). Gene ontology (GO) was applied for identifying and visualizing the appropriate biologi-
cal pathways and processes associated with the DEGs. The GO analysis of the EC network biological process
revealed a predominant role of the following categories: ‘regulation of plasminogen activation’ and ‘regulation of
sulfur metabolic process. In terms of GO molecular function annotations, these genes were involved in ‘neutral
amino acid transmembrane transporter activity. Additionally, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis confirmed that ‘central carbon metabolism (CCM) in cancer’ is involved
in the EC metabolism (Figs. 1C and 2).
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Figure 1. DEGs in EC. (A) DEGs with significantly different expressions between the EC group (N=57) and
reference group (N=30) (FDR<0.05; |[FC| 21.5). (B) The DEGs network rendered using the STRING database.
(C) Significantly enriched GO (- log,(p-value)) categories of the DEGs in the molecular function, biological
process, and KEGG enrichment. DEGs, differentially expressed genes; EC, endometrial cancer; FC, fold change;
FDR, false discovery rate; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 2. Central carbon metabolism in cancer. Adapted from the KEGG using KEGGParser plugin and
Cytoscape App.

Likewise, gene signatures in EC histologic types were identified based on an FDR threshold of <0.05 and
|FC| of 21.5 (Figs. S1 and S2).

Data validation. The DEGs from the EC metabolic profiling were validated to further verify the results of
the NanoString analysis. A total of 87 formalin-fixed paraffin-embedded (FFPE) samples from the study and
reference groups were investigated using quantitative Real-Time PCR (qRT-PCR) for the relative expression
levels of the 11 discovered DEGs (Fig. 3A-K). The qRT-PCR validation results demonstrated a very high similar-
ity when compared with the expression profiles established by the NanoString, thus confirming the importance

of all 11 DEGs. Moreover, the expression pattern of DEGs in EC cell lines was confirmed with Genevestigator
software (Fig. 3L).

Diagnostic value. The diagnostic value of the DEGs as candidate EC biomarkers was evaluated by the area
under the receiver operating characteristic curve (AUC). The highest AUC and, hence, possible clinical applica-
bility as EC diagnostic marker, was observed for solute carrier family 7 member 5 (SLC7A5) (AUC=0.67) gene
expression (Table 1). Moreover, using a logistic regression model, we screened all the 768 genes for constructing
an EC diagnostic signature. Logistic regression selected two candidate genes: C-X-C motif chemokine ligand 9
(CXCLY9) and 3-hydroxyanthranilate 3,4-dioxygenase (HAAO). Consequently, a model for comparison of EC vs
control showed their higher diagnostic value (AUC=0.79; Table 2) compared to the highest AUC found for any
separate DEG.

The confusion matrix of the naive Bayes model for comparison of EC vs control was further performed. This
model correctly classified 15 out of 30 controls. In addition, one of the tumor samples was incorrectly recognized.

Interestingly, the J48 modeling for distinguishing EC from controls showed a comparable result: the model
incorrectly categorizing 14 controls and 13 EC samples.

In silico identification of drugs for the treatment of EC. Through the exploration of four dedicated
gene-drug interaction databases, a total of five drugs related to the 11 DEGs based on their possible effect on cell
viability and metabolic signature in EC were selected. These drugs were found to be mainly related to four DEGs:
RUNX family transcription factor 1 (RUNX1), SLC7A5, solute carrier family 7 member 11 (SLC7A11), and
pyruvate kinase M1/2 (PKM) (Table 3). 17B-Estradiol was used to study the estrogen-associated regulation of

Scientific Reports |

(2023) 13:13763 |

https://doi.org/10.1038/s41598-023-40994-w nature portfolio



www.nature.com/scientificreports/

Relative expression of SLC7A11

)
I

Relative expression of COL6A3

o
g

Relative expression of PKM

Control EC

Control EC

Control  EC

Relative expression of SLC7AS

Relative expression of PDK1

[

Relative expression of NR2F1

1N
3
]
©
S
]

SLC7A11

RUNX1
COL6A3
NR2F1
NAALAD2

PDK1
CCNA1

LAMA4

ENDOMETRIAL CANCER
AN3-CA
COLO 684
EFE-184
EN
HEC-1A
HEC-1B
Ishikawa
JHUEM-1
JHUEM-2
JHUEM-3
JHUEM-7

Control EC Control EC Control EC

30

20 204 204 ok

[ |
O
=
H
N S A < M«

Control EC

3 8 o 3 3
T 7 T T T
Relative expression of CCNA1 Relative expression of RUNX1
5 o 3 8
T T T T
i
Relative expression of ENOT Relative expression of LAMA4
3 8 o 3 8
I T I T T
N R s c7As
R ] e

K Control  EC Control  EC KLE -

304 8 30- MFE-280 . -
2 MFE-296 i |

w0l 2 MFE-319 B [ | ]
RL95-2 'l

101 4 SNU-685 Hr BE
2 SNU-1077 |

o Control EC E Control EC 0% JEN 100% . ..

I Percent of Expression Potential (log2 scale)

created with GENEVESTIGATOR

Figure 3. Relative mRNA expression of DEGs in EC (N'=57) and reference endometrial tissue (N =30). (A)
SLC7A11; (B) SLC7A5; (C) RUNXI; (D) LAMA4; (E) COL6A3; (F) PDKI; (G) CCNAT; (H) ENOI; (I) PKM;
(J) NR2F1; (K) NAALAD?2. Each bar represents the geometric mean + standard error of mean (SEM). Gene
expression was normalized on both peptidylprolyl isomerase A and beta-actin housekeeping genes. Levels of
significance difference (Mann-Whitney U-test) when compared with control: ***p <0.001; ****p <0.0001; (L)
Validation of the discovered DEGs in EC cell lines by Genevestigator software (v.9.10.0).

Gene Full name FC FDR AUC 95%CI

SLC7A5 Solute carrier family 7 member 5 2.39 0.00 0.67 0.556-0.776
PKM Pyruvate kinase M1/2 4.61 0.04 0.65 0.538-0.764
ENO1 Enolase 1 4.10 0.04 0.64 0.525-0.754

Table 1. The highest values of AUC found for metabolism-related DEGs. AUC, area under the receiver
operating characteristic curve; CI, confidence intervals; EC, endometrial cancer; FC, fold change; FDR, false
discovery rate.

Gene expression | Odds ratio | TP rate | FPrate | Precision | ROCarea |Intercept | Coefficient

x1=CXCL9 0.06 al=-2.8277
0.770 0.326 0.764 0.793 -1.1113

x2=HAAO 21.76 a2=3.0802

Table 2. The basic parameters and common quality measures of the proposed model distinguishing EC from
control samples in logistic regression. CXCL9, C-X-C motif chemokine ligand 9; HAAO, 3-hydroxyanthranilate
3,4-dioxygenase; FP, false positive; ROC, receiver operating characteristic; TP, true positive.

metabolism in EC'™'% In addition, cisplatin, a well-known chemotherapeutic drug that acts by crosslinking with
the nitrogen of guanine in DNA, was used to compare the effects of repurposed drugs and standard treatment.

Functional validation. Three EC cell lines: Ishikawa, HEC-1B, and KLE were selected to in vitro validate
the drug repurposing results (Fig. 3L). All studied compounds decreased EC cell viability at a concentration
range (10~ M-10"° M) (Fig. S3). Based on preliminary viability assays, specific concentrations of drugs were
used: sapanisertib: 10~ M; PHA-793887: 10~° M; ciclopirox: 107° M; sulfasalazine: 107° M; cytarabine: 107 M;
17B-estradiol: 107> M; and cisplatin: 10> M. These experiments demonstrated that 48-h treatment with PHA-
793887 (p<0.05), ciclopirox (p<0.05), 17B-estradiol (p<0.0001), and cisplatin (p <0.0001) increased caspase
3/7 activity in Ishikawa cells. Moreover, only cisplatin increased caspase 3/7 activity in HEC-1B cells (p <0.0001).
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Repurposed drug (DrugBank ID)

Target gene(s) Brief description

Sapanisertib (INK-128) (DB11836)

SLC7A5, RUNX1, ENOI, LAMA4 | An investigational, oral, highly selective ATP-competitive mTOR kinase inhibitor

PHA-793887 (DB12686)

A novel and potent inhibitor of multiple cyclin dependent kinases (CDK) with a particular activity against

SLC7A5, ENOI, NR2F1, COL6A3 CDK2, - 5, and — 7

Broad-spectrum topical antifungal agent used to treat mild to moderate onychomycosis of fingernails and

Ciclopirox (DB01188) PKM, SLC7A11, PDK1 .

toenails
Sulfasalazine (DB00795) SLC7A11 Nonsteroidal anti-inflammatory drug used to treat Crohn’s disease and rheumatoid arthritis
Cytarabine (DB00987) RUNXI Pyrimidine nucleoside analogue used to treat acute non-lymphocytic leukemia, lymphocytic leukemia,

and the blast phase of chronic myelocytic leukemia

Table 3. Candidate drugs for EC treatment.

However, sapanisertib (p <0.0001), PHA-793887 (p <0.05), and ciclopirox (p <0.01) decreased caspase 3/7 activ-
ity in HEC-1B cells, suggesting other cytotoxic mechanism(s) of their action in this particular EC model. None
of the studied compounds affected caspase 3/7 activity in KLE cells (all p >0.05) (Fig. 4A,EK).

Next, glucose, lactate, glutamine, and glutamate were measured in cell culture medium to describe the
metabolite consumption and, therefore, metabolism fluctuations/fluxes during potential therapeutic treat-
ment. Interestingly, only PHA-793887 and ciclopirox reduced glucose consumption in KLE cells (both p <0.05).
There were no significant changes in glucose consumption after other drug treatment in any EC cells (p>0.05)
(Fig. 4B,G,L). Sapanisertib, PHA-793887 and ciclopirox decreased lactate production in Ishikawa (p < 0.0001;
p<0.05; p<0.0001; respectively) and HEC-1B (all p <0.0001) cells. Moreover, cisplatin decreased lactate con-
centration in Ishikawa cell medium (p <0.001) (Fig. 4C,H,M). Decreased extracellular glutamine was observed
after cytarabine and 17(-estradiol treatment on Ishikawa cells (p <0.05; p < 0.01; respectively), after sapanisertib
and sulfasalazine treatment on HEC-1B cells (p <0.001; p <0.0001; respectively), and after sapanisertib treatment
on KLE cells (p<0.001) (Fig. 4D,I,N). Decreased glutamate secretion was demonstrated in Ishikawa cells after
sapanisertib (p <0.0001) treatment, in HEC-1B after sulfasalazine (p <0.05), and cytarabine (p <0.01) treatment.
Moreover, increased glutamate secretion was observed after sapanisertib (p <0.001) and PHA-793887 treatment
(p<0.01) in HEC-1B, and after sapanisertib (p <0.001), ciclopirox (p <0.0001), and cisplatin (p <0.05) treatment
in KLE cells (Fig. 4E,],O).

Discussion

The standard clinical approach in EC treatment remains surgery and/or chemo- and radiotherapy. Despite a
generally good prognosis, EC patients may still suffer from treatment failure and recurrences'’. New insights
into the molecular profile could give novel information to better understand the biology of EC. To date, only a
few transcriptomic studies have focused on the regulation of cancer metabolism. Specifically, prognostic gene
signatures using transcription factors and immune-related mechanisms were studied'*"’.

Targeting cancer metabolism is an attractive treatment strategy. Metabolic modeling is highly needed to
identify the key control points in EC as possible diagnostic and therapeutic targets. In order to find this unique
metabolic gene signature, this study performed a NanoString analysis in EC and compared it with normal
endometrial tissue. GO and PPI networks were applied to explain the most significant metabolism-related
transcriptome profile alterations.

Our study demonstrated a substantial deregulation of 11 genes in the whole EC group compared with nor-
mal endometrium. Let us go briefly over their roles and significance. Importantly, increased gene expression of
amino acid transporters: SLC7A5 and SLC7A11 in EC was confirmed. SLC7A5 encodes amino acid transporter
LAT1 which was shown to correlate with poor disease-free survival in EC patients, suggesting that its inhibition
may be an effective therapeutic strategy'®. LAT1 exports glutamine in exchange for leucine and other essential
amino acids which are critical for metabolic activation and cellular function. Leucine is a well-known activa-
tor of mechanistic target of rapamycin (mTOR) signaling'. In turn, SLC7A11, a cystine/glutamate antiporter
conferring specificity for cystine uptake, promotes the synthesis of reduced glutathione to limit oxidative dam-
age and protect cancer cells from apoptosis?. SLC7A11 is also involved in cell protection from ferroptosis, an
iron-dependent nonapoptotic cell death induced by accumulation of lipid peroxides in the cell membrane?"?.
SLC7A11 overexpression has been a known risk factor for worse overall survival in several cancers®.

RUNX1 has been shown to be upregulated in most cancers compared with normal tissues**?, in agreement
with the results of our study. The interplay between RUNX1 and estrogens has been demonstrated and a crucial
role of RUNXI1 in promotion of metastasis in EC suggested®®?’. Since RUNX1 is a DNA-binding protein able
to indirectly activate target genes without the involvement of an estrogen response element**, the upregulation
of RUNXI in EC observed in this study suggests that additional non-canonical pathways of estrogen signaling
stimulation are present in EC. RUNX1 has also been shown to be associated with cell invasion and migration
through the regulation of matrix metalloproteases (MMPs)*. Moreover, RUNX1 regulates transcription of genes
involved in the Wnt signaling which is essential for epithelial-to-mesenchymal transition (EMT)>**.

Interestingly, collagen type VI alpha 3 chain (COL6A3) and laminin subunit alpha 4 (LAMA4), both associ-
ated with extracellular matrix (ECM) remodeling, have shown to be downregulated in EC. The involvement of
COL6A3 in serine-type endopeptidase inhibitor activity suggests its anti-cancerous role. Thus, downregulation
of such an activity seems to be oncogenic. COL6A3 has been shown to be downregulated in EC tumorigenesis
and upregulated in EC metastasis*’. LAMA4 has also been observed to be downregulated in ovarian cancer
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Figure 4. The effects of sapanisertib (107 M); PHA-793887 (10~° M); ciclopirox (107° M); sulfasalazine

(107° M); cytarabine (107° M); 17p-estradiol (107> M); and cisplatin (10™> M) on caspase 3/7 activity and
cellular metabolism in EC cells. The Ishikawa, HEC-1B, and KLE cells were treated with drugs for 48 h as
described in methods. (A), (F), (K)—Caspase 3/7 activity. (B), (G), (L)—Extracellular glucose concentration.
(C), (H), (M)—extracellular lactate concentration. (D), (I), (N)—extracellular glutamine concentration. (E),
(J), (O)—extracellular glutamate concentration. (A)-(E)—Ishikawa cells. (F)-(J)—HEC-1B cells. (K)-(O)—
KLE cells. Data are shown as the mean + SEM of three independent experiments run in triplicates. Levels of
significance difference (Mann-Whitney U-test) when compared with control: *p <0.05; **p <0.01; ***p <0.001;
0 < 0,0001.

cells®. Its role in cancer is thought to mediate the attachment, migration, and organisation of cells into tissues by
interacting with other ECM components. Moreover, a study by Thyboll et al. demonstrated a key role of LAMA4
in microvessel growth and build-up of endothelial basement membranes®. Therefore, it can be hypothesized that
low expression of LAMA4 in EC is associated with lesser maturation of endothelia in cancer neoangiogenesis.

Pyruvate dehydrogenase kinase 1 (PDK1) is a key enzyme overexpressed in metabolic reprogramming of
many cancers, and is associated with bad prognosis and resistance to therapy**. PDK1 regulates hypoxia-induced
glucose metabolism by catalyzing the inactivation of the pyruvate dehydrogenase complex®. An in vitro study by
Wong et al. showed that dichloroacetate, an inhibitor of pyruvate dehydrogenase kinases, is effective in sensitiz-
ing most low-to-moderately invasive EC cells to apoptosis, suggestive of its potential role in cancer therapy™.

Cyclin A1 (CCNA1), a cell cycle regulatory protein, was initially identified as a compound essential for
spermatogenesis and acute myeloid leukemia development. However, accumulating evidence indicates that
upregulation of CCNAL1 is closely associated with cancer development, progression, and metastasis in several
types of tumors, including EC*-%. This cyclin has been shown to bind to crucial cell cycle regulators, such as
retinoblastoma family proteins, transcription factor E2F-1, and the p21 family proteins. Moreover, it has been
demonstrated that CCNA1 associates with androgen receptor and regulates MMPs and vascular endothelial
growth factor expression*®41.
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In turn, enolase 1 (ENOI) is an important gene in anaerobic glycolysis catalyzing its penultimate step. A
recent study has shown that ENOI is a bifunctional gene that encodes both a glycolytic protein and a c-Myc-
binding protein, which support its significance in different tumors*. Moreover, Song et al. demonstrated that
ENOI silencing shifts the cellular metabolism to the pentose phosphate pathway, decreasing lactate levels in
pancreatic ductal adenocarcinoma. These metabolic pattern changes can promote autophagy and fatty acid
oxidation, further reducing cancer cell growth*>. ENO1 is involved in cell invasion and metastasis by promot-
ing plasminogen activation into plasmin, which is a universal serine protease involved in ECM degradation*.
Zhao et al. reported that high ENOI expression could serve as a biomarker for unfavorable prognosis in EC*.
Upregulated ENOI expression translates into enhanced glycolysis intracellularly and increased ECM degrada-
tion and invasiveness extracellularly**.

PKM encodes a glycolytic enzyme that catalyzes the transfer of a phosphoryl group from phosphoenolpyru-
vate to adenosine diphosphate, thus generating ATP. PKM encodes two splice variants. Whilst PKM1 is more
efficient at producing pyruvate, the majority of proliferating cells and essentially all cancer cells express primarily
the PKM2 variant. The increase in PKM2 expression in metastatic cancer and its association with drug resist-
ance in various malignancies have been demonstrated®’. Besides its crucial role in metabolic reprogramming,
PKM also serves as a cytosolic thyroid hormone receptor and epigenetic regulator of gene transcription in tumor
cells*®. Upregulated PKM expression results in a substantial modulation of metabolic fluxes, effective provision
of various building blocks for cellular metabolism, and translation regulation. Moreover, regulatory properties of
PKM2 may provide additional benefits to cancer cells by allowing them to better withstand oxidative stress**C.

Nuclear receptor subfamily 2 group F member 1 (NR2FI) has been shown to modulate gene expression dur-
ing cancer development and growth. Specifically, Gao et al. showed that NR2F1 silencing stimulated cancer cell
growth in vitro and suggested a role for the protein as a barrier to dissemination of early-evolved cancer cells®'.
NR2F1 is also implicated in hypoxia-driven glycolysis and migration of cancer cells*?. Our results support the
valuable role of NR2F1 in tumor suppression. Conceivably, maintaining the NR2FI signal could reduce early
dissemination of cancer cells and may represent a potential therapeutic option in EC.

N-acetylated alpha-linked acidic dipeptidase 2 (NAALAD?2) encodes a transmembrane enzyme that cleaves
neurotransmitters N-acetyl-L-aspartate-L-glutamate and beta-citryl-L-glutamate®>*". Since it releases C-terminal
glutamyl residues, NAALAD?2 could be implicated in reactive oxygen species-scavenging activity regulation and
thus modulation of oxidative stress™.

Together, all the genes found in this study were shown to be implicated in cancer development and progres-
sion. Clearly, increased amino acid uptake, hypoxia-driven glycolysis, and increased ECM degradation and
invasiveness create the principal metabolic pathways in EC.

Moreover, the screened genes were properly validated in clinical samples using qQRT-PCR (Fig. 4A-K). The
NanoString platform provided several key advantages, including sensitivity and robustness for analyses of FFPE
samples®, and a strong evidence of utility of the nCounter for gene expression analysis. The qRT-PCR assay
remains the most commonly used approach for mRNA expression profiling due to its high sensitivity and
specificity. For these reasons it was used for the NanoString data validation. Both NanoString (which counts
single molecules with no amplification step) and PCR (which utilizes an amplification method) provided similar
expression patterns.

The identification of the key genes and biological pathways regulating tumor metabolism using different
bioinformatic tools is crucial to discover molecular mechanisms underlying cancer development and progres-
sion. Our findings report metabolic pathways that are critical for EC cells and provide potential clinical targets
for further investigation. GO enrichment analysis revealed that among the discovered DEGs were those involved
in ‘neutral amino acid transmembrane transporter activity, ‘regulation of plasminogen activation, and ‘regula-
tion of sulfur metabolic process. Moreover, KEGG pathway analysis suggested that these DEGs were enriched
in ‘CCM in cancer’ which includes glycolysis, the pentose phosphate pathway, and the tricarboxylic acid cycle
(Figs. 1C and 2). CCM has been implicated in transport and oxidation of main carbon sources inside the cancer
cell. EC cells coordinate the CCM pathways to balance the proliferative demands for the generation of energy
and building blocks®’. This evidence illustrates the strong relations between the DEGs and EC progression and
supports the use of metabolic drug combination in EC therapy.

Further, in this study we undertook a search for a classifier for EC, somewhat in vain. Even if our metabolic
investigation explored 768 genes, this number may have been too limited to construct a good classifier. Alterna-
tively, these genes may be too functionally related. From our study, metabolism-related genes that may be useful
classifiers in EC diagnosis have been proposed in Tables 1 and 2. In spite of their promising diagnostic value,
additional analyses including genes not related to metabolism may be useful to create such a panel.

Drug repurposing enables the identification of compounds for use as treatments in diseases other than those
for which they were originally developed. In this study, sapanisertib, PHA-793887, ciclopirox, sulfasalazine, and
cytarabine were identified to target EC metabolism based on the transcriptomic signature (Table 3). Sapanisertib
(also known as AK-228, MLN0128, INK128) demonstrated a manageable safety profile in phase-I clinical trials,
with preliminary antitumor activity observed in renal cancer and EC. It is being developed both as monotherapy
and in combination with other agents, such as paclitaxel, for the treatment of advanced solid tumors®-%°. PHA-
793887 belongs to the chemical class of pyrolopyrazole derivatives and is structurally different from the other
CDK inhibitors. It is a potent inhibitor of multiple cyclin-dependent kinases, such as CDK2, CDK5, and CDK?7.
Therefore, it is an excellent a priori drug candidate for cancer therapy due to its potential to restore cell cycle
control. Unfortunately, phase I clinical trials of PHA-793887 revealed unexpected hepatotoxicity in patients with
solid tumors, however this side effect may be related to the simultaneous involvement of herpes simplex virus
and other large DNA viruses®"2. In turn, ciclopirox is a synthetic antifungal agent commonly used as an olamine
salt and also displays promising anticancer activity in preclinical models of several cancers®*-%. A phase I clinical
trial has shown its safety and tolerability in leukemia patients®”. Besides, sulfasalazine is an anti-inflammatory
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drug used to treat autoimmune diseases, including ulcerative colitis and Crohn’s disease. It has been extensively
studied for cancer treatment®®. As for cytarabine, a synthetic pyrimidine nucleoside analogue, it has been used
for the treatment of leukemia and lymphoma. Yet, it has been hypothesized that cytarabine demonstrates no
particular anti-tumor activity in solid tumors due to a different intracellular expression of cytarabine metabolism-
related enzymes®”°. Cisplatin, a well-known anticancer drug that acts by crosslinking with the guanine bases in
DNA double-helix strands, has been used as a positive control to compare the effects of the repurposed drugs
with standard chemotherapeutics”'. To date, no data on clinical outcomes regarding selected repurposed drugs
in EC patients are available.

Subsequently, in vitro validation was performed with the use of three EC cell lines, where the Ishikawa cell
line represents the histological grade 1 EC, HEC-1B is consistent with grade 2 EC, and KLE is classified as poorly
differentiated grade 3 EC”%. Based on the results of these in vitro studies it can be assumed that EC metabolism
differs between distinct EC grades. All studied compounds confirmed their cytotoxic effects in these cells at a
range of 107 M-10"> M, confirming in silico drug repurposing analysis. All these drugs, except for cytarabine,
also increased caspase 3/7 activity in Ishikawa and/or HEC-1B cells. In contrast, no drug was found to change
caspase 3/7 activity in KLE cells. This observation may emphasize the fact that cytotoxicity and apoptosis are
two distinct phenomena. Increased caspase 3/7 activity reflects the regulation of mitochondrial function in
apoptosis. Moreover, 17B-estradiol increased caspase 3/7 activity and glutamine uptake in Ishikawa cells, show-
ing that glutamine metabolism can be regulated in estrogen-dependent manner, however, detailed mechanisms
need to be further investigated.

One growth advantage of anaerobic glycolysis for cancer cells is that lactate generation is a faster reaction
than OXPHOS. In our study, sapanisertib, PHA-793887, and ciclopirox decreased extracellular lactate concentra-
tion in Ishikawa and HEC-1B cells. Other groups have shown that lactate accumulation, and, therefore, acidic
microenvironment, is a major factor in cancer cell invasiveness and lymph node metastatic colonization”"*.
These observations highlight the potential benefit of targeting cancer acidity and/or lactate accumulation in EC.

Decreased extracellular glutamine and increased extracellular glutamate concentration reflect a greater intra-
cellular consumption of glutamine. This could be a compensation mechanism of the decreased glycolytic rate after
sapanisertib treatment in both Ishikawa and HEC-1B cells. Therefore, combined treatment strategies targeting
cancer metabolism along with other pathways should be considered as potential treatment options. We observed
decreased glutamate concentrations in HEC-1B cell media after both sulfasalazine and cytarabine treatment.
While these compounds are known inhibitors of SLC7A11, glutamate excretion helps the cell to increase the
nucleotide synthesis rate to sustain growth and manage the oxidative stress’>. Nilsson et al. demonstrated that
partial blocking of glutamate excretion due to SLC7A11 inhibition reduces liver cancer cell growth in vitro’.
Targeting cellular metabolism using the repurposed drugs has the promise to improve therapeutic approach.
For example, a clinical trial indicated a reasonable safety and preliminary antitumor activity of sapanisertib in
both patients with renal cancer and EC*. Moreover, PHA-793887 has been studied as an alternative therapeutic
in castration-resistant prostate cancer’”. In turn, ciclopirox was observed to induce cell apoptosis in colorectal,
pancreatic, cervical, and non-small cell lung cancer in vitro®%°. All in all, metabolic drugs under study may be a
promising option for EC treatment via pleiotropic mechanisms including metabolism-dependent and -independ-
ent pathways. Such repurposed drugs as sapanisertib and ciclopirox should be considered for further studies in
all EC grades, whereas PHA-793887 could be useful for grade 1 and 2 EC. More research is needed to confirm
these initial analyses.

There is a number of limitations of the present study. First, not for all of the discovered DEGs drug-gene
interactions were found. Consequently, their potential in EC treatment was not thoroughly investigated. The
modulation of the DEGs’ expression in in vitro models has not been performed. The nCounter’ Metabolic
Pathways Panel includes 768 genes covering the core pathways and processes that define cellular metabolism; a
larger set of studied genes could provide a more comprehensive view of the metabolic profile in EC. Although the
results were validated using qQRT-PCR and analysis software, independent validation of the findings is necessary.
Replicating the results in different sample sets will enhance the robustness of our findings. Additional studies
in animal models and patient samples are needed to fully validate the clinical relevance of the presented results.

In turn, let us underline the strengths of the study. Reference tissues were obtained from carefully selected
control subjects with normal endometrial morphology, and not from normal tissue from cancer patients. There-
fore, the metabolic expression pattern investigated in normal tissues was not affected by nearby neoplastic
processes. A relatively extensive material was studied. Further, the applied bioinformatic analysis was quite
exhaustive. Presently, associating DEGs found in this study with clinical outcomes such as overall survival,
disease-free survival, and treatment response in EC are justified and could provide meaningful insights into
their clinical relevance.

In conclusion, we defined metabolism-related gene signatures in EC. This analysis confirmed the principal
involvement of ‘CCM in cancer’ in EC metabolism. Our transcriptomic characterization identified both a unique
metabolic EC phenotype and drugs predicted to be efficient in reducing EC progression. Further functional
studies are necessary to determine the biological effects of the proposed candidate drugs.

Methods

Study subjects. This was a controlled study with a prospective method on a first-come basis. It was con-
ducted on postoperative material collected from 87 patients hospitalized at the Department of Gynecology
and Gynecologic Oncology, Medical University of Bialystok, Poland. All subjects were white Caucasians rep-
resenting an otherwise unselected population. Exclusion criteria were similar to those previously described’®:
prior treatment with chemotherapy, radiotherapy, or hormone therapy; coexistence of synchronous gyneco-
logic malignancy or malignancy other than genital organs; stage IA1 cervical cancer (minimal microscopic
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stromal invasion); absence in postoperative material of uterine malignancy from earlier dilation and curettage
biopsy; adenocarcinoma in polypo; and endophytic growth of the tumor (chiefly into the myometrium). In
other words, surgery was required to be the first modality of EC treatment and only exophytic neoplastic lesions
growing clearly into the uterine cavity were sampled. EC was anatomopathologically confirmed in 57 women
(50 endometrioid, 4 serous, and 3 clear cell tumors). The classical three-tier grading classification (G1-G3) was
applied”. Tumor staging was done by the International Federation of Gynecology and Obstetrics (FIGO) 2021
classification’®, and tumor histologic typing was by World Health Organization International Classification®.
This study was conducted in accordance with the principles of the World Medical Association’s Declaration of
Helsinki, the International Conference on Harmonisation Guideline for Good Clinical Practice, and applicable
laws and regulations of Poland. The study protocol was approved in advance by the Bioethics Committee of the
Medical University of Bialystok (Approval Number: APK.002.107.2020) and written informed consent obtained
from each participant.

The reference group consisted of 30 women in whom anatomopathological examination did not reveal any
pathological changes in the uterus. The indications for hysterectomy in this group were: heavy uterine bleed-
ings refractory to medical treatment (N =16), high-grade squamous intraepithelial lesion of the uterine cervix
(N'=9), uterine prolapse (N'=2), and heavy postmenopausal bleedings due to endometrial (N =2) and cervical
(N'=1) polyps (Table 4).

RNA extraction. Total RNA was extracted from 3 consecutive 8 um-thick FFPE sections. The tissue frag-
ments were deparaffinized by incubation with Deparaffinization Solution (Qiagen, Hilden, Germany). For gene
expression analysis, total RNA was extracted from deparaffinized tissue by proteinase K digestion and column
chromatography using the RNeasy FFPE extraction kit (Qiagen) in accordance with the manufacturer’s protocol.
The RNA concentration was assessed by Qubit (Invitrogen, Carlsbad, CA, USA).

nCounter gene expression assay. NanoString (NanoString Technologies, Seattle, WA, USA) is a molec-
ular profiling technology that can generate accurate transcriptomic information from small amounts of pre-
served tissues. Overall, 768 genes involved in biosynthesis and anabolic pathways, nutrient capture and catabolic
pathways, cell stress, metabolic signaling, and transcriptional regulation were studied. Briefly, mRNA samples
were prepared by an overnight hybridization (65 °C) to nCounter Reporter and Capture probes. Samples were
then placed into the nCounter Prep Station for automated sample purification and subsequent reporter capture.
Each sample was automatically scanned on the nCounter Digital Analyzer for data collection. Reading with
555 field-of-views was used in the study samples. The NanoString data were deposited in the Gene Expression
Omnibus (GEO) database (Accession Number: GSE196033).

Validation of the NanoString results by quantitative real-time polymerase chain reac-
tion. RNA was reverse transcribed using a High Capacity cDNA kit (Applied Biosystems, Foster City, CA,
USA) according to the manufacturer’s protocol on a BioRad C1000 thermal cycler (Mississauga, ON, Canada).
Quantitative RT-PCR assays were run in triplicates on a LightCycler 480 Real-Time PCR System (Roche, Basel,

Characteristic EC patients (N=57) | Reference women (N=30) | P-value®
Age (median (range)) 65.97 (34.50-86.50) 56.71 (36.00-78.00) NS
Body mass (kg) (median (range)) 81.66 (54.00-138.00) | 72.31 (48.00-108.00) <0.05
Menopausal status (N (%)) <0.001
Premenopausal 4 (4.50%) 10 (33.30%)

Postmenopausal 53 (95.50%) 20 (67.70%)

FIGO stage (N (%))

I 39 (68.00%)

i 5 (9.00%)

111 12 (21.00%)

v 1(2.00%)

Cancer grade (N; %)

1 18 (32.00%)

2 25 (43.00%)

3 14 (25.00%)

Histology (N (%))

Endometrioid 50 (88.00%)

Non-endometrioid 7 (12.00%)

Table 4. Clinical and anatomopathological characteristics of the studied groups. *P values are shown for the
X2 test (categorical variables) and Mann-Whitney U test (continuous variables); FIGO, The International
Federation of Gynecology and Obstetrics; Grading: 1-5% or less of tumor tissue is solid tumor growth, cancer
cells are well-differentiated; 2-6-50% of tissue is solid tumor growth, cancer cells are moderately differentiated;
3-more than 50% of tissue is solid tumor growth, cancer cells are poorly differentiated; NS, no significance.
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Switzerland) and DEGs were quantified using KiCqStart SYBR Green qPCR ReadyMix and predesigned primers
from Sigma-Aldrich (Saint Louis, MO, USA). Expression levels of investigated genes were normalized to geo-
metric mean of the peptidylprolyl isomerase A (PPIA) and beta-actin (ACTB) housekeeping genes®' according
with the Minimum Information for Publication of Quantitative RT-PCR Experiments (or MIQE) guidelines®?.
Gene expression was calculated using the qBase MSExcel VBA for relative quantification using the efficiency of
gene-specific amplification.

Data analysis. nSolver 4.0 Analysis software (NanoString) was used for data analysis, including normaliza-
tion using housekeeping genes. The p-values were adjusted using the false discovery rate (FDR) of <0.05. The
threshold value for significance of |[FC| of 1.5 was applied to define DEGs. Statistical analyses were performed
with GraphPad PRISM (v.9.1.1; GraphPad Software, San Diego, CA, USA). Preliminary statistical analysis (Sha-
piro-Wilk test) revealed that the studied parameters did not follow a normal distribution. Consequently, non-
parametric Mann-Whitney U-test and x? test (for categorical variables) were used. Gene expression data for
signature validation were obtained from the Genevestigator database (v.9.10.0; Nebion AG, Zurich, Switzer-
land), a public transcriptomic dataset of microarray data®. Data selection was performed using ‘cell lines’ type
of condition and ‘endometrium’ from ‘neoplastic cell lines of the reproductive system’ was selected to obtain the
data. Gene expression values were displayed in log2 scale. The DEG expression profile of non-treated human EC
cell lines (AN3-CA, COLO 684, EFE-184, EN, HEC-1A, HEC-1B, Ishikawa, JHUEM-1, JHUEM-2, JHUEM-3,
JHUEM-7, KLE, MFE-280, MFE-296, MFE-319, RL95-2, SNU-685, SNU-1077, TEN) was included. ECC-1 cell
line has been excluded as it has been suggested to be a derivative of Ishikawa 3-H-12 or MCF-7 cells due to the
contamination®.

Furthermore, an AUC for each DEG was calculated to evaluate the diagnostic value of the DEGs as candi-
date EC biomarkers. The analysis was performed using R software (v.4.0.3; R Core Team, 2020. R: A language
and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria; https://
www.R-project.org/; package caTools)®. The AUCs and confidence intervals were calculated using the pROC®
and dplyr packages®”.

Gene ontology and pathway enrichment analysis of differentially expressed genes. To exam-
ine the functions of the identified DEGs, GO analysis and functional annotation clustering were carried out
using the following four online databases: Gene Ontology enrichment analysis and visualization tool (GOrilla;
http://cbl-gorilla.cs.technion.ac.il/), DAVID (Gene Ontology and KEGG Enrichment Analysis; https://david.
ncifcrf.gov/), g:Profiler (https://biit.cs.ut.ee/gprofiler/gos), and Metascape (https://metascape.org). GO analysis
allows for associating a given gene list with specific functional annotations, which are further divided into func-
tional clusters listed according to their enrichment p-value®. KEGG pathway visualization® was adapted using
KeggParser plugin based on Cytoscape App (v.3.9.1; National Institute of General Medical Sciences, Bethesda,
MD, USA; http://cytoscape.org/). To identify highly connected hub genes in PPI, STRING was applied at the
interaction score > 0.4 (https://string-db.org).

Modeling. An attempt was undertaken to construct a model based on a combination of biomarkers which
would be a better classifier for EC. Features selected to be included into the investigated combinations were
assessed by Weka software (v.3.8.6; Hamilton, New Zealand). For the comparisons (EC vs control), the feature
selection chose two specific genes. Models based on logistic regression, naive Bayes and tree-based J48 algo-
rithms were calculated. For each combination, confusion matrices were prepared to evaluate the model. Since
the sample size was limited, the method ‘Leave One Out Cross-Validation’ was applied to control for the error.

Drug repurposing. The Drug-Gene Interaction Database (DGIdb v.4.2.0; www.dgidb.org), Drug Signa-
tures Database (DSigDB v.1.0; http://dsigdb.tanlab.org/DSigDBv1.0/), Drugbank (v.5.1.8; www.drugbank.ca),
and Therapeutic Target Database (TTD v.7.1.01; http://db.idrblab.net/ttd/) were employed for drug repurposing.
The candidate drugs for EC treatment were screened based on the above-identified DEGs only from compounds
approved or investigational by the U.S. Food and Drug Administration (Silver Springs, MD, USA).

Cell culture. Three EC cell lines: Ishikawa, HEC-1B, and KLE were selected to in vitro validate the drug
repurposing results as they represent all three histological grades of EC according to the FIGO staging and
differ in estrogen and progesterone expression status. Ishikawa cell line was purchased from Sigma-Aldrich
(St. Louis, MO, USA) and HEC-1B and KLE were purchased from ATCC (American Type Culture Collection,
Manassas, VA, USA). Ishikawa cell line was cultured in Minimum Essential Medium (MEM) supplemented with
5% fetal bovine serum (FBS, ATCC), HEC-1B was cultured in Eagle’s Minimum Essential Medium (EMEM)
supplemented with 10% FBS (ATCC), and KLE was cultured in Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F12) supplemented with 10% FBS (ATCC) in a 75 cm? tissue culture flasks (Sarstedst,
Niimbrecht, Germany) at 37 °C in a humidified atmosphere in the presence of 5% CO,. Cell culture was carried
out with the substrate changed every two days until reaching 80-90% confluence. For experiments cells were
trypsinized (0.25%, Gibco, Paisley, UK) and plated in medium with 0.5% charcoal-stripped FBS (Sigma-Aldrich)
into white 96-well tissue culture plates (1x 10%/well) (Corning Costar, Corning, NY, USA). The cell concentra-
tion and viability were determined using Countess device (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA). Cells were treated with drugs at various concentrations for 48 h. Following treatment, cell viability was
evaluated using bioluminescent CellTiter-Glo™ 2.0 Cell Viability Assay (Promega, Madison, WI, USA) using
GloMax Luminometer (Promega) in accordance with the manufacturer’s protocol. Likewise, caspase 3/7 activity
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was evaluated in cells using Caspase-Glo™ 3/7 Assay according to manufacturer’s instruction (Promega) using
GloMax Luminometer (Promega).

Glucose, lactate, glutamine, and glutamate concentrations were evaluated in cell medium using biolumines-
cent assays (Glucose-GloTM Assay, Lactate-GloTM Assay, and Glutamine/Glutamate-GloTM Assay, respectively,
all from Promega). Luminescence was measured using GloMax Luminometer (Promega) according to manufac-
turer’s instruction. Relative cell viability and metabolite concentrations were expressed as % change of treated cells
vs. vehicle treated cells. Data are shown as the mean + SEM of three independent experiments run in triplicates.

Drugs. Sapanisertib (Selleckchem, Munich, Germany), PHA-793887 (Selleckchem), ciclopirox (Sigma-
Aldrich), sulfasalazine (Sigma-Aldrich), cytarabine (Sigma-Aldrich), and 17B-estradiol (Sigma-Aldrich) were
dissolved in dimethyl sulfoxide (DMSO) purchased from Sigma-Aldrich. The final concentration of DMSO
never exceeded 0.1% and had no significant effect on cell viability. Cisplatin (Sigma-Aldrich) was solubilized
in warm phosphate buffer saline (PBS, GIBCO, ThermoFisher, Cleveland, OH, USA). Therefore, the medium
containing PBS was used as a control solely in case of cisplatin. After fasting for 24 h, the cells (1 x 10*/well) were
washed twice with PBS, then were treated for 48 h with varying concentrations of sapanisertib, PHA-793887,
ciclopirox, sulfasalazine, cytarabine, 17B-estradiol, and cisplatin (10° M-10"> M). Based on literature review
and preliminary viability assays (Fig. S3), specific concentrations were established for sapanisertib (107 M);
PHA-793887 (107¢ M); ciclopirox (10~® M); sulfasalazine (10~ M); cytarabine (107> M); 17p-estradiol (107> M);
and cisplatin (107> M), which were used for further studies.

Ethics, consent, and permissions. A written informed consent was obtained from each participant.

Data availability
The dataset reported in this paper is available at GEO under the Accession Number GSE196033.

Received: 6 June 2023; Accepted: 20 August 2023
Published online: 23 August 2023

References

1. Sheikh, M. A. et al. USA endometrial cancer projections to 2030: Should we be concerned?. Futur. Oncol. 10, 2561-2568. https://
doi.org/10.2217/FON.14.192 (2014).

2. Yang, X. & Wang, J. The role of metabolic syndrome in endometrial cancer: A review. Front Oncol. 9, 744. https://doi.org/10.3389/
fonc.2019.00744 (2019).

3. Setiawan, V. W. et al. Type I and II endometrial cancers: Have they different risk factors?. J. Clin. Oncol. 31, 2607-2618. https://
doi.org/10.1200/JC0.2012.48.2596 (2013).

4. Getz, G. et al. Integrated genomic characterization of endometrial carcinoma. Nature 497, 67-73. https://doi.org/10.1038/natur
12113 (2013).

5. Crosbie, E. J. et al. Endometrial cancer. Lancet 399, 1412-1428. https://doi.org/10.1016/S0140-6736(22)00323-3 (2022).

6. Nagarajan, A., Malvi, P. & Wajapeyee, N. Oncogene-directed alterations in cancer cell metabolism. Trends Cancer 2, 365-377.
https://doi.org/10.1016/j.trecan.2016.06.002 (2016).

7. Heiden, M., Cantley, L. C. & Thompson, C. B. Understanding the Warburg effect: The metabolic requirements of cell proliferation.
Science 324, 1029-1033 (2009).

8. Liberti, M. V. & Locasale, J. W. The Warburg effect: How does it benefit cancer cells?. Trends Biochem. Sci. 41, 211-218. https://
doi.org/10.1016/j.tibs.2015.12.001 (2016).

9. Byrne, E L. et al. Metabolic vulnerabilities in endometrial cancer. Cancer Res. 74, 5832-5845. https://doi.org/10.1158/0008-5472.
CAN-14-0254 (2014).

10. Li, W. & Wang, J. Uncovering the underlying mechanisms of cancer metabolism through the landscapes and probability flux
quantifications. IScience 23, 101002. https://doi.org/10.1016/j.i5¢i.2020.101002 (2020).

11. Zhou, W.-]. et al. Estrogen inhibits autophagy and promotes growth of endometrial cancer by promoting glutamine metabolism.
Cell Commun. Signal CCS 17, 99. https://doi.org/10.1186/s12964-019-0412-9 (2019).

12. Zheng, Y., Zhu, Y., Zhuge, T., Li, B. & Gu, C. Metabolomics analysis discovers estrogen altering cell proliferation via the pentose
phosphate pathway in infertility patient endometria. Front Endocrinol. 12, 791174. https://doi.org/10.3389/fendo.2021.791174
(2021).

13. Lu, K. H. & Broaddus, R. R. Endometrial cancer. N. Engl. J. Med. 383, 2053-2064. https://doi.org/10.1056/NEJMRA1514010 (2020).

14. Bian, ], Xu, Y., Wu, E, Pan, Q. & Liu, Y. Identification of a five-gene signature for predicting the progression and prognosis of stage
I endometrial carcinoma. Oncol. Lett. 20, 2396-2410. https://doi.org/10.3892/01.2020.11798 (2020).

15. Fan, Y, Li, X, Tian, L. & Wang, . Identification of a metabolism-related signature for the prediction of survival in endometrial
cancer patients. Front Oncol. 11, 630905. https://doi.org/10.3389/fonc.2021.630905 (2021).

16. Yang, X. et al. A novel transcription factor-based prognostic signature in endometrial cancer: Establishment and validation.
OncoTargets Ther. 14, 2579-2598. https://doi.org/10.2147/OTT.S293085 (2021).

17. Brunetti, M. et al. Endometrial carcinoma: Molecular cytogenetics and transcriptomic profile. Cancers 14, 3536. https://doi.org/
10.3390/cancers14143536 (2022).

18. Marshall, A. D. et al. LAT1 is a putative therapeutic target in endometrioid endometrial carcinoma. Int. J. Cancer 139, 2529-2539.
https://doi.org/10.1002/ijc.30371 (2016).

19. Taylor, P. M. Role of amino acid transporters in amino acid sensing. Am. J. Clin. Nutr. 99, 223S-2308S. https://doi.org/10.3945/ajcn.
113.070086 (2014).

20. Bhutia, Y. D, Babu, E., Ramachandran, S. & Ganapathy, V. Amino acid transporters in cancer and their relevance to “glutamine
addiction”: Novel targets for the design of a new class of anticancer drugs. Cancer Res. 75, 1782-1788. https://doi.org/10.1158/
0008-5472.CAN-14-3745 (2015).

21. Koppula, P,, Zhuang, L. & Gan, B. Cystine transporter SLC7A11/xCT in cancer: Ferroptosis, nutrient dependency, and cancer
therapy. Prot. Cell 12, 599-620. https://doi.org/10.1007/S13238-020-00789-5 (2021).

22. Jiang, L. et al. Ferroptosis as a p53-mediated activity during tumour suppression. Nature 520, 57-62. https://doi.org/10.1038/
NATURE14344 (2015).

Scientific Reports |

(2023) 13:13763 | https://doi.org/10.1038/541598-023-40994-w nature portfolio


https://doi.org/10.2217/FON.14.192
https://doi.org/10.2217/FON.14.192
https://doi.org/10.3389/fonc.2019.00744
https://doi.org/10.3389/fonc.2019.00744
https://doi.org/10.1200/JCO.2012.48.2596
https://doi.org/10.1200/JCO.2012.48.2596
https://doi.org/10.1038/nature12113
https://doi.org/10.1038/nature12113
https://doi.org/10.1016/S0140-6736(22)00323-3
https://doi.org/10.1016/j.trecan.2016.06.002
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1158/0008-5472.CAN-14-0254
https://doi.org/10.1158/0008-5472.CAN-14-0254
https://doi.org/10.1016/j.isci.2020.101002
https://doi.org/10.1186/s12964-019-0412-9
https://doi.org/10.3389/fendo.2021.791174
https://doi.org/10.1056/NEJMRA1514010
https://doi.org/10.3892/ol.2020.11798
https://doi.org/10.3389/fonc.2021.630905
https://doi.org/10.2147/OTT.S293085
https://doi.org/10.3390/cancers14143536
https://doi.org/10.3390/cancers14143536
https://doi.org/10.1002/ijc.30371
https://doi.org/10.3945/ajcn.113.070086
https://doi.org/10.3945/ajcn.113.070086
https://doi.org/10.1158/0008-5472.CAN-14-3745
https://doi.org/10.1158/0008-5472.CAN-14-3745
https://doi.org/10.1007/S13238-020-00789-5
https://doi.org/10.1038/NATURE14344
https://doi.org/10.1038/NATURE14344

www.nature.com/scientificreports/

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

He, J., Ding, H., Li, H., Pan, Z. & Chen, Q. Intra-tumoral expression of SLC7A11 is associated with immune microenvironment,
drug resistance, and prognosis in cancers: A Pan-cancer analysis. Front Genet. 12, 770857. https://doi.org/10.3389/fgene.2021.
770857 (2021).

Riggio, A. I. & Blyth, K. The enigmatic role of RUNXI in female-related cancers—current knowledge & future perspectives. FEBS
J. 284, 2345-2362. https://doi.org/10.1111/FEBS.14059 (2017).

Sun, C.-C. et al. Expression and prognosis analyses of Runt-related transcription factor family in human leukemia. Mol. Ther.
Oncol. 12, 103-111. https://doi.org/10.1016/j.0mt0.2018.12.008 (2019).

Planaguma, J. et al. A differential gene expression profile reveals overexpression of RUNX1/AMLI in invasive endometrioid
carcinoma. Cancer Res. 64, 8846-8853. https://doi.org/10.1158/0008-5472.CAN-04-2066 (2004).

Doll, A. et al. An orthotopic endometrial cancer mouse model demonstrates a role for RUNX1 in distant metastasis. Int. J. Cancer
125, 257-263. https://doi.org/10.1002/1JC.24330 (2009).

Sangpairoj, K. et al. RUNX1 regulates migration, invasion, and angiogenesis via p38 MAPK pathway in human glioblastoma. Cell
Mol. Neurobiol. 37, 1243-1255. https://doi.org/10.1007/S10571-016-0456-Y (2017).

Kasoha, M. et al. Crosstalk of estrogen receptors and Wnt/f-catenin signaling in endometrial cancer. J. Cancer Res. Clin. Oncol.
146, 315-327. https://doi.org/10.1007/500432-019-03114-8 (2020).

Fatima, I., Barman, S., Rai, R., Thiel, K. W. & Chandra, V. Targeting Wnt signaling in endometrial cancer. Cancers 13, 2351. https://
doi.org/10.3390/CANCERS13102351 (2021).

Yadav, V. K. et al. Computational analysis for identification of the extracellular matrix molecules involved in endometrial cancer
progression. PLoS ONE 15, e0231594. https://doi.org/10.1371/JOURNAL.PONE.0231594 (2020).

Liu, Y. et al. LncRNA MEGS3 suppressed the progression of ovarian cancer via sponging miR-30e-3p and regulating LAMA4
expression. Cancer Cell Int. 20, 1-15. https://doi.org/10.1186/S12935-020-01259-Y (2020).

Thyboll, . et al. Deletion of the Laminin a4 chain leads to impaired microvessel maturation. Mol. Cell Biol. 22, 1194. https://doi.
0rg/10.1128/MCB.22.4.1194-1202.2002 (2002).

Siu, M. K. Y. et al. PDK1 promotes ovarian cancer metastasis by modulating tumor-mesothelial adhesion, invasion, and angio-
genesis via a5p1 integrin and JNK/IL-8 signaling. Oncogenesis 9, 1-16. https://doi.org/10.1038/s41389-020-0209-0 (2020).
Zhang, S., Hulver, M. W,, McMillan, R. P, Cline, M. A. & Gilbert, E. R. The pivotal role of pyruvate dehydrogenase kinases in
metabolic flexibility. Nutr. Metab. 11, 1-9. https://doi.org/10.1186/1743-7075-11-10 (2014).

Wong, J. Y. Y., Huggins, G. S., Debidda, M., Munshi, N. C. & Vivo, I. D. Dichloroacetate induces apoptosis in endometrial cancer
cells. Gynecol. Oncol. 109, 394. https://doi.org/10.1016/].YGYNO.2008.01.038 (2008).

Miiller-Tidow, C. et al. Cyclin Al is highly expressed in aggressive testicular germ cell tumors. Cancer Lett. 190, 89-95. https://
doi.org/10.1016/50304-3835(02)00582-7 (2003).

Rivera, A., Mavila, A., Bayless, K. J., Davis, G. E. & Maxwell, S. A. Cyclin Al is a p53-induced gene that mediates apoptosis, G2/M
arrest, and mitotic catastrophe in renal, ovarian, and lung carcinoma cells. Cell Mol. Life Sci. 63, 1425-1439. https://doi.org/10.
1007/s00018-006-5521-5 (2006).

Arsenic, R. et al. Cancer-testis antigen cyclin Al is broadly expressed in ovarian cancer and is associated with prolonged time to
tumor progression after platinum-based therapy. BMC Cancer 15, 784. https://doi.org/10.1186/S12885-015-1824-6 (2015).
Wegiel, B. et al. A role for cyclin Al in mediating the autocrine expression of vascular endothelial growth factor in prostate cancer.
Oncogene 24, 6385-6393. https://doi.org/10.1038/sj.onc.1208795 (2005).

Wegiel, B. et al. Multiple cellular mechanisms related to cyclin Al in prostate cancer invasion and metastasis. J. Natl. Cancer Inst.
100, 1022. https://doi.org/10.1093/JNCI/DJN214 (2008).

Xu, W. et al. Enolase 1 correlated with cancer progression and immune-infiltrating in multiple cancer types: A Pan-cancer analysis.
Front Oncol. 10, 593706. https://doi.org/10.3389/FONC.2020.593706 (2021).

Song, Q. et al. Knockout of ENO1 leads to metabolism reprogramming and tumor retardation in pancreatic cancer. Front Oncol.
13, 1119886 (2023).

Diaz-Ramos, A., Roig-Borrellas, A., Garcia-Melero, A. & Lépez-Alemany, R. a-Enolase, a multifunctional protein: Its role on
pathophysiological situations. J. Biomed. Biotechnol. 2012, 156795. https://doi.org/10.1155/2012/156795 (2012).

Zhao, M. et al. Enolase-1 is a therapeutic target in endometrial carcinoma. Oncotarget 6, 15610. https://doi.org/10.18632/ONCOT
ARGET.3639 (2015).

Christofk, H. R. et al. The M2 splice isoform of pyruvate kinase is important for cancer metabolism and tumour growth. Nature
452,230-233. https://doi.org/10.1038/nature06734 (2008).

Lu, W. et al. Up-regulation of PKM2 promote malignancy and related to adverse prognostic risk factor in human gallbladder
cancer. Sci. Rep. 6, 26351. https://doi.org/10.1038/srep26351 (2016).

Zahra, K., Dey, T., Ashish, Mishra, S. P. & Pandey, U. Pyruvate kinase M2 and cancer: The role of PKM2 in promoting tumorigenesis.
Front Oncol. 10, 159. https://doi.org/10.3389/FONC.2020.00159/BIBTEX (2020).

Anastasiou, D. et al. Inhibition of pyruvate kinase M2 by reactive oxygen species contributes to cellular antioxidant responses.
Science 334, 1278. https://doi.org/10.1126/SCIENCE.1211485 (2011).

Wong, N, Ojo, D., Yan, J. & Tang, D. PKM2 contributes to cancer metabolism. Cancer Lett. 356, 184-191. https://doi.org/10.1016/].
CANLET.2014.01.031 (2015).

Gao, X. et al. NR2F1 contributes to cancer cell dormancy, invasion and metastasis of salivary adenoid cystic carcinoma by activat-
ing CXCL12/CXCR4 pathway. BMC Cancer 19, 1-12. https://doi.org/10.1186/S12885-019-5925-5 (2019).

Li, X. et al. NR2F1-AS1/miR-140/HK2 axis regulates hypoxia-induced glycolysis and migration in hepatocellular carcinoma.
Cancer Manag. Res. 13, 427-437. https://doi.org/10.2147/CMAR.S266797 (2021).

Navratil, M. et al. Comparison of human glutamate carboxypeptidases II and III reveals their divergent substrate specificities.
FEBS J. 283, 2528-2545. https://doi.org/10.1111/FEBS.13761 (2016).

Vorlova, B., Knedlik, T., Tykvart, J. & Konvalinka, J. GCPII and its close homolog GCPIII: From a neuropeptidase to a cancer
marker and beyond. Front Biosci. Landmark 24, 648-687. https://doi.org/10.2741/4742 (2019).

Hamada-Kanazawa, M. et al. Beta-citryl-L-glutamate is an endogenous iron chelator that occurs naturally in the developing brain.
Biol. Pharm Bull. 33, 729-737. https://doi.org/10.1248/BPB.33.729 (2010).

Veldman-Jones, M. H. et al. Evaluating robustness and sensitivity of the NanoString technologies nCounter platform to enable
multiplexed gene expression analysis of clinical samples. Cancer Res. 75, 2587-2593. https://doi.org/10.1158/0008-5472.CAN-15-
0262 (2015).

Lieu, E. L., Nguyen, T, Rhyne, S. & Kim, J. Amino acids in cancer. Exp. Mol. Med. 52, 15-30. https://doi.org/10.1038/s12276-020-
0375-3 (2020).

Starks, D. C., Rojas-Espaillat, L., Meissner, T. & Williams, C. B. Phase I dose escalation study of dual PI3K/mTOR inhibition by
Sapanisertib and Serabelisib in combination with paclitaxel in patients with advanced solid tumors. Gynecol. Oncol. 166, 403-409.
https://doi.org/10.1016/j.ygyno.2022.07.005 (2022).

Voss, M. H. et al. Phase 1 study of mTORC1/2 inhibitor sapanisertib (TAK-228) in advanced solid tumours, with an expansion
phase in renal, endometrial or bladder cancer. Br. J. Cancer 123, 1590-1598. https://doi.org/10.1038/s41416-020-01041-x (2020).
Scambia, G. et al. Randomized phase II study of sapanisertib (SAP) + paclitaxel (PAC) versus PAC alone in patients (pts) with
advanced, recurrent, or persistent endometrial cancer. J. Clin. Oncol. 38, 6087-6087. https://doi.org/10.1200/JC0O.2020.38.15_
suppl.6087 (2020).

Scientific Reports |

(2023) 13:13763 | https://doi.org/10.1038/541598-023-40994-w nature portfolio


https://doi.org/10.3389/fgene.2021.770857
https://doi.org/10.3389/fgene.2021.770857
https://doi.org/10.1111/FEBS.14059
https://doi.org/10.1016/j.omto.2018.12.008
https://doi.org/10.1158/0008-5472.CAN-04-2066
https://doi.org/10.1002/IJC.24330
https://doi.org/10.1007/S10571-016-0456-Y
https://doi.org/10.1007/S00432-019-03114-8
https://doi.org/10.3390/CANCERS13102351
https://doi.org/10.3390/CANCERS13102351
https://doi.org/10.1371/JOURNAL.PONE.0231594
https://doi.org/10.1186/S12935-020-01259-Y
https://doi.org/10.1128/MCB.22.4.1194-1202.2002
https://doi.org/10.1128/MCB.22.4.1194-1202.2002
https://doi.org/10.1038/s41389-020-0209-0
https://doi.org/10.1186/1743-7075-11-10
https://doi.org/10.1016/J.YGYNO.2008.01.038
https://doi.org/10.1016/S0304-3835(02)00582-7
https://doi.org/10.1016/S0304-3835(02)00582-7
https://doi.org/10.1007/s00018-006-5521-5
https://doi.org/10.1007/s00018-006-5521-5
https://doi.org/10.1186/S12885-015-1824-6
https://doi.org/10.1038/sj.onc.1208795
https://doi.org/10.1093/JNCI/DJN214
https://doi.org/10.3389/FONC.2020.593706
https://doi.org/10.1155/2012/156795
https://doi.org/10.18632/ONCOTARGET.3639
https://doi.org/10.18632/ONCOTARGET.3639
https://doi.org/10.1038/nature06734
https://doi.org/10.1038/srep26351
https://doi.org/10.3389/FONC.2020.00159/BIBTEX
https://doi.org/10.1126/SCIENCE.1211485
https://doi.org/10.1016/J.CANLET.2014.01.031
https://doi.org/10.1016/J.CANLET.2014.01.031
https://doi.org/10.1186/S12885-019-5925-5
https://doi.org/10.2147/CMAR.S266797
https://doi.org/10.1111/FEBS.13761
https://doi.org/10.2741/4742
https://doi.org/10.1248/BPB.33.729
https://doi.org/10.1158/0008-5472.CAN-15-0262
https://doi.org/10.1158/0008-5472.CAN-15-0262
https://doi.org/10.1038/s12276-020-0375-3
https://doi.org/10.1038/s12276-020-0375-3
https://doi.org/10.1016/j.ygyno.2022.07.005
https://doi.org/10.1038/s41416-020-01041-x
https://doi.org/10.1200/JCO.2020.38.15_suppl.6087
https://doi.org/10.1200/JCO.2020.38.15_suppl.6087

www.nature.com/scientificreports/

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

Massard, C. et al. A first in man, phase I dose-escalation study of PHA-793887, an inhibitor of multiple cyclin-dependent kinases
(CDK2, 1 and 4) reveals unexpected hepatotoxicity in patients with solid tumors. Cell Cycle Georget. Tex 10, 963-970. https://doi.
0rg/10.4161/cc.10.6.15075 (2011).

Zoubir, M. et al. An inhibitor of cyclin-dependent kinases suppresses TLR signaling and increases the susceptibility of cancer
patients to herpesviridae. Cell Cycle Georget. Tex 10, 118-126. https://doi.org/10.4161/cc.10.1.14445 (2011).

Qj, J. et al. Ciclopirox activates PERK-dependent endoplasmic reticulum stress to drive cell death in colorectal cancer. Cell Death
Dis. 11, 582. https://doi.org/10.1038/s41419-020-02779-1 (2020).

Huang, Z. & Huang, S. Reposition of the fungicide ciclopirox for cancer treatment. Recent Pat. Anticancer Drug Discov. 16, 122.
https://doi.org/10.2174/1574892816666210211090845 (2021).

Lu, J. et al. Ciclopirox targets cellular bioenergetics and activates ER stress to induce apoptosis in non-small cell lung cancer cells.
Cell Commun. Signal 20, 37. https://doi.org/10.1186/s12964-022-00847-x (2022).

Chen, L. et al. Ciclopirox drives growth arrest and autophagic cell death through STAT3 in gastric cancer cells. Cell Death Dis. 13,
1-13. https://doi.org/10.1038/s41419-022-05456-7 (2022).

Minden, M. D. et al. Oral ciclopirox olamine displays biological activity in a phase I study in patients with advanced hematologic
malignancies. Am. J. Hematol. 89, 363-368. https://doi.org/10.1002/ajh.23640 (2014).

Lo, M., Ling, V., Low, C., Wang, Y. Z. & Gout, P. W. Potential use of the anti-inflammatory drug, sulfasalazine, for targeted therapy
of pancreatic cancer. Curr. Oncol. 17, 9-16 (2010).

Kojima, H. et al. Enhancement of cytarabine sensitivity in squamous cell carcinoma cell line transfected with deoxycytidine kinase.
Arch. Otolaryngol. Neck Surg. 128, 708-713. https://doi.org/10.1001/archotol.128.6.708 (2002).

Czaykowski, P. M., Samuels, T. & Oza, A. A durable response to cytarabine in advanced breast cancer. Clin. Oncol. 9, 181-183.
https://doi.org/10.1016/S0936-6555(97)80077-5 (1997).

Ghosh, S. Cisplatin: The first metal based anticancer drug. Bioorgan. Chem. 88, 102925. https://doi.org/10.1016/j.bioorg.2019.
102925 (2019).

Qu, W. et al. Culture characters, genetic background, estrogen/progesterone receptor expression, and tumorigenic activities of
frequently used sixteen endometrial cancer cell lines. Clin. Chim. Acta Int. J. Clin. Chem. 489, 225-232. https://doi.org/10.1016/j.
cca.2018.08.013 (2019).

Gao, Y. et al. Tumor microenvironment: Lactic acid promotes tumor development. J. Immunol. Res. 2022, 3119375. https://doi.
org/10.1155/2022/3119375 (2022).

Riedel, A. et al. Tumor-derived lactic aid modulates activation and metabolic status of draining lymph node stroma. Cancer
Immunol. Res. 10, 482-497. https://doi.org/10.1158/2326-6066.CIR-21-0778 (2022).

Yoo, H. C,, Yu, Y. C,, Sung, Y. & Han, J. M. Glutamine reliance in cell metabolism. Exp. Mol. Med. 52, 1496-1516. https://doi.org/
10.1038/s12276-020-00504-8 (2020).

Nilsson, A. et al. Quantitative analysis of amino acid metabolism in liver cancer links glutamate excretion to nucleotide synthesis.
Proc. Natl. Acad. Sci. U. S. A. 117, 10294-10304. https://doi.org/10.1073/pnas.1919250117 (2020).

Qin, S. et al. Biomarkers for predicting abiraterone treatment outcome and selecting alternative therapies in castration-resistant
prostate cancer. Clin. Pharmacol. Ther. 111, 1296-1306. https://doi.org/10.1002/cpt.2582 (2022).

Jozwik, M. et al. Surface antigen expression on peripheral blood monocytes in women with gynecologic malignancies. BMC Cancer
15, 129. https://doi.org/10.1186/s12885-015-1136-x (2015).

Koskas, M., Amant, F, Mirza, M. R. & Creutzberg, C. L. Cancer of the corpus uteri: 2021 update. Int. J. Gynaecol. Obstet. Off. Organ.
Int. Fed. Gynaecol. Obstet. 155(Suppl 1), 45-60. https://doi.org/10.1002/ijgo.13866 (2021).

WHO Classification of Tumours Editorial Board. Female Genital Tumours (International Agency for Research on Cancer, 2020).
Ayakannu, T., Taylor, A. H. & Konje, J. C. Selection of endogenous control reference genes for studies on type 1 or type 2 endo-
metrial cancer. Sci. Rep. 10, 1-10. https://doi.org/10.1038/s41598-020-64663-4 (2020).

Bustin, S. A. et al. The MIQE guidelines: Minimum information for publication of quantitative real-time PCR experiments. Clin.
Chem. 55, 611-622. https://doi.org/10.1373/clinchem.2008.112797 (2009).

Hruz, T. et al. Genevestigator v3: A reference expression database for the meta-analysis of transcriptomes. Adv. Bioinform. 2008,
420747. https://doi.org/10.1155/2008/420747 (2008).

Skok, K. et al. Gynaecological cancers and their cell lines. J. Cell Mol. Med. 25, 3680-3698. https://doi.org/10.1111/jcmm.16397
(2021).

Tuszynski, J. caTools: Tools: Moving window statistics, GIF, Base64, ROC AUG, etc. https://CRAN.R-project.org/package=caToo
Is (2014).

Robin, X. et al. pROC: An open-source package for R and S+ to analyze and compare ROC curves. BMC Bioinform. 12, p1-8.
https://doi.org/10.1186/1471-2105-12-77 (2011).

Wickham, H., Frangois, R., Henry, L. & Miiller, K. dplyr: A grammar of data manipulation https://CRAN.R-project.org/package=
dplyr(2021).

Eden, E., Navon, R,, Steinfeld, I., Lipson, D. & Yakhini, Z. GOrilla: A tool for discovery and visualization of enriched GO terms
in ranked gene lists. BVMC Bioinform. 10, 48. https://doi.org/10.1186/1471-2105-10-48 (2009).

Kanehisa, M., Furumichi, M., Sato, Y., Kawashima, M. & Ishiguro-Watanabe, M. KEGG for taxonomy-based analysis of pathways
and genomes. Nucleic Acids Res. 51, D587-D592. https://doi.org/10.1093/nar/gkac963 (2023).

Acknowledgements
Professor Maciej J6zwik thanks Professor Irena Kasacka, Department of Histology and Cytophysiology, Medical
University of Bialystok, for the help with handling FFPE tissue specimens.

Author contributions

Conceptualization, 1.S., M.]., and M.J.; methodology, 1.S.; data curation, 1.S., M.]., A.B.; formal analysis, L.S.,
A E,; visualization, I.S. and A.E.; writing—original draft, I.S.; writing—review and editing, M.J., K.J., and A.K,;
funding acquisition, I.S., M.]J., M.M., M.N,, and A K; supervision, M.J. and A.K.

Fundin

This resea?rch was supported by the Polish Ministry of Education and Science within the project ‘Excellence
Initiative—Research University, the Centre for Artificial Intelligence of the Medical University of Bialystok, and
Grants No. SUB/1/DN/21/001/4406 and No. SUB/1/DN/22/001/1129 from the Medical University of Bialtystok.
The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Scientific Reports |

(2023) 13:13763 | https://doi.org/10.1038/541598-023-40994-w nature portfolio


https://doi.org/10.4161/cc.10.6.15075
https://doi.org/10.4161/cc.10.6.15075
https://doi.org/10.4161/cc.10.1.14445
https://doi.org/10.1038/s41419-020-02779-1
https://doi.org/10.2174/1574892816666210211090845
https://doi.org/10.1186/s12964-022-00847-x
https://doi.org/10.1038/s41419-022-05456-7
https://doi.org/10.1002/ajh.23640
https://doi.org/10.1001/archotol.128.6.708
https://doi.org/10.1016/S0936-6555(97)80077-5
https://doi.org/10.1016/j.bioorg.2019.102925
https://doi.org/10.1016/j.bioorg.2019.102925
https://doi.org/10.1016/j.cca.2018.08.013
https://doi.org/10.1016/j.cca.2018.08.013
https://doi.org/10.1155/2022/3119375
https://doi.org/10.1155/2022/3119375
https://doi.org/10.1158/2326-6066.CIR-21-0778
https://doi.org/10.1038/s12276-020-00504-8
https://doi.org/10.1038/s12276-020-00504-8
https://doi.org/10.1073/pnas.1919250117
https://doi.org/10.1002/cpt.2582
https://doi.org/10.1186/s12885-015-1136-x
https://doi.org/10.1002/ijgo.13866
https://doi.org/10.1038/s41598-020-64663-4
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1155/2008/420747
https://doi.org/10.1111/jcmm.16397
https://CRAN.R-project.org/package=caTools
https://CRAN.R-project.org/package=caTools
https://doi.org/10.1186/1471-2105-12-77
https://CRAN.R-project.org/package=dplyr
https://CRAN.R-project.org/package=dplyr
https://doi.org/10.1186/1471-2105-10-48
https://doi.org/10.1093/nar/gkac963

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-40994-w.

Correspondence and requests for materials should be addressed to LS.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:13763 | https://doi.org/10.1038/541598-023-40994-w nature portfolio


https://doi.org/10.1038/s41598-023-40994-w
https://doi.org/10.1038/s41598-023-40994-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Identification and subsequent validation of transcriptomic signature associated with metabolic status in endometrial cancer
	Results
	Metabolism-related transcriptomic changes in endometrial cancer and functional enrichment analysis. 
	Data validation. 
	Diagnostic value. 
	In silico identification of drugs for the treatment of EC. 
	Functional validation. 

	Discussion
	Methods
	Study subjects. 
	RNA extraction. 
	nCounter gene expression assay. 
	Validation of the NanoString results by quantitative real-time polymerase chain reaction. 
	Data analysis. 
	Gene ontology and pathway enrichment analysis of differentially expressed genes. 
	Modeling. 
	Drug repurposing. 
	Cell culture. 
	Drugs. 
	Ethics, consent, and permissions. 

	References
	Acknowledgements


