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Piotr Ciesielski, Paweł Jóźwiak, Ewa Forma and Anna Krześlak
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Preface to ”New Insights into Endometrial Cancer
2022”

Endometrial cancer is a hormone-dependent cancer with an increasing incidence that is

estimated to continue to grow over the next several years. It is typically treated with surgery and/or

chemo-/radiation therapy. The clinical benefit of hormone therapies for advanced and recurrent

endometrial cancers underlines the need to examine their characteristics (particularly, steroid

hormone receptor expression and functions) to assess how they can be used better. Furthermore,

a critical phase that can drive clinicians’ therapeutic choices is histopathological and molecular

classification. Thus, a current challenge is to integrate IHC markers with molecular tests to identify

prognostic groups. Moreover, the observations of the immunosuppressive nature of the endometrial

cancer environment are leading to studies that assess therapies with the aim to boost the immune

response, which might represent significant potential in the treatment of the disease. For this

reason, current and ongoing studies are trying to improve clinical responses through immunotherapy

strategies, either alone or combined with classic treatments.

Laura Paleari

Editor
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New Strategies for Endometrial Cancer Detection
and Management
Laura Paleari

Research, Innovation and HTA Unit, A.Li.Sa., Liguria Health Authority, 16121 Genoa, Italy;
laura.paleari@alisa.liguria.it; Tel.: +39-010-5484243

With 400,000 new cases and over 80,000 deaths a year worldwide, endometrial cancer
(EC) holds a rather unfortunate record, namely, that of the tumour with the highest increase
in incidence, a unique trend among gynaecological cancers [1]. EC is more common in
high-income countries where obesity rates are high, and this cancer is the fourth most
common malignancy in women. It mainly affects postmenopausal women, where patients’
mean age at diagnosis is 61 years, and most cases are diagnosed in women aged 45 to
74 years [1]. The prognosis is worse in older patients with higher-grade and more prevalent
tumours, with a median 5-year survival rates of 95% for stage I/II and of 60% for stage
III/IV. Overall, 63% of patients are tumour free ≥5 years after therapy [1].

To date, the standard management of early-stage cancer includes surgery, radiotherapy
and/or chemotherapy. Thus, there is a clear unmet medical need for disease management,
and it is essential to find a molecular target to better classify ECs in terms of prognosis and
to drive the therapeutical choice. The intention of this Special Issue is to increase our under-
standing of EC development, which may lead to the discovery of new molecular diagnostic
technologies and targeted therapeutics. For instance, although EC is a hormone-dependent
neoplasm, there are no recommendations for the determination of steroid hormone recep-
tors [2]. Currently, only a few studies have assessed the impact hormonal therapy (HT) has
in EC treatment, suggesting how HT is a useful treatment modality to prolong progression-
free survival (PFS) and overall survival (OS) [3]. Recently, several studies have assessed
diagnostic and therapeutic markers. Bioinformatics analyses indicated that NRAS gene
deregulation affected the OS rate of patients with EC, leading to prognostic significance [4].
Celsi and colleagues with a gel-based proteomic assay showed that suprabasin (SBSN),
an oncogene previously associated with poor prognosis in different cancers, could be a
potential novel biomarker in EC [5]. Interestingly, the study of Benbrook et al. analysed
serum from EC patients (with or without lymph node metastases, and compared with
that of benign gynaecological surgery patients) to determine if it is possible to predict the
presence of positive lymph nodes, which represents a critical factor guiding treatment
decisions [6]. The results suggest that pathways implicated in metastases included the
loss of PTEN, PI3K, AKT and PKA activation, leading to calcium signalling, oxidative
phosphorylation and oestrogen receptor-induced transcription, platelet activation, the
epithelial-to-mesenchymal transition, and senescence. Upstream activators implicated in
these events included neurostimulation and inflammation, the activation of G-protein-
coupled receptor Gβγ, the loss of HER-2 activation and the upregulation of the insulin
receptor [6].

Moreover, advancements have newly been made in EC pathological classification
through the new molecular classification that allows for a more accurate categorisation of
the pathology, which is useful for making a therapeutic choice. In fact, for decades, EC
risk stratification has been based on histopathological features, such as tumour grade and
histotype, depth of myometrial invasion, and cervical and adnexal involvement. The Cancer
Genome Atlas (TGCA) has proposed a new and disruptive molecular classification of ECs
which identifies, based on molecular characteristics and expression, four distinct subgroups.
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This approach has revolutionized diagnostics, allowing data to be refined from a precision
medicine point of view through the definition of a real therapeutic algorithm [7,8].

Furthermore, in recent years, vibrational biospectrometry methods for the screening
and diagnosis of EC have gained ground. Vibrational biospectroscopy is a noninvasive
objective technique that uses the interaction of light with tissue to obtain detailed informa-
tion about the chemical composition of biological samples. Current diagnostic strategies
are time-consuming, invasive and have limited accuracy, and there is no population-level
screening. Treatment depends on the patients’ health, type of disease and prevalence at the
time of diagnosis. Most women will be offered surgery; however, the role of lymph node
dissection in the early stage of the disease remains controversial. There is, therefore, a need
for a test that is objective, accurate, and capable of detecting pre-cancer and early cancer, as
well as able to identify metastatic lymph node involvement, so that lymph node excision is
performed only when necessary. However, while there has been significant progress made
in vibrational spectroscopy development, the techniques are still at the trial phase and have
not yet been translated into clinical practice [9].

Moreover, for over 20 years, the availability of a new therapy capable of affecting
the prognosis of a tumour which, although not considered particularly aggressive, had
a proportion of recurrences that were difficult to treat, had not been verified. In the last
year, interesting advances have taken place with the introduction of immunotherapy for
the treatment of ECs. The drug dostarlimab is an antibody that blocks the PD-1 receptor,
and is indicated for adult patients with advanced or recurrent EC with a mismatch re-
pair/microsatellite instability system defect. This immunotherapy drug, in fact, recently
had accelerated approval by the US FDA, and the European Commission itself gave the
green light to its conditional marketing. This approval is based on results obtained through
the GARNET multi-cohort study [10,11]. The data collected showed that the dostarlimab
treatment resulted in an objective response rate (ORR) of 43.5% in 71 patients with a DNA
mismatch repair deficiency, including a complete response rate (CRR) of 12.7% and a partial
control rate (PCR) of 29.6%. A duration of the response at six months was seen in more
than 93.3% of the respondents [10,11].

The main aim of this Special Issue is to provide an open-source sharing platform for
significant works in the field of molecular oncology that can increase our understanding
of EC development, and which may lead to the discovery of new molecular diagnostic
technologies and targeted therapeutics.
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Houston, TX 77030, USA
5 High-Throughput Research and Screening Center, Center for Translational Cancer Research,

Texas A&M Health Science Center, Institute of Biosciences and Technology, Houston, TX 77030, USA
* Correspondence: asood@mdanderson.org; Tel.: +1-713-745-5266

Abstract: EphA2 tyrosine kinase is upregulated in many cancers and correlated with poor survival of
patients, including those with endometrial cancer. EphA2-targeted drugs have shown modest clinical
benefit. To improve the therapeutic response to such drugs, we performed a high-throughput chemical
screen to discover novel synergistic partners for EphA2-targeted therapeutics. Our screen identified
the Wee1 kinase inhibitor, MK1775, as a synergistic partner to EphA2, and this finding was confirmed
using both in vitro and in vivo experiments. We hypothesized that Wee1 inhibition would sensitize
cells to EphA2-targeted therapy. Combination treatment decreased cell viability, induced apoptosis,
and reduced clonogenic potential in endometrial cancer cell lines. In vivo Hec1A and Ishikawa-Luc
orthotopic mouse models of endometrial cancer showed greater anti-tumor responses to combination
treatment than to either monotherapy. RNASeq analysis highlighted reduced cell proliferation
and defective DNA damage response pathways as potential mediators of the combination’s effects.
In conclusion, our preclinical findings indicate that Wee1 inhibition can enhance the response to
EphA2-targeted therapeutics in endometrial cancer; this strategy thus warrants further development.

Keywords: endometrial cancer; EphA2; Wee1

1. Introduction

EphA2 is a receptor tyrosine kinase that has multiple roles in facilitating malignant
progression. Although EphA2 was first studied in the context of neuronal migration during
embryogenesis, it has since been shown to regulate cancer cell growth, migration, invasion,
and angiogenesis [1]. In addition, EphA2 is overexpressed in various cancers, including
breast cancer [2], esophageal cancer [3], melanoma [4], lung cancer [5], prostate cancer [6],
ovarian cancer [7,8], and endometrial cancer [9,10]. Over the years, many therapeutic
strategies have been developed to target EphA2, including tyrosine kinase inhibitors, mono-
clonal antibodies, immunoconjugates, aptamers, and short-interfering RNA (siRNA) [11,12].
We have previously demonstrated that delivery of EphA2 siRNA through 1,2-dioleoyl-
sn-glycero-3-phosphatidylcholine (DOPC) neutral liposome nanoparticles (EPHARNA)
showed highly efficient in vivo delivery to the tumor, resulting in decreased tumor bur-
den in mouse ovarian cancer models [13]. In addition, EPHARNA combined well with
paclitaxel and significantly reduced tumor growth in these preclinical models [13]. A
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phase 1 trial of EPHARNA in patients with solid cancers is ongoing. However, rational
combinations with EphA2-targeted therapy are not yet known; therefore, we aimed to
identify novel therapeutic combinations through high-throughput chemical screens for use
in endometrial cancer.

In the present study, we identified the Wee1 kinase inhibitor, MK1775, as a synergistic
partner to EphA2-targeted therapy in endometrial cancer cells. To test our hypothesis that
Wee1 inhibition sensitizes cells to EphA2-targeted therapy, we examined the anti-tumor
effects of both agents in endometrial cancer mouse models and evaluated potential mecha-
nisms of synergy. Our findings supported our hypothesis, justifying further investigation
of this combination.

2. Results
2.1. High-Throughput Drug Screening Identifies Rational Combinations to EphA2 Inhibition

Given the oncogenic function of EphA2 in endometrial cancer, we performed a system-
atic high-throughput drug screen on an endometrial cancer cell line (Hec1A) transfected
with either control siRNA or EphA2 siRNA with two drug libraries containing a total of
1510 drugs comprising FDA-approved drugs, clinical candidates, active pharmaceutical
ingredients, and chemotherapeutic agents. We hypothesized that candidate small molecule
drugs from these libraries would overcome resistance to anti-EphA2 therapeutics such as
EPHARNA and thereby enhance their therapeutic benefit when given as combined therapy.
Among the top hits, the biggest class represented was targeted kinase inhibitors (MK-1775,
TAK-632, and BML-277), followed by microtubule poisons (darinaparsin and CYT997) and
GPCR and G protein inhibitors (azilsartan, medoxomil, and matrine) (Figure 1A). Among
the three kinase inhibitors in the hit list, the Wee1 inhibitor, MK1775, demonstrated the
greatest synergistic interaction score (Bliss synergy score of 1.14) when combined with the
EphA2 inhibitor, ALW (Figure 1C,D). Furthermore, EphA2 knockdown increased Wee1
activity as evidenced by elevated phospho-cdc2 levels (Figure 1B), hinting that Wee1 ac-
tivation may be a compensatory mechanism to adapt to the loss of EphA2 and maintain
cell viability.
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Figure 1. High–throughput screen for synergistic partners for EphA2–targeted therapy and verifi-
cation of Wee1 as a target. (A) Top 10 hits from the chemical screen. (B) Effect of EphA2 silencing 
on Wee1 activity, as seen by phosphorylation of cdc2, in Hec1A cells. (C) Dose–response matrix for 
combinatorial analysis of the EphA2 inhibitor ALW and Wee1 inhibitor MK1775. (D) Difference 
from predicted Bliss independence surface model for the combination of ALW and MK1775. (E) 
Visualization of the calculated 2D synergy maps for the MTT cell viability assay from the Syner-
gyFinder Bliss independence model combinatorial analysis. Red regions represent synergy, and 
green regions represent antagonism. (F) Plots showing fraction of cells affected (Fa) and combina-
tion index (CI) values for ALW and MK1775. The white circles representing the CI values of the 
ALW:MK1775 combination (1 µM:0.5 µM and 1 µM:0.75 µM concentrations, respectively) were less 
than one, indicating synergy. 

2.2. MK1775 Sensitizes Endometrial Cancer Cells to EphA2 Inhibition 
Upon morphological analyses, single-drug-treated wells showed a lower number of 

cells in comparison to control cells, and the cell numbers were even lower with the com-
bination treatment (Figure 2A). Of interest here is the appearance of many round cells for 
the ALW and MK1775 combination treatment at both the 24 h and 48 h time points, which 
could be either cells undergoing mitosis or cells preparing to die by apoptosis. To under-
stand this, we performed cell cycle analysis and observed that there was a decrease in 
number of cells in the G1 phase and a concomitant increase in number of cells in the S 
phase for the combination treatment at the 48 h time point (Figures 2B and S1C,D). In 
addition, there was a statistically significant increase in the sub-G1 population in cells 

Figure 1. Cont.

6



Int. J. Mol. Sci. 2023, 24, 3915

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 3 of 13 
 

 

 
Figure 1. High–throughput screen for synergistic partners for EphA2–targeted therapy and verifi-
cation of Wee1 as a target. (A) Top 10 hits from the chemical screen. (B) Effect of EphA2 silencing 
on Wee1 activity, as seen by phosphorylation of cdc2, in Hec1A cells. (C) Dose–response matrix for 
combinatorial analysis of the EphA2 inhibitor ALW and Wee1 inhibitor MK1775. (D) Difference 
from predicted Bliss independence surface model for the combination of ALW and MK1775. (E) 
Visualization of the calculated 2D synergy maps for the MTT cell viability assay from the Syner-
gyFinder Bliss independence model combinatorial analysis. Red regions represent synergy, and 
green regions represent antagonism. (F) Plots showing fraction of cells affected (Fa) and combina-
tion index (CI) values for ALW and MK1775. The white circles representing the CI values of the 
ALW:MK1775 combination (1 µM:0.5 µM and 1 µM:0.75 µM concentrations, respectively) were less 
than one, indicating synergy. 

2.2. MK1775 Sensitizes Endometrial Cancer Cells to EphA2 Inhibition 
Upon morphological analyses, single-drug-treated wells showed a lower number of 

cells in comparison to control cells, and the cell numbers were even lower with the com-
bination treatment (Figure 2A). Of interest here is the appearance of many round cells for 
the ALW and MK1775 combination treatment at both the 24 h and 48 h time points, which 
could be either cells undergoing mitosis or cells preparing to die by apoptosis. To under-
stand this, we performed cell cycle analysis and observed that there was a decrease in 
number of cells in the G1 phase and a concomitant increase in number of cells in the S 
phase for the combination treatment at the 48 h time point (Figures 2B and S1C,D). In 
addition, there was a statistically significant increase in the sub-G1 population in cells 

Figure 1. High–throughput screen for synergistic partners for EphA2–targeted therapy and verifi-
cation of Wee1 as a target. (A) Top 10 hits from the chemical screen. (B) Effect of EphA2 silencing
on Wee1 activity, as seen by phosphorylation of cdc2, in Hec1A cells. (C) Dose–response matrix for
combinatorial analysis of the EphA2 inhibitor ALW and Wee1 inhibitor MK1775. (D) Difference from
predicted Bliss independence surface model for the combination of ALW and MK1775. (E) Visualiza-
tion of the calculated 2D synergy maps for the MTT cell viability assay from the SynergyFinder Bliss
independence model combinatorial analysis. Red regions represent synergy, and green regions repre-
sent antagonism. (F) Plots showing fraction of cells affected (Fa) and combination index (CI) values
for ALW and MK1775. The white circles representing the CI values of the ALW:MK1775 combination
(1 µM:0.5 µM and 1 µM:0.75 µM concentrations, respectively) were less than one, indicating synergy.

Next, we analyzed the synergism of EphA2 and Wee1 inhibition in two endometrial
cancer cell lines (Hec1A and Ishikawa) known to have high expression levels of EphA2.
To determine the effect of combination therapy of EphA2 and Wee1 inhibitors (ALW and
MK1775, respectively), cancer cells were treated with either each single drug or both in
combination for a period of 72 h, followed by cell viability analysis using an MTT assay. We
observed a significant decrease in cell viability in a dose-dependent manner in both Hec1A
and Ishikawa cells; at each dose tested, cell viability was lower after combination therapy
than after individual drug treatments (Figure S1A,B). Furthermore, we used SynergyFinder
and CompuSyn software to test the drug–drug interactions using the median effect equation
to derive combination index values, and we observed that the drug combination produced
a synergistic effect (Figure 1E,F).

2.2. MK1775 Sensitizes Endometrial Cancer Cells to EphA2 Inhibition

Upon morphological analyses, single-drug-treated wells showed a lower number
of cells in comparison to control cells, and the cell numbers were even lower with the
combination treatment (Figure 2A). Of interest here is the appearance of many round cells
for the ALW and MK1775 combination treatment at both the 24 h and 48 h time points,
which could be either cells undergoing mitosis or cells preparing to die by apoptosis. To
understand this, we performed cell cycle analysis and observed that there was a decrease in
number of cells in the G1 phase and a concomitant increase in number of cells in the S phase
for the combination treatment at the 48 h time point (Figures 2B and S1C,D). In addition,
there was a statistically significant increase in the sub-G1 population in cells given combina-
tion treatment compared with the control cells (Figure 2C). Consistent with the associated
changes in the cell cycle profile (Figures 2D and S2A), we observed elevated levels of the
mitotic marker phospho H3 (Ser10) in cells treated with the drug combination compared
with cells treated with single drugs or the control cells (Figure 2E). This result indicates that
the cells moved into mitosis prematurely, overriding the G2/M checkpoint (Figure 2D) and
thereby triggering mitotic arrest and leading to mitotic-catastrophe-mediated apoptotic
cell death.
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Figure 2. Effects of combination therapy on cell proliferation. (A) Cell morphology images of
untreated (control) and ALW- and MK1775-treated Hec1A cells at 24 h and 48 h timepoints. (B,C) Flow
cytometry analysis of cell cycle phases in Hec1A cells that were untreated or treated for 48 h.
(D) Cell cycle profile of ALW- and MK1775-treated cells showing cells arrested between the S and
G2 phases. (E) Western blot analysis for phosphorylated histone H3, an indicator of cells arrested in
mitosis. Statistics were performed using one-way ANOVA with the Tukey’s post hoc test for multiple
comparisons for more than two groups. * p < 0.05.

The synergistic effect of the combination treatment was further evaluated using an
Annexin V/PI-based apoptosis assay. Higher levels of apoptosis were seen for combina-
tion treatment with ALW and MK1775 than for individual drug treatments in both cell
lines tested (Figure 3A,B). This result was confirmed using PARP cleavage as a marker of
apoptotic cell death; as expected, we saw higher levels of cleaved PARP in the combination
treatment (Figure 3C,D). In addition to caspase-3 activation (Figure S2B) and PARP cleav-
age, one of the hallmarks of apoptosis is double-strand DNA break formation, which is
marked by γH2AX phosphorylation at S139. We observed increased levels of γH2AX phos-
phorylation after combination treatment, indicating that extensive double-strand breaks
occurred during cell death (Figure S2C). Furthermore, we performed a colony formation
assay to assess the effect of therapy on clonogenic survival, and in comparison to control
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cells, cells treated with the drug combination had significantly suppressed colony-forming
activity in Hec1A (p < 0.001) and Ishikawa (p < 0.01) cells (Figure 3E,F).
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Figure 3. Apoptotic and clonogenic effects of combination therapy. (A,B) Flow cytometry analysis of
apoptosis in Hec1A (A) and Ishikawa (B) cells that were untreated or treated with ALW, MK1775, or
both drugs. (C,D) Expression of apoptosis marker cleaved PARP in untreated or drug-treated Hec1A
(C) and Ishikawa (D) cells. (E,F) Clonogenic colony formation assay in untreated or drug-treated
Hec1A (E) and Ishikawa (F) cells. Statistics were performed using one-way ANOVA with the Tukey’s
post hoc test for multiple comparisons for more than two groups. ns, nonsignificant; * p < 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001.

2.3. EPHARNA and MK1775 Suppress Tumor Growth in an Endometrial Cancer Xenograft Model

To test the anti-tumor effects of EPHARNA and MK1775 in vivo, we next used the
Hec1A and Ishikawa-Luc orthotopic endometrial cancer models. Tumor nodules were
localized primarily in the uterus with few metastases to the intestine, stomach, and peri-
toneal wall (Figure 4A,E). At the end of the experiment, mice treated with EPHARNA
and MK1775 monotherapies showed lower tumor weight (Figure 4B) and fewer tumor
nodules (Figure 4C) compared with the control group, although the differences did not
reach statistical significance. In contrast, EPHARNA and MK1775 combination therapy led
to significantly lower tumor weight (p < 0.05) and fewer tumor nodules compared with the
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control group (Figure 4B,C). There were no significant differences in mouse body weight
across all four groups (Figure 4D).
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Figure 4. Anti-tumor effects of EphA2- and Wee1-targeted therapy in endometrial cancer xenograft
models. Representative images of tumor burden in mice with Hec1A (A) and Ishikawa-Luc (E) tumors
with siRNA nanoparticles and/or MK1775 therapy. (B,C) Tumor weights (B) and number of nodules
(C) after therapy in Hec1A model. (F,G) Tumor weights (F) and ascites (G) in Ishikawa-Luc model.
Mouse body weights at the end of the experiment in Hec1A (D) and Ishikawa-Luc (H) models. Statis-
tics were performed using one-way ANOVA with the Tukey’s post hoc test for multiple comparisons
for more than two groups. * p < 0.05; ** p < 0.01; **** p < 0.0001.

In the Ishikawa-Luc model, treatment with EPHARNA and MK1775 combination
therapy resulted in a significant decrease in tumor burden in comparison to siControl or
EPHARNA monotherapy (Figure 4E,F). However, we observed higher ascites in siControl-,
EPHARNA-, and MK1775-treated animals, which is partly attributed to the increased
body weight in siControl- and EPHARNA-treated groups in comparison to combination
treatment (Figure 4G,H).
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2.4. Inhibition of EphA2 and Wee1 Leads to Suppression of DNA Damage Response Repair
Pathways and Downregulates Cell Survival Pathways

To identify potential downstream mechanisms associated with the synergistic inter-
action of EphA2 and Wee1 inhibition, we performed RNA-Seq analysis followed by IPA
analysis. To better analyze the observed synergy between the drugs, we performed a
comparative analysis to identify enriched canonical pathways that were high under EphA2
inhibition alone and low under combination therapy. This analysis identified therapeutic
compensatory cell survival pathways activated under EphA2 monotherapy that were lost
under combination therapy. Comparative analysis identified downregulation of cell cycle
checkpoint regulation, DNA damage response, and cell survival pathways (Figure 5A).
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Figure 5. IPA analysis for identification of molecular mechanisms associated with synergy of EphA2-
and Wee1–targeted therapy. (A) Comparative analysis of pathways downregulated in combination
therapy. (B,C) Validation of RNA–Seq analysis of AKT pathway repression (B) and mTOR pathway
activation (C). (D,E) Validation of RNA–Seq analysis with autophagy marker LC3B (D) and autophagy
substrate p62 (E).

Further investigation was performed to better understand the molecular mechanisms
associated with the synergism of Epha2 and Wee1 inhibition. In comparison to monother-
apy, pAKT levels were lower with the combination therapy, hinting at reduced cell survival
capacity (Figure 5B). In addition, an increase in phosphorylated S6 levels served as a
surrogate for mTOR activation status (Figure 5C). Because mTOR was activated with the
combination treatment, we examined the status of autophagy in these cells and observed
that the combination treatment led to a block in the autophagic flux, as evidenced by the
accumulation of LC3B-II and p62 levels (Figure 5D,E). These results suggest that presence
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of a block in autophagic flux, along with additional defects in cell cycle progression and
DNA damage responses, pushes the cells into apoptotic cell death.

3. Discussion

In this study, we sought to identify novel agents for combination with EphA2-targeted
therapy in endometrial cancer. One of the top hits identified in our high-throughput screen
was the Wee1 kinase inhibitor, MK1775. We found EphA2- and Wee1-targeted therapies
had synergistic effects in vitro, and the combination therapy led to enhanced anti-tumor
efficacy in vivo.

Over two decades of preclinical research have identified EphA2 as a promising target
for clinical translation. Previous studies have shown that EphA2 silencing was effective in
reducing tumor burden in combination with chemotherapeutic agents such as paclitaxel
and docetaxel [13]. Here, we showed that silencing EphA2 expression with siRNA increases
Wee1 activity, as evidenced by increased cdc2 phosphorylation, which regulates the G2/M
cell cycle block and allows cells to evade cell death by inhibiting premature entry into mito-
sis. Therefore, increased Wee1 activity may serve as an adaptive cell survival mechanism
to evade cell death upon EphA2 inhibition. Blocking such secondary cell survival loops
shows promise in enhancing the therapeutic efficacy of EphA2 inhibition.

In vitro experiments confirmed the synergy between the EphA2- and Wee1-targeted
drugs, as seen through an increase in apoptosis and the inhibition of colony-forming ef-
ficiency. Furthermore, RNA-Seq analysis confirmed the synergy was partly mediated by
suppression of cell proliferation and of DNA damage response pathways. EphA2 has been
shown to be highly expressed in many cancers and has been shown to regulate the PI3K-
AKT signaling pathway. However, it has been shown to have opposing effects in different
cancers. For example, in pancreatic cancer and hepatocellular carcinoma, ligand-induced
EphA2 signaling activates AKT signaling by enhancing its phosphorylation [14,15]. In
contrast, in glioblastoma, EphA2 signaling decreases AKT function by reduced phosphory-
lation [16]. Here, we observed that EphA2 inhibition decreased AKT signaling modestly,
with further reduction when EphA2 inhibition was combined with the Wee1 inhibitor
MK1775. This suppression of AKT signaling with the combination treatment enhanced
mTOR activity, leading to inhibition of cell survival autophagy and ultimately leading to
cell death by apoptosis in the absence of efficient DNA damage response activation.

At present, several EphA2-targeted therapeutics are being evaluated in clinical trials in
various cancers in which EphA2 has an established oncogenic function [10,12]. Our findings
provide further support to explore additional combination therapies that may synergize
with EphA2-targeted therapeutics. In addition, recent ADAGIO phase 2 trial results of
the Wee1 inhibitor adavosertib (AZD1775) demonstrating response rates of 30% in uterine
serous carcinoma are promising and warrant further investigation [17]. Furthermore, since
EphA2 is overexpressed in ovarian serous carcinoma and is associated with poor clinical
outcomes [18], it is possible that the combination therapy with Epha2 inhibition may be a
viable option for further improving clinical outcomes of patients with other histological
subtypes such as serous carcinoma.

4. Materials and Methods
4.1. Cell Culture

Hec1A (RRID:CVCL_0293) and Ishikawa cells (RRID:CVCL_2529) were procured from
ATCC and The University of Texas MD Anderson Cancer Center Characterized Cell Line
Core, respectively. Cell lines were validated by short tandem repeat fingerprinting in the
core facility. Cells were routinely screened for mycoplasma. Hec1A cells were grown
in McCoy’s 5A medium (HyClone, Logan, UT, USA), and Ishikawa cells were grown in
Dulbecco’s modified Eagle’s medium (HyClone, Logan, UT, USA), supplemented with
10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA) and 0.1% gentamicin sulfate
(Gemini Bioproducts, West Sacramento, CA, USA). Cells were incubated in a humidified
atmosphere containing 5% CO2 at 37 ◦C. All experiments were conducted with cells at 70%
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to 80% confluence and cultured for fewer than 20 passages for in vitro work and for fewer
than 10 passages for in vivo experiments.

4.2. siRNA Transfection

Cells were plated in six-well plates so that the cells could reach 60% to 70% confluence
by the next day. For each well, 1.3 µg of siRNA was added to 150 µL of reduced serum
medium (Opti-MEM, Thermo Fisher Scientific, Waltham, MA, USA), and in a separate tube,
8 µL of Lipofectamine RNAiMAX transfection reagent (Thermo Fisher Scientific, Waltham,
MA, USA) was incubated in 150 µL of Opti-MEM for 5 min. The siRNA/media mixture
was added dropwise to the transfection reagent mixture, vortexed and then incubated for
15 to 20 min at room temperature. Wells to be transfected were washed once with PBS, and
then 900 µL of Opti-MEM and 300 µL of siRNA mixture were added dropwise to each well.
The plates were gently swirled and placed in the incubator for 4 to 6 h. The transfection
medium was replaced with complete media. For the high-throughput screening, after 24 h
of transfection, cells were trypsinized, counted, and seeded in clear-bottom 384-well plates.
For Western blot analysis, cells were collected 48 to 72 h after transfection.

4.3. High-Throughput Screening

High-throughput chemical screens were performed by the Gulf Coast Consortia’s
Combinatorial Drug Discovery Program at the Institute of Biosciences and Technology
in Texas A&M Health Science Center, Houston, TX, USA. Hec1A endometrial cancer
cells transfected with either siControl or siEphA2 were screened against two drug library
collections: The Broad Collection-Informer Set (358 compounds) and Selleck Bioactives
Collection (1150 compounds) libraries. A brief description of the contents of the libraries
can be found at the following link (https://ibt.tamu.edu/cores/high-throughput/core-
libraries/approved-drugs.html, accessed on 12 July 2019). For screening assays, a total
of 800 cells per well were suspended in 50 µL of media and seeded into black 384-well
µClear plates (Greiner Bio-One International, Monroe, NC, USA) using a Multidrop Combi
liquid dispenser (Thermo Fisher Scientific, Waltham, MA, USA). After cell seeding, the
plates were kept at room temperature for 40 to 60 min before being moved into a cell
culture incubator. The cells were grown overnight at 37 ◦C in a humidified chamber (>95%
relative humidity) with 5% CO2. The following day, 50 nl of drugs were transferred into
each well using an Echo 550 acoustic dispensing platform (Labcyte, San Jose, CA, USA).
A non-treated plate was immediately fixed with 4% paraformaldehyde and followed by
nuclei staining with 4′,6-diamidino-2-phenylindole (DAPI) at the start of drug treatment
(day 0) to estimate the number of cells present at the start of treatment.

In the primary screen, the drug libraries were tested at three concentrations (1 µM,
0.1 µM, and 0.01 µM) with a fixed volume of dimethyl sulfoxide (DMSO) (0.1% v/v)
and two biological replicates. Each assay plate contained a fixed concentration of the
drugs in addition to a negative control (0.1% DMSO) and two positive controls (etoposide
and dasatinib). After 72 h of incubation, plates were fixed with 0.4% paraformaldehyde
and nuclei stained with DAPI using an integrated HydroSpeed plate washer (Tecan Life
Sciences, Männedorf, Switzerland) and Multidrop Combi dispenser. Plates were imaged
on an IN Cell Analyzer 6000 laser-based confocal imaging platform (GE Healthcare Bio-
Sciences, Marlborough, MA, USA), and nuclei were counted using IN Cell Developer
Toolbox software (version 1.6). To evaluate the cells’ response to the drug screen, we
performed curve fitting followed by a calculation of area under the curve values.

4.4. Orthogonal Cell Viability Assay

To evaluate the cytotoxicity of ALW-II-41-27 (ALW; ApexBio Technology, Houston,
TX, USA) and MK1775 (ApexBio Technology, Houston, TX, USA) both alone and in com-
bination, cells were plated in a 96-well plate at a starting density of 2000 cells per well
for Hec1A cells and 1000 cells per well for Ishikawa cells. After 24 h, the medium was
aspirated, and 100 µL of fresh medium containing serial dilutions of individual drugs
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was placed over the cells. After 72 h of incubation, the medium was aspirated, and cells
were incubated with 0.05% MTT solution for 1 h. The supernatant was removed, and the
formazan crystals were dissolved in 100 µL DMSO. The plates were read at 570 nm by a
uQuant microplate spectrophotometer (BioTek, Winooski, VT, USA). Triplicate biological
experiments were performed. Dose–response curves were plotted using Prism 8.0.0 (Graph-
Pad Software, San Diego, CA, USA), the combination index was determined by CompuSyn
software [19] (ComboSyn, combosyn.com, accessed on 12 July 2019), and synergy assess-
ment was performed using the Bliss model in the SynergyFinder web application [20]
(https://synergyfinder.fimm.fi, accessed on 29 July 2019). The Bliss synergy scores in this
platform indicate synergy if they are greater than 10, additivity if they are between−10 and
10, and antagonism if they are less than −10. Based on the cell viability results for all future
experiments, Hec1A cells were treated with DMSO, 1 µM ALW, 0.5 µM MK1775, and the
combination of 1 µM ALW and 0.5 µM MK1775. Ishikawa cells were treated with DMSO,
0.5 µM ALW, 0.25 µM MK1775, and the combination of 0.5 µM ALW and 0.25 µM MK1775.

4.5. Cell Cycle and Apoptosis Analysis

For the cell cycle assay, control and drug-treated cells were trypsinized, washed with
PBS twice, fixed in ice-cold 70% ethanol, and stored at –20 ◦C. On the day of analysis,
cells were washed twice with PBS and then incubated in 50 µg/mL of propidium iodide
(PI) solution containing 0.5 µg/mL RNase A for 4 h in the dark and analyzed by flow
cytometry. For the apoptosis assay, the cell supernatant as well as trypsinized cells were
mixed and pelleted and then washed with PBS. The apoptosis assay was performed using
the FITC Annexin V Apoptosis Detection Kit I (BD Biosciences, Franklin Lakes, NJ, USA).
After Annexin V–fluorescein isothiocyanate (FITC) and PI staining, cells were analyzed by
flow cytometry.

4.6. Colony Formation Assay

Cells were seeded at a density of 500 to 1000 cells per well in a 12-well plate, and
the cells were left to grow in the incubator for 10 to 14 days with the respective drug
combinations for both Hec1A and Ishikawa cells. After visible colonies containing more
than 50 cells appeared, the plates were fixed with a solution containing glutaraldehyde
(6.0%, v/v) and crystal violet (0.5%, w/v) for 15 to 20 min at room temperature. After that,
the crystal-violet-fixing solution was decanted, and the plates were washed in water three
to five times and then left to dry at room temperature. The plates were imaged, and the
number of colonies was counted.

4.7. Western Blotting

Harvested cells were spun down at 2000 rpm for 5 min, washed with ice-cold PBS, and
then pelleted at 3000 rpm for 3 min. Cell pellets were lysed in RIPA buffer supplemented
with protease and phosphatase inhibitors and quantified using a Pierce BCA protein assay
kit (Thermo Fisher Scientific, Waltham, MA, USA). Equal amounts of protein (20 µg)
were boiled at 95 ◦C for 10 min, run on an SDS-PAGE gel (8–12%), transferred onto a
nitrocellulose membrane, incubated in 5% milk (in Tris buffered saline-Tween 20 [TBS-T])
for 1 h, and then incubated overnight in the appropriate primary antibodies (listed below).
Blots were washed with TBS-T thrice for 5 min each and then incubated with corresponding
secondary antibodies (1:2500 dilution, GE Healthcare, Chicago, IL, USA) for 1 h. Enhanced
chemiluminescence substrate (ECL; Thermo Fisher Scientific, Waltham, MA, USA) was
then added to the blots for 1 min, and immunoblot images were captured using an Azure
Biosystems imaging machine (Azure Biosystems, Dublin, CA, USA).

The following antibodies were used: anti-EphA2 (1:1000 dilution; Cell Signaling Technol-
ogy, Danvers, MA, USA), anti-phosphorylated (phospho) cdc2 (1:1000 dilution; Cell Signal-
ing Technology, Danvers, MA, USA), anti-cdc2 (1:1000 dilution; Cell Signaling Technology,
Danvers, MA, USA), Cell Cycle and Apoptosis WB Cocktail (pCdk/pHH3/Actin/cleaved
PARP) (1:250 dilution; Abcam, Cambridge, UK); Apoptosis and DNA damage WB Cocktail
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(pH2A.X/GAPDH/cleaved PARP) (1:250 dilution; Abcam, Cambridge, UK); anti-phospho S6
(1:1000 dilution; Cell Signaling Technology, Danvers, MA, USA), anti-S6 (1:1000 dilution; Cell
Signaling Technology, Danvers, MA, USA), anti-AKT (1:1000 dilution; Cell Signaling Technol-
ogy, Danvers, MA, USA); anti-pAKT (1:1000 dilution; Cell Signaling Technology, Danvers, MA,
USA); anti-cleaved caspase 3 (1:1000 dilution; Cell Signaling Technology, Danvers, MA, USA);
anti-P62 (1:3000; BD Biosciences, Franklin Lakes, NJ, USA); anti-GAPDH (1:5000; Thermo
Fisher Scientific, Waltham, MA, USA), anti-LC3B (1:1000 dilution; Cell Signaling Technology,
Danvers, MA, USA), anti-alpha-tubulin (1:1000 dilution; Cell Signaling Technology, Danvers,
MA, USA), and antibeta-actin (1:3000; Sigma-Aldrich, St. Louis, MO, USA).

4.8. Liposomal Nanoparticle Preparation

For in vivo delivery, siRNAs were incorporated into DOPC liposomes as described
earlier [13]. In brief, DOPC and siRNA were mixed in a ratio of 1:10 (w/w) siRNA:DOPC
in the presence of excess tertiary butanol. Tween 20 was added to the siRNA/DOPC
mixture in a ratio of 1:19 (Tween-20:siRNA/DOPC). The mixture was vortexed, frozen in
an acetone/dry-ice bath, and lyophilized. Before in vivo administration, this preparation
was hydrated with magnesium- and calcium-free PBS to achieve a desired concentration of
5 µg of siRNA in 200 µL volume per dose per mouse.

4.9. In Vivo Model of Endometrial Cancer

Female nude mice aged 4–8 weeks were purchased from Taconic Biosciences, USA. All
mice were housed at The University of Texas MD Anderson Cancer Center animal facility
under specific pathogen-free conditions. All animal-related experiments were approved
by the Institutional Animal Care and Use Committee of MD Anderson Cancer Center.
The right uterine horns of 8-week-old female athymic nude mice were injected with five
million Hec1A cells in 100 µL of Hank’s Balanced Salt Solution (HyClone, Logan, UT,
USA) to the uterine horn. For the second model, one million Ishikawa-Luc cells were
injected into the peritoneal cavity of 6–8-week-old female mice. After eight days, mice
were randomized to four groups (10 mice per group): siControl-DOPC nanoparticles (NPs),
siEphA2-DOPC NPs, siControl-DOPC NPs with MK1775, and siEphA2-DOPC NPs with
MK1775. The siRNA-DOPC NPs were given to mice twice a week intraperitoneally, and
MK1775 (30 mg/kg) was administered daily by oral gavage. Once mice from any group
became moribund, all mice were euthanized; mouse weight, tumor weight, ascites volume,
and number of nodules were recorded.

4.10. RNA-Seq Analysis

Hec1A cells were plated in six-well plates at a density of 100,000 cells per well, in
triplicate, and incubated overnight. After 24 h, cells were treated with DMSO, 1 µM ALW,
0.5 µM MK1775, or the combination of 1 µM ALW and 0.5 µM MK1775 for 8 h, after which
the RNA was extracted using Direct-zol RNA Miniprep Plus kit (ZYMO Research, Irvine,
CA, USA). RNA quality was determined by RNA integrity number using a Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA), and the samples were shipped to Novogene
(Sacramento, CA, USA) for RNA-Seq analysis on the Illumina NovaSeq 6000 platform.
Downstream analysis was performed using a combination of programs, including hisat2,
DEseq2, and ClusterProfiler software. Pathway analysis was performed using Ingenuity
Pathway Analysis (IPA) (Qiagen, Hilden, Germany).

4.11. Statistical Analysis

Statistics were performed using unpaired t-tests for comparisons between two groups
and one-way ANOVAs with the Tukey post hoc test for multiple comparisons between
more than two groups (Prism). Statistical significance was defined as a p value of <0.05.
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5. Conclusions

In conclusion, EphA2- and Wee1-targeted therapies show synergistic interaction in
endometrial cancer in both in vitro and in vivo experiments. The combination of cell cycle
checkpoint inhibitors and EphA2-targeted therapy may have utility in the treatment of
endometrial cancer and warrants further investigation.
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Abstract: Endometrial cancer has the highest incidence of uterine corpus cancer, the sixth most typical
cancer in women until 2020. High recurrence rate and frequent adverse events were reported in either
standard chemotherapy or combined therapy. Hence, developing precise diagnostic and prognostic
approaches for endometrial cancer was on demand. Four hypoxia-related genes were screened for
the EC prognostic model by the univariate, LASSO, and multivariate Cox regression analysis from the
TCGA dataset. QT-PCR and functional annotation analysis were performed. Associations between
predicted risk and immunotherapy and chemotherapy responses were investigated by evaluating
expressions of immune checkpoint inhibitors, infiltrated immune cells, m6a regulators, and drug
sensitivity. The ROC curve and calibration plot indicated a fair predictability of our prognostic
nomogram model. NR3C1 amplification, along with IL-6 and SRPX suppressions, were detected
in tumor. High stromal score and enriched infiltrated aDCs and B cells in the high-risk group
supported the hypothesis of immune-deserted tumor. Hypoxia-related molecular subtypes of EC
were then identified via the gene signature. Cluster 2 patients showed a significant sensitivity to
Vinblastine. In summary, our hypoxia signature model accurately predicted the survival outcome
of EC patients and assessed translational and transcriptional dysregulations to explore targets for
precise medical treatment.

Keywords: endometrial cancer; hypoxia; tumor microenvironment (TME); prognosis; risk model;
immune cells; chemotherapy; targeted treatment

1. Introduction

Endometrial cancer (EC) has a high incidence rate among the subclassification of
uterine corpus cancer until 2020 [1]. Unfortunately, early screening mainly focused on
abnormal bleeding and might require additional evaluations like the pipelle method with
high accuracy but sampling difficulty [2–4]. Patients diagnosed with stage III or IV endome-
trial cancer achieved a locoregional recurrence rate of 20% while treated with standard
chemotherapy (doxorubicin-cisplatin (AP)) [5]. Additionally, In a randomized phase 3 trial,
58% of cases were reported with adverse events in chemo-radiotherapy and 63% of cases
were reported in chemotherapy-only [6]. Hence, there is a growing need for developing
endometrial cancer diagnostic and prognostic approaches.

While targeted therapies for endometrial cancer regarding glucose metabolism and
the PI3K/Akt/mTOR pathway have been developed, there are rising concerns about a
synchronous disturbance on other biological pathways of drugs [7,8]. Therefore, a high
recurrence rate of endometrial cancer after radiotherapy and chemotherapy can be a result
of tumor cell proliferation and angiogenesis [9]. According to previous studies, endometrial
cancer was stratified into copy-number high, DNA-polymerase epsilon, microsatellite
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instability hyper mutated, and copy number low [10,11]. Moreover, the sequencing-based
classification shows a potential association between molecular characteristics under hypoxia
and adjuvant treatment for patients with high-grade tumors.

The hypoxic tumor microenvironment always leads to poorer clinical results as tumor
cells adapt to conditions of low oxygen and nutrition and become resistant to radiation and
chemotherapy [12,13]. Recently, some studies indicated that hypoxia influences tumor cells
in metabolism and immunity, thus resulting in immune infiltration and acidosis [14,15].
Therefore, novel molecular subtypes capable of distinguishing patients with similar histo-
logic characteristics under hypoxic conditions is needed for customized treatments [16,17].

Specifically, targeting hypoxia in tumor cells gives rise to the development of im-
munotherapy via controlling immunosuppressive cells and effector T cells [18]. However,
whether the genes related to the hypoxic tumor microenvironment can systematically
contribute to the increased risk of endometrial cancer is unclear.

Our study obtained the gene and clinical-relevant data of endometrial cancer patients
from the Cancer Genome Atlas dataset. Several bioinformatic programs and packages were
used in analyses, including linear models for microarray data (limma), clusterProfiler r
packages and the Cell type identification by estimating relative subsets of RNA transcripts
(CIBERSORT) algorithm. Limma has recently become famous for identifying differentially
expressed mRNAs with thresholds of fold changes in an unsupervised clustering of sam-
ples [19,20]. In the annotation function analysis, the clusterProfiler package provides a
comprehensive way to compare essential biological pathways among the classified gene
set [21]. We established a hypoxia gene signature to calculate risk scores for patients and
identified particular molecular subtypes of endometrial cancer from the samples. The
nomogram consisted of risk scores, and several clinical characteristics were finally built
for prognosis. To look into the potential benefits of existing therapies and the new targets
of the treatment, we evaluated the immune cell infiltration by CIBERSORT algorithm,
immune checkpoints by Estimation of stromal and immune cells in malignant tumors using
expression data (ESTIMATE) algorithm, and the semi-inhibitory concentration (IC50) in
drug sensitivity of chemotherapy. CIBERSORT has great power over computing infiltrating
immune fractions with 22 immune cell types by the deconvolution of genetic microarray ex-
pression profiles and defining the immune phenotypes with signature genes from the TCGA
samples. In Wang et al., the authors investigated the tumor-infiltrated immune cell levels
and characteristics of tumor microenvironment for the constructed circRNA signature via
CIBERSORT and ESTIMATE algorithms [22]. Practically, phenotype-genotype-dependent
subtyping of EC provided an insight into the proper selection of suitable patients and their
follow-ups into personalized therapies.

2. Results
2.1. Differential Expression Profile and Gene Enrichment Analysis of Hypoxia-Related DEGs in EC

In the TCGA-EC cohort, 29 hypoxia-related differentially expressed genes (DEGs) with
FDR < 0.001 were retained for further analysis (Figure 1A, Table S1), including 12 genes
up-regulated and 17 down-regulated (Figure S1A). As explicitly shown in the heatmap,
differential expression profiles of the 29 DEGs related to hypoxia were exhibited in normal
or endometrial tumor cell types (Figure 1B). Several hypoxia-related DEGs showed a highly
correlated relationship to their expression levels in tumor samples, such as FOS and DUSP-1
(Figure 1C).

Function analysis results indicated that these DEGs could have immune-related roles
(Figure 1D). From Figure S1B, one of the most significant functions was the response to
steroid hormone, which involves seven DEGs. KEGG enrichment analysis results found that
one out of two EC-related signaling pathways were significantly enriched by these DEGs
(Figure S1C, Insulin resistance p-value = 0.008, Human T-cell leukemia virus 1 infection
p = 0.061).
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Figure 1. Differential expression profile of hypoxia-related genes in endometrial carcinoma.
(A) heatmap of differentially expressed hypoxia-related genes clustered in N (Normal) and T (Tu-
mor) cell types. (B) Differential expression of hypoxia related genes between N (Normal) and T
(Tumor) cell types. ** means p < 0.01, *** means p < 0.001. (C) Correlation matrix plot of hypoxia-
related differential expressed genes. (D) Gene Ontology (GO) Functional Annotation analysis of
29 hypoxia-related DEGs.

2.2. Construction of a Prognostic Four-Gene Model for EC

Through the Univariate Cox regression and least absolute shrinkage and selection
operation (LASSO) analysis, four out of twenty-nine prognostic significant DEGs were
obtained for constructing the hypoxia gene signature of EC (Figure S2). From the TCGA-EC
cohort, 256 samples were defined as the training cohort, and 256 samples were for model
testing. The four-gene signature prognostic model was constructed via Multivariate Cox
regression analysis: Risk score = (0.062 × expression level of SRPX) + (0.016 × expression
level of IL6) + (0.006 × expression level of HOXB9) + (0.155 × expression level of NR3C1)
(Table S2). Based on the calculated risk scores, samples were divided into high- or low-
risk groups. Principal components analysis (PCA) analysis for the testing and entire sets
illustrated a fit of the model (Figure S3A. center, right). From the boxplots, four genes were
all expressed differentially in two risk groups (Figure 2A, p < 0.001).

21



Int. J. Mol. Sci. 2023, 24, 1675
Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 26 
 

 

 
Figure 2. Development of prognostic model combining hypoxia-related gene signature and clinical 
factors. (A) mRNA Expression of gene HOXB9, IL6, NR3C1, and SRPX compared between low and 
high-risk groups. (B–D) The risk score rank (left) and distribution of survival status (right) of the 
four genes in the training set, testing set, and entire set. Green for alive and red for dead in high-
risk groups. (E–G) Kaplan-Meier OS for high-risk group and low-risk group in the training set, test-
ing set, and entire set (from left to right). 

2.3. Evaluations of Immune Cells and Highlighted mRNA Modifications between Risk Groups of 
EC  

In order to study the related immune cells or pathways in EC, gene set variation anal-
ysis (GSVA) was performed to calculate the enrichment scores of low and high-risk 
groups of the EC patients in the TCGA cohort. In the gene enrichment of EC high-risk 
groups, human-activated dendritic cells (aDCs) and B cells were significantly differenti-
ated among all measured immune cells (up-regulated) (Figure 3A). In contrast, human 
immature dendritic cells (iDCs) were highly upregulated in tissues of low-risk patients. 

Figure 2. Development of prognostic model combining hypoxia-related gene signature and clinical
factors. (A) mRNA Expression of gene HOXB9, IL6, NR3C1, and SRPX compared between low and
high-risk groups. (B–D) The risk score rank (left) and distribution of survival status (right) of the
four genes in the training set, testing set, and entire set. Green for alive and red for dead in high-risk
groups. (E–G) Kaplan-Meier OS for high-risk group and low-risk group in the training set, testing
set, and entire set (from left to right).

Patients with increasing risk scores had an observed possibility of death status
(Figure 2B–D). Moreover, the K-M survival curves of the training, testing and entire sets
implicated the high-risk group’s lower OS rate (Figure 2E–G, p-value < 0.001). To note,
a drop was found between the 9th and 10th year of the high risk group, which may due
to the randomized division of samples or a batch effect while TCGA collecting patients’
survival information. We also computed the survival probability of subdivisions in clinical
factors in two risk groups and uncovered distinct patterns within the subdivisions of each
clinical factor (Figure S3B).
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The risk score estimated from the four-gene signature was then incorporated with
the clinical characteristics for the further multivariate cox regression analysis. Moreover,
the univariate and multivariate Cox model of training dataset corroborated the adequate
predictability of the model with an independent variable, the stage factor (Table 1, p < 0.001).
This result could suggest a complex relationship among patients’ age, histological type,
grade, and hypoxia-related risk scores in EC. Consequently, the trained model was validated
by the entire set, which included three factors: Stage, grade, and risk score (p < 0.05).

Table 1. Univariate and multivariate Cox model result of the training set, testing set, and entire set.

Variable
Univariate Cox Model Multivariate Cox Model

HR HR.95L HR.95H p Value HR HR.95L HR.95H p Value

Training set
age 2.3010 1.1898 4.4499 0.0133 2.2176 1.1146 4.4121 0.0233

stage 3.6435 2.0219 6.5656 0.0000 3.3310 1.7492 6.3431 0.0003
histological_type 2.0604 1.1423 3.7165 0.0163 0.9318 0.4581 1.8952 0.8454

grade 2.1739 1.1239 4.2049 0.0211 1.3027 0.6030 2.8143 0.5010
riskScore 1.3662 1.1800 1.5817 0.0000 1.2244 1.0440 1.4360 0.0128

Testing set
age 1.3332 0.6821 2.6061 0.4003 0.9553 0.4598 1.9848 0.9025

stage 4.7100 2.5689 8.6357 0.0000 2.8626 1.5063 5.4402 0.0013
histological_type 4.6591 2.5439 8.5331 0.0000 2.0849 1.0231 4.2483 0.0431

grade 7.5966 2.7083 21.3077 0.0001 3.9697 1.3121 12.0107 0.0147
riskScore 1.3974 1.1728 1.6649 0.0002 1.1233 0.9240 1.3657 0.2433
Entire set

age 1.7782 1.1121 2.8432 0.0162 1.5240 0.9300 2.4974 0.0946
stage 4.1162 2.7000 6.2754 0.0000 3.0942 1.9669 4.8676 0.0000

histological_type 3.0435 2.0032 4.6242 0.0000 1.3605 0.8292 2.2323 0.2231
grade 3.3973 1.9765 5.8397 0.0000 1.9294 1.0493 3.5478 0.0345

riskScore 1.3956 1.2489 1.5596 0.0000 1.1991 1.0610 1.3552 0.0036

In the receiver operating characteristic curves (ROC) analysis, the one-, three-, and
five-year AUC were shown in Figure S3C. It is recommended to use the risk score model
for facilitating molecular subtype-based diagnosis.

2.3. Evaluations of Immune Cells and Highlighted mRNA Modifications between Risk Groups
of EC

In order to study the related immune cells or pathways in EC, gene set variation
analysis (GSVA) was performed to calculate the enrichment scores of low and high-risk
groups of the EC patients in the TCGA cohort. In the gene enrichment of EC high-risk
groups, human-activated dendritic cells (aDCs) and B cells were significantly differentiated
among all measured immune cells (up-regulated) (Figure 3A). In contrast, human immature
dendritic cells (iDCs) were highly upregulated in tissues of low-risk patients. Two immune
pathways achieved elevated enrichment scores in EC high-risk groups: Parainflammation
and Type I IFN response (Figure 3B). Recent studies showed that B cells could be a good
indicator for the prolonged survival of high-grade EC patients. Besides, IgA regulation
mediated by plgR in the EC tumor cells enhances the activation of inflammatory pathways
involving IFN signaling and the hindrance to DNA repairing [23].

By the ESTIMATE algorithm, 22 types of immune cells were evaluated and eight
were found significantly associated with the hypoxia gene signature (Figure S4A, p < 0.05).
Specifically, gamma delta T cells and memory B cells were upregulated in the high-risk
group with a high correlation (Figure 3C: p < 0.001, p = 0.001, Figure 3D: p = 0.00028, p =
0.0012), and Macrophages M1 was upregulated in the high-risk group with a correlation
of p < 0.005 (Figure 3C: p = 3.47 × 10−5). Gene SRPX was highly expressed in the T cells
gamma delta and Macrophages M1, which was consistent with the result of the GSVA
(Figure 3D). Then, we calculated the correlation between the DEG expression profile in the
signature and the immune cells in TCGA (Figure 3E).
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between two risk groups. ** means p < 0.01; *** means p < 0.001. (B) The differences in thirteen
immune pathways between two risk groups. (C) Abundance of 22 infiltrating immune cell types
between two risk groups. (D) Correlation plot of 22 infiltrating immune cell types with four hypoxia-
related DEGs in TCGA-EC cohort. (E) Correlation plot of 22 infiltrating immune cell types with
four genes from the prognostic signature in TCGA-EC cohort. (F) Estimated Patterns of stromal
cell scores (up-left), immune cell scores (up-right), ESTIMATE scores (down-left), and tumor purity
(down-right) based on risk scores.

The high-risk group in EC has a moderately higher occupancy of stromal cells
(Figure 3F(up-left), p < 0.005). However, neither high nor low-risk group showed sig-
nificant differences between the immune cell fractions (Figure 3F(up-right)). Moreover,
the undifferentiated estimate score and estimated tumor purity can be explained by the
genetic heterogeneity of endometroid type or serous tumor (Figure 3F(down)). Besides,
the subtype-specific immune cell expression clustered in levels of stromal, immune, and
estimate scores, plus tumor purity, was presented (Figure S4B). To depict stemness featured
in risk groups in EC samples, mRNA expression-based stemness index (mRNAsi) and
epigenetically regulated mRNAsi (EREG-mRNAsi) were evaluated, and no significant dif-
ferences were shown (Figure S4C). It suggested that the risk progression of the tumor was
neither characterized by undifferentiating expression of cells nor co-expression regulations
related to immune invasion but rather by simple stromal invasions resulting in the ectopic
endometrial-like epithelium and stroma [24]. As a result, molecular mechanisms of stromal
invasion in tumor tissues during pathogenesis are worth investigation for EC patients.

We later examine the expression level of the N6-methyladenosine (m6a) regulators
compared between two risk groups. There were five m6a regulators significantly expressed
in tumor tissues of high-risk patients, indicating possible epigenetic modifications or
transcriptional dysregulations during EC tumorigenesis (Figure S4D).

2.4. Assessment of Tumor Microenvironment in Different Risk Groups of EC Samples

Among 17 immune checkpoints, IDO1, ICOS, PD-L2, B7-H3, CD40, LAG3, CD86,
PD-L1, and CD270 were differentially expressed in the low and high-risk groups of EC
samples (Table 2, p < 0.05; Figure S5). Since PD-L1 and PD-L2 were reported to be promis-
ing candidates for immunotherapy [25,26], we therefore investigated expression profiles
of immune checkpoint inhibitors (ICIs), PD-L1 and PD-L2 on patients in high and low
risk-group from the TCGA cohort. The expression of PD-L1 and PD-L2 were positively
correlated with patients’ risk scores with p < 0.005 (Figure 4A,B). Additionally, as indicated
in the boxplots, the high-risk group achieved a relatively predominant expression of PD-L1
and PD-L2 (Figure 4C,D).

Table 2. The expression difference of immune checkpoints between low and high-risk groups.

Gene p-Value

IDO1 0.0326
CD27 0.2540
CD58 0.5882

CTLA4 0.3644
ICOS 0.0129
PD-L2 0.0000
B7-H3 0.0153
B7-H4 0.9876
TIGIT 0.1388
PD-1 0.3375
CD40 0.0000
LAG3 0.0061
TIM-3 0.1870
CD86 0.0214
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Table 2. Cont.

Gene p-Value

PD-L1 0.0023
CD70 0.1660
CD270 0.0239
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Figure 4. Immune checkpoint and immunosuppressive cytokine gene expression levels in high-
and low-risk groups. (A) Scattered plot illustrating a correlation between the expression level
of Immune checkpoint PD-L1 and risk scores in TCGA cohort. (B) Scattered plot illustrating a
correlation between the expression level of Immune checkpoint PD-L2 and risk scores in TCGA
cohort. (C) Expression level of PD-L1 compared between low and high-risk groups. (D) Expression
level of PD-L2 compared between low and high-risk groups. (E) Heatmap of distinct immune
checkpoint inhibitor marker expressed between low and high-risk groups. (F) Differential gene
expression of the immunosuppressive cytokines in two risk groups from the TCGA-EC samples.
* means p < 0.05; ** means p < 0.01; *** means p < 0.001.
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The following heatmap illustrating the risk-specific expression of immune checkpoint
suppressors showed the complex modification of immuno-pathways, which can contribute
to the pathological process and tumorigenesis (Figure 4E).

Cytokines functioned in inflammatory pathways and were reported to actively par-
ticipate in EC pathogenesis. The high-risk group of EC samples disclosed substantial
enrichment of CXCL11, CXCL16 and CCL20, while CXCL10 were upregulated in the
low-risk group (Figure 4F).

2.5. TMB Evaluation and Chemotherapeutic Sensitivity Analysis in Prognostic Risk Groups

In the TCGA-EC cohort, 241 samples were sorted as high-risk, whereas 253 samples
were as low-risk (Figure 5A). Eight genes were found for highly differential mutation
frequencies between high and low-risk groups (p > 0.05). Tumor mutation burden (TMB)
is significantly higher in the low-risk group indicating better prognostic immunotherapy
benefits for EC cases in the low-risk group (Figure 5B). The correlation line with a p-value
of 0.08999 (Figure S6, correlation index = −0.076). Thus, the prognostic model using
only the risk score is recommended as a diagnostic tool and it is worthwhile to consider
incorporating the clinical factors into the model.

Specifically, 97.51% of samples in the high-risk group had gene alterations, including
missense mutation, such as mutations at gene TP53, while 94.47% of low-risk samples had
gene alterations (Figure 5C,D and Figure S7).

Previous reports discovered influenced sensitivity of drugs Bleomycin, cisplatin, dox-
orubicin, and doxorubicin when either in a hypoxic condition or acidic conditions associated
with hypoxia [27–29]. After patients’ responses to the chemotherapy were tested in terms
of hypoxia-related genes signature, Bleomycin, Docetaxel, and Vinblastine displayed rela-
tively higher sensitivity in high-risk EC samples (Figure 5E,G,I, p < 0.05). Treatments with
Cisplatin and Doxorubicin displayed a lower sensitivity in high-risk samples (Figure 5F,H,
p < 0.05). According to an article by Deschoemaeker et al., cisplatin resistance can be in-
verted with the removal of acidic stress, which resembles reoxygenation [30]. However,
when compared with a normoxic condition, EC cells under hypoxic condition showed
reduced sensitivity [31]. Therefore, while the majority of the chemotherapy results were
validated, other sensitivity results need more studies related to hypoxic conditions to
confirm in the endometrial cancer cases.

2.6. Definition of Hypoxia Molecular Subtypes in EC for Diagnosis

Accounting for the expression levels of four hypoxia-differentiated DEGs, EC samples
were grouped from TCGA via The ConsensusClusterPlus package in R software. The
consistent cumulative distribution function (CDF) graph and the delta region graph decided
the optimal value of k, which is the cluster number (Figure 6A,B). When starting from k = 2,
the consensus CDF curve is stable enough, corresponding to the insignificant delta area
changes. Figure S8A explicitly illustrated the samples in TCGA allocated into CLUSTER
1 and CLUSTER 2 subtypes of EC and other possible clustering. Therefore, the heatmap
in Figure 6C exhibited the consensus matrix when k = 2 in simplicity. The PCA and t-
distributed stochastic neighbor embedding (t-SNE) results also agreed with our clustering
outcome of two subtypes (Figure S8B,C). Further analysis of the tumor microenvironment
and targets of adjuvant therapies featured with the hypoxia-related molecular subtypes
will serve as suggestions for diagnosis use under the complex hypoxic TME. The alluvial
diagram demonstrates the distribution overlap of the EC samples between risk score and
molecular subtype (Figure S8D). CLUSTER 1 achieved a close ratio of two risk groups in
the samples, while the distribution of CLUSTER 2 subtype samples was mainly confined to
high risk scores.
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Figure 5. Gene mutation and drug sensitivity analysis in EC prognostic risk groups (A) Differential
Expression of Top eight altered genes in risk groups. * means p < 0.05; *** means p < 0.001. (B) TMB
for low and high-risk groups in the TCGA cohort. (C) Mutation profile of the high-risk group.
(D) Mutation profile of the low-risk group. (E–I) Box plot of the estimated IC50 values for Bleomycin,
Cisplatin, Docetaxel, Doxorubicin, and Vinblastine with two risk groups.
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Figure 6. Consensus clustering of molecular subgroups in EC based on hypoxia-related DEGs
(A) Cumulative distribution function (CDF) curve from k = 2 to k = 9. (B) CDF Delta area curve. The
horizontal axis represents the number k and the vertical axis represents the relative change in the area
under the CDF curve. (C) Consensus matrix heatmap of two clusters (k = 2) and the correlation area.

29



Int. J. Mol. Sci. 2023, 24, 1675

2.7. Expression Profile of Prognostic DEGs Clustered by Subtype and Clinical Factors

To investigate the relative gene expressions of the four prognostic DEGs, the forward
and reverse primer sequence of genes SRPX, IL6, HOXB9, and NR3C1 was shown as fol-
lows (Table 3). The mRNAs for the four genes were measured by real-time quantitative
polymerase chain reaction (RT-qPCR). Endometrial tissues were treated with TRIzol reagent
(Invitrogen, Waltham, MA, USA) for total-RNA extraction. Therefore, we explored the
gene expressions of these four hypoxia-related genes in the subdivisions of the clinical
categories as well as the total risk scores calculated compared between the subdivisions
(Figure S9A). Expression of the prognostic genes were also compared between paratu-
mor tissues and tumor tissues (Figure S9B). Summaries of differential expression of each
prognostic DEG classified by age, histological type, grade, and stage was illustrated in the
heatmap (Figure S10).

Table 3. PCR results of four hypoxia-related genes in the EC prognostic model.

Primer Primer Sequence (5’ to 3’) Base Pairs

SRPX F ATCAAGGTGAAGTATGGGGATGT 23
SRPX R GTTTGACTGGCAGATCAGTAGG 22

IL6 F ACTCACCTCTTCAGAACGAATTG 23
IL6 R CCATCTTTGGAAGGTTCAGGTTG 23

HOXB9 F CCATTTCTGGGACGCTTAGCA 21
HOXB9 R TGTAAGGGTGGTAGACGGACG 21
NR3C1 F ACAGCATCCCTTTCTCAACAG 21
NR3C1 R AGATCCTTGGCACCTATTCCAAT 23

Furthermore, the EC samples obtained from the training cohort were classified into
four typical clinical categories under each subtype (Figure 7A). The K-M OS curves of
the two subtypes showed a significant prognostic difference in the TCGA-EC cohort that
CLUSTER 1 has a higher survival probability compared to CLUSTER 2 (p = 0.004; Figure 7B).
However, we observed no stage differences between CLUSTER 1 and CLUSTER 2, while
these two molecular subtypes can be distinguished among survival probability patterns of
age, histological type, and grade (Figure 7C).

2.8. Identification of Potential Targets for Immunotherapy and Chemotherapy in EC
Molecular Subtypes

We compared the amount of non-epithelial cells in each TCGA sample tissue between
two molecular subtypes via the ESTIMATE algorithm. Patterns of Immune score, stromal
score, and estimate score were increased in CLUSTER 1 with a decreasing Tumor purity
(Figure 8A–D, p < 0.05). High immune and stromal scores indicated an enriched level
of immune-reactive as well as mesenchymal expression [24]. Furthermore, low tumor
purity indicates better prognostic outcomes. Several methods were used to compare the
substantial differences in immune cell expressions in the two clusters (Figure S11).

To explore potential immunotherapy responses of patients under hypoxia, immune
checkpoint expressions in different molecular subtypes were assessed. Classic differentially
expressed immune checkpoints like CD27, CD70, CTLA4, and PDCD1 were included
(Figure 8E).

In terms of the chemotherapy, two drugs traditionally used in adjuvant chemotherapy
for EC were evaluated for their subtype-specific sensitivity, respectively. A higher IC50
score of Doxorubicin was related to C1 (Figure 8F, p = 0.028). A lower IC 50 score of
Vinblastine was related to Cluster 1 (Figure 8G, p = 0.0057).

2.9. A Nomogram Predicting Overall Survival for EC Patients by Subtype-Specific Signature and
Clinical Factors

A nomogram was developed to further accurately predict the clinical outcomes by
integrating the four-gene signature with two selected clinical characteristic variables (grade
and stage) (Figure 9A). The prediction accuracy of prognostic models using risk score only
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and two independent clinical factors only or models using two clinical factors together and
risk score with two clinical factors were compared by the multi-ROC analysis (Figure 9B).
Additionally, calibration of the nomogram further validated a high consistency between
the predicted survival probabilities of one-, three- and five-year OS and the observed data
(Figure 9C). For this reason, the nomogram developed from our prognostic model should
improve the prognostic result’s predictive power for EC patients compared to the previous
signature model.
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Figure 7. Main Clinical factors clustered into EC molecular subtypes. (A) Gene expression of
four prognostic DEGs clustered by subtype and clinical factors. (B) Survival analysis of patients
grouped by subtypes. (C) Barplots of survival probability of CLUSTER 1 and CLUSTER 2 in four
main clinical factors (age, histological type, grade, and stage).
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Figure 8. Tumor immune microenvironment analysis and drug sensitivity test for EC molecular
subtypes. (A–D) Patterns of stromal cell scores, immune cell scores, ESTIMATE scores, and tumor
purity between subtypes C1 and C2 of EC. (E) Expression profiles of 23 immune checkpoints between
EC molecular subtypes. * means p < 0.05, ** means p < 0.01, *** means p < 0.001. (F) Box plot
displaying the estimated IC50 values for Doxorubicin from the two molecular subtypes. (G) Box plot
displaying the estimated IC50 values for Vinblastine from the two molecular subtypes.
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Figure 9. Predictive significance of signature verified in the nomogram model incorporating hypoxia-
related gene signature and clinical characteristics. (A) Construction of a nomogram combining
the four-gene signature and clinical features for the prediction of OS. (B) 1-,3-,5-year multi-ROC
analysis for the final decision of the prognostic models. (C) Calibration plots displayed the actual and
nomogram-predicted probability of one- (up), three- (middle), and five-year OS (down). (D) Decision
curve analysis (DCA) curves of the nomogram for OS in HCC.
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Importantly, the DCA plot showed no significantly higher net benefit between the risk
score model, the clinical factor model, and the combined prognostic model (Figure 9D).
Therefore, three models can be utilized under consideration of different applications.

3. Discussion

While histo-pathological tumor characteristics have been widely utilized for making
clinical decisions in the past decade, the molecular subtype-based diagnostic and prognostic
approaches are developing rapidly and have achieved advances in decision-making on
targeted adjuvant therapies [32]. Some studies have pointed out that hypoxia commonly
occurred during tumorigenesis and caused therapy resistance, which may influence the
differentially expressed gene regulation in metabolic and immune systems [15,33]. In this
study, we built a hypoxia gene signature to investigate the hypoxic TME’s association with
tumor recurrence and to provide suggestions to both risk-based prognosis of EC patients
and subtype-based diagnoses of EC progression.

Four DEGs (HOXB9, IL6, NR3C1, and SRPX) were selected as the predictor variables
in the prognostic gene signature for an estimation of risk scores for the EC patients from
the TCGA. According to our hypoxia-related gene signature, somatic gene alterations,
especially PTEN mutation, were highly active regardless of a high or low risk score. During
the development of EC in low grade, PTEN gene mutation is one of the most frequent
mutations that tend to co-occur with PIK3CA and PIK3R1 gene mutations. Patients with
PTEN mutation were susceptible to developing cancers like breast cancer, kidney cancer,
and skin cancer [34]. Besides, loss of PTEN tended to cooperatively happen with CTNNB1
missense mutation and PIK3CA activation to boost myometrial invasion and thus form
EC [35]. Another prominent mutation in our result was found at ARID1a, usually known
as the tumor suppressor gene. It is reported that loss of ARID1a up-regulated PTEN in
terms of the tumor cell proliferation in endometrial glands [36–38]. TP53 mutation is
often associated with ECs in higher grades. However, the mutual occurrence of TP53
mutation and PTEN mutation is unique in USCs, which is closely related to our high-risk
group [39–41]. Therefore, EC tumor cells in the hypoxic microenvironment gained specific
somatic mutations including TP53 in high-risk patients, which promoted cell proliferation
and lymph node metastasis. Nevertheless, the molecular mechanisms behind it were
unclear and require further studies aided by animal models.

To look into the abnormalities at the transcriptional level, we explored the mRNA
modification over the low and high-risk groups in EC samples. High level modifications in
protein translation during the development of EC tumors were due to abnormal higher
expression of m6A “readers” and “writers” [42,43]. Expressions of three m6A “readers”,
YTHDF1, YTHDF3, and FMR1, as well as two m6A “writers,” KIAA1429 and WTAP, were
enhanced in EC with predicted higher risks.

Gene ontology analysis disclosed a relationship between hypoxia-related DEGs and
immune response, especially inflammatory, via regulations over macrophages or other
cytokine receptors. One of the most active GO pathways in EC tissues was the response
to the steroid hormone, which explained the effects of sex hormones interacting with
insulin-like growth factors on EC tumorigenesis [44].

From the PCR results of the risk-predictor genes, we speculated high expression levels
of NR3C1 in tumor tissues and expressions of IL-6 and SRPX converged in paratumor
tissues. Previously known, amplification of HOXB9 in EC was correlated with poorer
overall survival and EC progression [45]. IL-6, identified as a pro-inflammatory cytokine
during inflammation and tumorigenesis, is related to microbial communities involved in
immune responses [46]. NR3C1 was involved in the activation and enrichment of infiltrated
immune cells including naive B cells, M1 macrophages, neutrophils, CD4 memory resting
T cells, follicular helper T cells, gamma delta T cells, and regulatory T cells (Tregs) [47,48].
All four DEGs’ expressions were enhanced in high-risk EC patients.

Consistent with the previous studies, we also found that three out of four DEGs in
hypoxia signature, SRPX, IL6, and HOXB 9 were positively associated with naive B cells,
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CD4 memory resting T cells, gamma delta T cells, M1 Macrophages, and resting Mast cells.
Except for functions in innate immunity and autoimmunity, the immune cells mentioned
were reported to have a role in modulating viral and bacterial [49,50]. CD4 memory
resting T cells engaged in the secretion of C-X-C motif chemokine ligand (CXCL)10 during
viral infection [49]. This interaction is consistent with a significantly higher expression
of (CXCL)10 in high-risk EC patients. Aside from this, SRPX and IL6 were negatively
correlated with regulatory T cells (Tregs). Tregs were recognized as a subset of T cells
that suppresses immunity in sterilization and anti-tumor [51], thus SRPX and IL6 can be a
novel target for recovering immune response in EC tumor cells. Moreover, Ryan, R et al.
reasoned that SRPX also plays a part in the cell metabolism relating to the glucocorticoid
GO pathway [52]. Consequently, our prognostic signature model could precisely predict
the potential risk of EC patients by detecting aberrancies in the genome and proteomes.

Surprisingly, gathering results of ESTIMATE scores, high profiles of stromal cells and
unique neuroendocrine-like immune cells bridged our hypoxia signature to an immune-
desert molecular subtype of ovarian cancer determined by quantitative immune pheno-
types [53]. “Cold” tumor subtype was defined as scarce CD8+T cells and identified in
pancreatic, gastric, and ovarian cancer [54–56]. In details, a smaller number of T cells
driven by CD8 were associated with higher risk in EC patients. TME of desert subtype
explored in pancreatic cancer was proved to have enriched B cell expression [54], which was
also supported by infiltrated neuroendocrine-like immune cell including human-activated
dendritic cell (aDC) and B cell enrichments in the EC high-risk group. In Zhang B et al.
study, the desert subtype was found consistent with the m6a modification patterns, which
confirmed that desert sub-TMEs has a close relationship with immune ignorance and loss
of T cells [55]. KIAA1429, among all m6a regulators, were positively associated with sub
TMEs of desert or non-infiltrated subtype in gastric cancer, which is consistent with the
high-risk group predicted with hypoxia signature. Noticeably, either desert-dominant or
co-occurred subtype was correlated with a poorer survival outcomes [55]. However, further
identification including the definitive measurement and spatial distribution of CD8+ T-cell
versus stromal cells were required.

Standard treatments on EC are confined to excision surgeries on the lesion [54,57]. Along
with the deepened insight into EC’s staging and histological classifications, patients diag-
nosed with higher grades will be treated with systemic therapies mixed with radiotherapy,
and low-grade will be treated with chemotherapy and targeted therapies for trials. Several
chemo-drugs were previously studied regarding EC treatments [58]. Gebbia V et al. tested
a combination including Cisplatin and Vinorelbine and insisted that the regimen was
preferable to the classical Anthracycline [59]. Another drug, Docetaxel was reported to
have considerable efficacy and a bearable range of toxicity in two phase II trials [51,60].
The significant chemotherapeutic sensitivity of Vinorelbine and Docetaxel in the high-risk
group proved their fit for patients with high risk even encountering the hypoxia-raised
therapy resistance.

Emerging targeted medications include ICI anti-PD-1/PD-L1 and chemotherapy [35,61].
PD-L1 and PD-L2 displayed positive relationships with hypoxia DEGs prognostic risks,
which indicated anti-PD-1/PD-L1 and anti-PD-1/PD-L1 treatment should be a good choice
explicitly targeting the predicted high-risk group. Present studies further supplemented
that increasing number of mutations gave rise to a growing class of neo-antigens, which
could be targets for T-cell attack [62,63]. Tumor mutation burden was therefore considered
an index of patients’ response to immunotherapy [64,65]. We figured out a higher TMB for
low risk group indicating higher immunotherapy benefit by targeting various checkpoints
in terms of advanced prevention, although PD-1/PD-L1 immunotherapy was effective in
the high risk group.

Two molecular subtypes were characterized upon the hypoxia gene expressions. An
overlap between distributions of molecular subtype and risk groups was discovered in
TCGA dataset. CLUSTER 2 was majorly high-risk, while CLUSTER 1 had a subtly higher
ratio distributed in low-risk than high-risk. Significantly higher immune score, stromal
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score and estimate score calculated on CLUSTER 1 subtype explained the abundance of
immune cells and stromal cells in tumor tissues. CLUSTER 1 was also estimated with a
lower tumor purity, which suggested a less complex tumor microenvironment and better
clinical result. Our chemotherapeutic sensitivity results also revealed relatively significant
effects of Vinorelbine over CLUSTER 1, compatible with results of high-risk patients. As
a result, subtype-based diagnosis recommended surgery and targeted chemotherapy on
patients in CLUSTER 1, while more personalized medications on patients in CLUSTER 2.

The hypoxia gene signature was eventually coupled with clinical factors, which were
selected by the univariate and multivariate hazard analysis, to build a prognostic model. We
constructed a nomogram for the model, which was validated for the improved predictive
power and thus was recommended for EC prognosis.

Due to the research subjects’ particularity, and ethical reasons, our study still had
some limitations. Firstly, although a large sample size and quality control were obtained,
data resources were limited to TCGA, and more evidence of hypoxia signature from other
databases can be sought for confirmation. Secondly, as a cross-sectional retrospective study
without longitudinal follow-up data, we cannot confirm whether TME changes occurred
after the recorded histology and stages. However, our model showed a superiority over
other prognostic models solely comprising gene signature. Additionally, we have provided
some auxiliary analysis regarding m6A regulators and cancer cell stemness, which can be
supportive evidence for cancers progressions associated with metabolic reprogramming.

Recent studies have found several gene mutations, including PTEN, TP53, PIK3CA,
and classified four major genomic classes of endometrial cancer. However, the scope of
prominent mutations can be narrowed to identify the target with the most direct relationship
with tumor cell growth and cancer progression. Besides, our study proposed a possible
relationship with immune-desert subtype. Future investigation can be directed to the
differential responses to chemotherapy and immune checkpoint inhibition for three immune
subtypes with the consideration of hypoxic TME.

4. Methods and Materials
4.1. Data Collection and Preprocessing

There were 200 hypoxia genes chosen from The Molecular Signatures Database v7.2
(https://www.gsea-msigdb.org/gsea/msigdb, “HALLMARK_HYPOXIA”, accessed on
3 May 2022), which were found to be up-regulated in hypoxic condition via Gene Set
Enrichment Analysis v4.1.0 software [66].

We retrieved the data regarding somatic mutations and clinical factors (age, histologi-
cal type, grade, stage, and survival information) for EC from the TCGA public database
(http://cancergenome.nih.gov/, accessed on 6 May 2022). Therefore, 512 EC samples from
TCGA were randomly divided into the training and testing cohort with an approximately
1:1 ratio. The hypoxia-related differentially expressed genes (DEGs) were filtered by the
linear models for microarray data with FDR < 0.001 using the R limma package.

4.2. Functional Annotation Analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and Gene Ontology
(GO) enrichment analyses were performed on hypoxia-associated DEGs between high and
low-risk cohorts by the R clusterProfiler package [21]. Gene enrichment analysis includes
three GO terms, biological process (BP), molecular function (MF), and cellular component.
GO terms and KEGG pathways were considered statistically significant with p < 0.05.

4.3. Establishment of a Hypoxia Gene Signature

To explore the prognostic significance of the 29 DEGs relating to hypoxia in EC, a
univariate Cox regression analysis was performed. Five prognosis-related DEGs with
p < 0.05 were screened in the training dataset. After the LASSO Cox regression analysis
by the glmnet R package [67], four out of five hypoxia-related DEGs were identified
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(Figure S2). A multivariate Cox regression was performed to formulate a hypoxia-related
gene combination (Table S2).

4.4. Formulation and Validation of a Nomogram for the Prognostic Model

We further integrated the risk score evaluated by the hypoxia gene signature and the
clinical factors into a nomogram facilitating the OS prediction by the R rms package [68].
Based on the nomogram model, the total survival probability of each patient can be
calculated by summarizing the corresponding points of all variables. Calibration plots of
the nomogram were used to illustrate the fitness of the predicted 3-, 5-, and 10-year survival
compared to the observed value. The decision curve analysis (DCA) was used to check the
predictive power.

4.5. Quantitative Real-Time Polymerase Chain Reaction PCR after the RNA Isolation

The research was approved by the First Affiliated Hospital of Nanjing Medical Uni-
versity Ethics Committee. The participants entered the research cohort strictly provided
us with written informed consent. RNA was extracted from 15 EC and 15 normal sample
tissues with TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA), and comple-
mentary DNA (cDNA) was synthesized using the total RNA via the high-capacity reverse
transcription kits (TaKaRa, Shiga, Japan) (Table S3). Assays were used to perform the
RT-qPCR based on SYBR Green PCR Kit (Thermo Fisher Scientific, Waltham, MA, USA).
The 2−∆∆CT method was applied on Light Cycler 480 (Roche, Basel, Switzerland). The
forward and reverse primer sequences used in qRT-PCR are listed in Table 3.

4.6. Genomic Alteration Analysis

We analyzed the gene variations from the Genomic Identification of Significant Targets
in Cancer v2.0 by the software, genePattern. Specifically, frequencies of somatic mutations
were calculated using the MutSigCV algorithm [69]. Moreover, we plotted the TMB score
for EC patients from the TCGA dataset to predict the immunotherapeutic impacts for
patients with varying risk scores. To determine the disparities in TMB levels, the Wilcoxon
rank sum test was employed.

4.7. Identification of Immune Cell Types and Assessment of Significant Immune Checkpoint Inhibitors

The infiltration levels of twenty-two kinds of immune cells were calculated utilizing
the Cell type identification by estimating relative subsets of RNA transcripts (CIBERSORT)
algorithm. We calculated immune infiltration variations between two molecular subtypes
through the Wilcoxon rank-sum test [70]. Besides, the correlation of the immune cell types
with hypoxia gene signature was evaluated with absolute value and p < 0.05.

4.8. Estimation of Immune and Stromal Cells in EC

Using expression profiles from TCGA samples, we evaluated infiltrating stromal and
immune cell levels in EC diseased cells by the Estimation of stromal and immune cells in
malignant tumors using the expression data (ESTIMATE) algorithm. By pooling stromal
and immune scores, the ESTIMATE score was subsequently evaluated. The tumor purity of
samples from each TCGA patient was then determined for the corresponding ESTIMATE
scores [24].

4.9. Expression Analysis of m6A RNA Methylation Regulators

According to recent papers, we chose twenty m6A RNA methylation regulators
(METTL3, HNRNPC, YTHDC1, ZC3H13, YTHDF2, FTO, YTHDF1, YTHDF3, YTHDC2,
METTL14, RBM15, WTAP, KIAA1429, FMR1, METTL16, HNRNPA2B1, and ALKBH5) for
further research. Using the CIBERSORT algorithm, the risk differences in expression profiles
of m6A regulators were compared for the EC tissues in TCGA samples with p < 0.001.
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4.10. Chemotherapy Sensitivity Test

To explore substantially different responses of chemotherapeutic drugs in the molec-
ular subtypes of EC and risk groups predicted by the hypoxia gene signature model, we
calculated the IC50 of drugs typically applied in regiments of ECs using the R pRRophetic
package. The sensitivity response of each patient in chemotherapy was predicted by
database extracted from the Genomics of Drug Sensitivity in Cancer (GDSC; https://www.
cancerrxgene.org/, accessed on 7 May 2022) [71].

4.11. Clustering Analysis

The consistent clustering identified molecular subtypes of EC samples from TCGA
via the ConsensusClusterPlus package in R software [72]. In the clustering analysis, we
used transcriptomic profiling data of four hypoxia-related signature genes, survival time,
survival status, predicted risk score, and risk groups as dimensions of each sample. Then,
we calculated the Euclidean squared distance metric and the K-means clustering algorithm
from k = 2 to k = 9. Besides, we performed the principal components analysis (PCA)
and t-distributed stochastic neighbor embedding (t-SNE) to perform multiples tests on
clustering results established on the transcriptome expression profile of the above hypoxia-
related genes.

4.12. Statistical Analysis

We predominantly performed data analysis with the aid of the R language v4.0.2
software throughout the study (https://www.r-project.org/, accessed on 7 May 2022).
Different hypoxia subtypes were compared by the Kruskal–Wallis test. The differential
survival time was figured out using the log-rank test with p < 0.05 and we applied Kaplan
Meier curves to illustrate the striking distinctions in survival time.

5. Conclusions

We portrayed two hypoxia-related molecular subtypes of EC based on the four screened
DEGs signature, which integrated with clinical factors to serve as a predictive model for EC
patients. The assessments on infiltrating immune cell types, immune checkpoint inhibitors,
and chemotherapy responses can be referred to as some insights into the hypoxic impacts
of the genome, methylome, and transcriptome on EC progression in the future.
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OS overall survival
PCA principal components analysis
ROC receiver operating characteristic curves
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TMB tumor mutation burden
Tregs regulatory T cells
t-SNE t-distributed stochastic neighbor embedding
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Abstract: The diagnosis of endometrial cancer involves sequential, invasive tests to assess the
thickness of the endometrium by a transvaginal ultrasound scan. In 6–33% of cases, endometrial
biopsy results in inadequate tissue for a conclusive pathological diagnosis and 6% of postmenopausal
women with non-diagnostic specimens are later discovered to have severe endometrial lesions. Thus,
identifying diagnostic biomarkers could offer a non-invasive diagnosis for community or home-based
triage of symptomatic or asymptomatic women. Herein, this study identified high-risk pathogenic
nsSNPs in the NRAS gene. The nsSNPs of NRAS were retrieved from the NCBI database. PROVEAN,
SIFT, PolyPhen-2, SNPs&GO, PhD-SNP and PANTHER were used to predict the pathogenicity of
the nsSNPs. Eleven nsSNPs were identified as “damaging”, and further stability analysis using
I-Mutant 2.0 and MutPred 2 indicated eight nsSNPs to cause decreased stability (DDG scores < −0.5).
Post-translational modification and protein–protein interactions (PPI) analysis showed putative
phosphorylation sites. The PPI network indicated a GFR-MAPK signalling pathway with higher node
degrees that were further evaluated for drug targets. The P34L, G12C and Y64D showed significantly
lower binding affinity towards GTP than wild-type. Furthermore, the Kaplan–Meier bioinformatics
analyses indicated that the NRAS gene deregulation affected the overall survival rate of patients with
endometrial cancer, leading to prognostic significance. Findings from this could be considered novel
diagnostic and therapeutic markers.

Keywords: endometrial carcinoma; diagnostic markers; prognostic gene; protein–ligand interactions;
NRAS gene

1. Introduction

Endometrial cancer (EC) is the sixth most frequent malignancy among women, and the
cases were reported to be 417,000 in 2020 [1]. The incidence has increased by 132% over the
past 30 years, attributed to increased risk factors, predominantly obesity and population
aging [2]. Women from low- and middle-income countries (LMICs) are more likely to
die from endometrial cancer than those from high-income countries (HICs) due to poor
access to medical care and a higher proportion of aggressive, non-endometrioid tumors
diagnosis [3]. Seventy percent of patients with atypical perimenopausal or postmenopausal
vaginal bleeding are diagnosed early, allowing for timely management [4]. However,
there are cases diagnosed at an advanced stage, thus decreasing proper treatment. The
different stages of EC significantly influence the prognosis; in stage I, the five-year survival
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rate is approximately 95%, whereas, in stage IV, it is only approximately 14% [5]. Thus,
the identification of diagnostic biomarkers for early diagnosis is important, especially in
high-risk individuals with extreme obesity, diabetes, hypertension, and Lynch syndrome.

The RAS family is extensively studied in cancer research. RAS consists of KRAS,
NRAS and HRAS, and mutations in these genes have been frequently reported in colorectal
cancer, pancreatic ductal adenocarcinoma, lung adenocarcinoma, melanoma and some
hematological cancers [6].

NRAS gene is a well-known driver oncogene, and mutations in NRAS are reported to
cause a poor response to anti-EGFR targeted therapy. Mutations in several pathways have
been reported to be responsible for its development. Studies have reported causative roles
of mutations in the PI3K pathway, WNT signaling, RAS–RAF pathways, transcriptional
regulation, DNA damage response, and FBXW7-related genes [7]. Liu and colleagues (2019)
reported that estrogen receptor alpha (ERα) activates the MAPK signaling pathway to
promote the development of EC [8]. Recent studies have demonstrated that the RAS/MAPK
pathway is the most frequently mutated pathway in patients with cancer, with driver
mutations in NRAS or KRAS occurring in 40 to 55% of newly diagnosed patients [9]. RAS
and its isoforms are GTPases which will be activated when GTP binds to it, relay signals
and activate some downstream pathways responsible for cell growth. Mutations in RAS
lock them in an active state. Thus, there will be a continuous unstoppable downstream
signaling process resulting in cancer.

Considering the pathological role of NRAS in the RAS/MAPK pathway, its patho-
genesis towards EC remains to be elucidated. We hypothesize that understanding the
structural and functional effects of NRAS could shed light on discovering the diagnosis
and prognosis of EC. Therefore, this study, for the first time, examines the role of nsSNPs of
NRAS using bioinformatics tools in understanding its pathogenesis towards EC. This study
utilized multi-level functional and structural as described in our previous study (Lim et al.,
2021) in predicting the novel biomarker and elucidating the role of nsSNPs of NRAS in the
RAS/MAPK pathway.

2. Results
2.1. Prediction of High-Risk Pathogenic and Stability of nsSNPs

A total of 147 nsSNPs of NRAS were extracted from the NCBI database. High-risk
pathogenic nsSNPs were predicted using PROVEAN, SIFT, PolyPhen-2, PredictSNP, SNPs&GO,
PANTHER and PhD-SNP. Eleven nsSNPs, including rs121913248, rs267606920, rs1465850103,
rs121913250, rs121434595, rs121434596, rs1557982817, rs869025573, rs397514553, rs1308441238
and rs752508313, were predicted as high-risk pathogenic by at least six of the tools. The
high-risk damaging nsSNPs were then submitted to the MutPred server to confirm the
pathogenicity (Table 1). Structural stability analysis by I-Mutant2.0 (Table 2) indicated
nsSNPs, including rs267606920, rs121913250, rs121434595, rs1557982817, rs869025573,
rs397514553, rs1308441238 and rs752508313, cause a decrease in stability to the resultant
proteins, with DDG value < −0.5, indicating its greater impact towards the proteins.

Table 1. High-risk nsSNPs of NRAS predicted using PROVEAN, SIFT, PolyPhen-2, PredictSNP,
SNPs&GO, PhD-SNP, PANTHER and MutPred2.

SNP ID
Amino

Acid
Change

PROVEAN SIFT PolyPhen-2 PredictSNP SNPs&GO PhD-SNP PANTHER MutPred2

Score Score Score Score RI Prob RI Prob RI Prob Score Pred

rs121913248 A18P −4.32 0.001 1
1 (C > G),
0.1257 (C

> T)
9 0.972 8 0.915 2 0.603 0.93 Pathogenic

rs267606920 G60E −7.49 0 1 1.0000 9 0.933 7 0.826 8 0.881 0.95 Pathogenic

rs1465850103 D57N −4.52 0.996 1.0000 8 0.912 6 0.814 0 0.509 0.92 Pathogenic

rs121913250 G12C −7.09 0.656 1.0000 9 0.937 8 0.881 3 0.644 0.92 Pathogenic
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Table 1. Cont.

SNP ID
Amino

Acid
Change

PROVEAN SIFT PolyPhen-2 PredictSNP SNPs&GO PhD-SNP PANTHER MutPred2

Score Score Score Score RI Prob RI Prob RI Prob Score Pred

rs121434595 G13C −7.72 0.999 1.0000 9 0.957 9 0.926 7 0.863 0.94 Pathogenic

rs121434596 G13V −7.65 0.996 1.0000 9 0.963 8 0.924 6 0.78 0.93 Pathogenic

rs1557982817 G60R −7.49 1 1.0000 8 0.923 7 0.844 8 0.91 0.96 Pathogenic

rs869025573 I24N −5.32 1 1.0000 9 0.954 4 0.699 3 0.648 0.94 Pathogenic

rs397514553 P34L −8.56 1 1.0000 8 0.916 3 0.641 8 0.917 0.85 Pathogenic

rs1308441238 V14G −5.86 1 1.0000 8 0.915 7 0.84 4 0.686 0.93 Pathogenic

rs752508313 Y64D −8.84 1 0.1578 10 0.975 8 0.91 1 0.527 0.96 Pathogenic

Table 2. Stability prediction of mutated NRAS protein using I-Mutant2.0.

SNP ID Amino Acid Change Stability RI

rs267606920 G60E Decrease 1

rs121913250 G12C Decrease 5

rs121434595 G13C Decrease 5

rs1557982817 G60R Decrease 7

rs869025573 I24N Decrease 7

rs397514553 P34L Decrease 2

rs1308441238 V14G Decrease 10

rs752508313 Y64D Decrease 4

rs121913248 A18P Increase 1

rs1465850103 D57N Increase 1

rs121434596 G13V Increase 2

2.2. Identification of Post-Translational Modification (PTM) Sites

Post-translational modifications (PTM) are the process of proteins undergoing chemical
modifications to become functional and participate in respective cellular activities. Putative
PTM sites in the NRAS proteins and the eight high-risk pathogenic nsSNPs were predicted
using BDM-PUB, NetPhos-3.1 and MusiteDeep. BDM-PUB predicted six ubiquitination
sites on lysine residues of NRAS protein (K5, K16, K101, K128, K169, K170), while NetPhos-
3.1 predicted twelve sites of phosphorylation which occurred on all three possible amino
acids namely lysine, threonine and tyrosine (S106, S65, S87, T122, T127, T144, T178, T50, T58,
Y157, Y64, Y71). MusiteDeep predicted only one site of each methylation (K5), lipidation
(C181), hydroxylation (P185) and acetylation (K104), followed by two sites of glycosylation
that happened in asparagine residues of positions 85 and 172. Figure 1 shows the putative
PTM sites.
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Figure 1. Putative PTM sites of high-risk nsSNPs of NRAS protein.

2.3. Protein–Protein Interaction (PPI) and Molecular Network Analysis

PPI showed that NRAS interacts with RAF1, BRAF, NF1, PTPN11, PIK3CA, HRAS,
EGFR, KRAS, MAPK3, and SOS1 proteins (Figure 2a). Molecular networks showed that
the NRAS gene is involved in MAPK cascade pathways involving apoptosis, cell growth,
cell proliferation and cell cycle (Figure 2b).
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2.4. Prognosis of NRS in EC Malignancy

A Kaplan–Meier plotter was used to determine the prognostic value of the NRAS
gene by combining gene expression and EC cancer patient survival. The analysis showed a
hazard ratio (HR) = 0 and logrank p-value = 0.028 for EC cancer (Figure 3).
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Figure 3. Kaplan–Meier plot showing the correlation between the deregulation of NRAS and overall
survival rate EC.

2.5. Prediction of Structural Alteration of NRAS nsSNPs

As hydrophobicity has a significant contribution to protein function and structure, the
hydrophobicity of wild-type and mutant residues were analyzed in SWISS-Model to inves-
tigate their physicochemical properties. All the predicted high-risk nsSNPs showed a hy-
drophobic to hydrophilic conversion except for rs397514553 and rs1308441238. Hence, mu-
tant 3D models of nsSNPs, rs267606920, rs121913250, rs121434595, rs1557982817, rs869025573,
and rs752508313, localized in the NRAS domain and predicted high-risk pathogenic with
structural change from hydrophobic to hydrophilic were modeled using SWISS-Model
(Figure 4).
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2.6. NRAS Protein Docking 

Figure 4. 3D protein structure of superimposed wild-type NRAS and its mutated protein predicted by
SWISS-MODEL. (a) The 3D structure of wild-type NRAS protein; (b) superimposed structure of wild-
type NRAS protein with mutated I24N NRAS protein; (c) superimposed structure of wild-type NRAS
protein with mutated G60E NRAS protein; (d) superimposed structure of wild-type NRAS protein
with mutated G13C NRAS protein; (e) superimposed structure of wild-type NRAS protein with
mutated Y64D NRAS protein; (f) superimposed structure of wild-type NRAS protein with mutated
V14G NRAS protein; (g) superimposed structure of wild-type NRAS protein with mutated G60R
NRAS protein; (h) superimposed structure of wild-type NRAS protein with mutated G12C NRAS
protein; (i) superimposed structure of wild-type NRAS protein with mutated P34L NRAS protein.
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2.6. NRAS Protein Docking

NRAS proteins were individually docked with GTP using the AutoDock Vina (ver
1.1.2). Protein docking was carried out to the changes and compare the binding affinity
of the GTP to wild-type NRAS protein and the mutated NRAS protein. The results were
generated in kcal/mol with negative numbers indicating greater binding affinity. Binding
affinity refers to the strength of binding interaction between protein to its ligand; the smaller
the value, the lesser energy required by the protein and ligand to bind to each other.

Table 3 shows the binding affinity between both wild-type and mutated NRAS and
GTP as ligands. The rs121913250 (G12C), rs397514553 (P34L) and rs752508313 (Y64D)
showed negative values of binding affinity; however, the degree of spontaneousness is not
as high as the wild-type NRAS. Hydrogen bonds have the most influence in stabilizing
protein and its ligand binding and predominantly contribute to the specificity of molecular
recognition. Hydrogen bonds surrounding the wild-type NRAS–GTP complex are Gly-13,
Val-14, Gly-15, Lys-16, Ser-17, Thr-35, Thr-58, Gly-60, Asn-116, Asp-119, Ala-146, Lys-147.
The G13C mutation made hydrogen bonds of Val-14, Gly-15, Thr-58 and Asp-119 disappear,
while NRAS V14G lost hydrogen bonds of Gly-13, Thr-35 (changed into a carbon–hydrogen
bond) and Thr-58 but formed new hydrogen bonds in Ala-18 (previously Pi-Alkyl bond),
Val-29 and Asp-33. Furthermore, G60R mutation did not change/lose the hydrogen bond
in position 60; however, it lost a few hydrogen bonds (Gly-13, Gly-15, Lys-16, Ser-17,
Thr-35, Thr-58) and formed a few hydrogen bonds (Val-29, Asp-30, Asp-33). The Van der
Waals forces only appeared in NRAS P34L, whereas Gln-25 and His-27 hydrogen bonds
were the only bonds involved in binding three NRAS mutated proteins with the lowest
binding affinity. Remarkably, these Gln-25 and His-27 were not involved in the wild-type
NRAS–GTP complex. Figure 5 is the 2D diagram of the interaction between NRAS proteins
and GTP.

Table 3. Binding affinity between NRAS proteins and GTP.

Protein–Ligand Complex Amino Acid Residues Involved in NRAS–GTP Complex
Stabilization Binding Affinity (kcal/mol)

Wild-Type NRAS–GTP Gly-13, Val-14, Gly-15, Lys-16, Ser-17, Ala-18, Phe-28, Tyr-32, Pro-34,
Thr-35, Thr-58, Gly-60, Asn-116, Lys-117, Asp-119, Ala-146, Lys-147 −10.8

NRAS G13C–GTP Cys-13, Lys-16, Ser-17, Ala-18, Phe-28, Tyr-32, Thr-35, Gly-60,
Asn-116, Lys-117, Ala-146, Lys-147 −10.6

NRAS V14G–GTP Gly-12, Gly-14, Gly-15, Lys-16, Ser-17, Ala-18, Phe-28, Val-29, Tyr-32,
Asp-33, Thr-35, Gly-60, Asn-116, Lys-117, Asp-119, Ala-146, Lys-147 −10.5

NRAS I24N–GTP
Gly-13, Val-14, Gly-15, Lys-16, Ser-17, Ala-18, Phe-28, Val-29, Asp-30,
Tyr-32, Thr-35, Thr-58, Gly-60, Asn-116, Lys-117, Asp-119, Ala-146,

Lys-147
−10.4

NRAS G60R–GTP Gly-13, Val-14, Lys-16, Ser-17, Ala-18, Phe-28, Val-29, Asp-30, Tyr-32,
Asp-33, Arg-60, Asn-116, Lys-117, Asp-119, Ala-146, Lys-147 −10.3

NRAS G60E–GTP Gly-13, Val-14, Lys-16, Ser-17, Ala-18, Phe-28, Asp-30, Tyr-32, Thr-35,
Asp-57, Thr-58, Glu-60, Lys-117, Leu-120 −9

NRAS P34L–GTP Gln-25, Asn-26, His-27 −2.9

NRAS G12C–GTP Gln-25, His-27 −2.8

NRAS Y64D–GTP Gln-25, His-27 −2.6
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3. Discussion

Endometrial cancer (EC) is the most common malignancy affecting women in devel-
oped countries, and the incidence rate has increased since 2000 [10]. EC, which occurs
mostly in developed countries, is commonly carcinoma instead of sarcoma [7]. EC origi-
nates from the uterine epithelium, and epidemiologically, EC is related to diabetes, obesity,
late menopause and increasing age. Additionally, Lynch Syndrome, Polymerase Proofread-
ing Associated Polyposis, and Cowden Syndrome increase the risk of EC genetically [7].
The two most common pathways responsible for apoptosis, cell growth, proliferation
and differentiation, are highly involved in endometrial cancer: the PI3K/Akt and MAPK
pathways [11]. The MAPK pathway involves three main kinases, namely MAP3K, MAP2K
and MAPK. They activate the cascade and phosphorylate downstream proteins [12].

The NRAS gene and its family KRAS and HRAS have been explained to be re-
lated to different types of cancers [13]. NRAS are the prevalent oncogenes contribut-
ing 16–25% among all cancers [14]. The study also reported that mutated NRAS affects
melanoma. NRAS is mostly involved in the mitogen-activated protein kinase (MAPK)
pathway and the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) cascade. These
two pathways/cascades are responsible for cell proliferation, survival, differentiation and
apoptosis. Therefore, mutations in the NRAS gene would disrupt these pathways and
result in uncontrollable cell growth. Unlike Out of 147 nsSNPs extracted from NCBI,
11 nsSNPs; rs121913248 (A18P), rs267606920 (G60E), rs1465850103 (D57N), rs121913250
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(G12C), rs121434595 (G13C), rs121434596 (G13V), rs1557982817 (G60R), rs869025573 (I24N),
rs397514553 (P34L), rs1308441238 (V14G), and rs752508313 (Y64D) were predicted as high-
risk deleterious. Further stability analysis predicted rs267606920, rs121913250, rs121434595,
rs1557982817, rs869025573, rs397514553, rs1308441238 and rs752508313 nsSNPs to be
pathogenic and to decrease stability of the proteins. Destabilized protein may cause
protein degradation, improper folding/misfolding and eventually cause diseases such as
neurodegenerative diseases and genetic disorders [15].

Post-translational modifications analysis was carried out to determine modification of
the side chain of amino acids of proteins, which may affect protein structure and functions
and disrupt biological processes [16]. BDM-PUB predicted ubiquitination sites of NRAS
are in positions 5, 16, 101, 128, 169 and 170. Campbell and Philips (2021) reported that
NRAS had a few PTM sites of C118 for nitrosylation, K42 for sumoylation and K5 for
ubiquitination. Furthermore, the ubiquitination of NRAS has an adverse effect, reducing
MAPK signaling. Twelve phosphorylation sites consisting of T50, T58, T122, T127, T144,
T178, Y64, Y71, Y157, S65, S87 and S106 were predicted in NRAS, which is in agreement with
a study by Yin and colleagues, who showed that NRAS was activated by phosphorylation
on S89 by STK19 [17]. Methylation (K5), glycosylation (N85 and N172), lipidation (C181),
hydroxylation (P185) and acetylation (K104) sites of NRAS were also predicted. The
lipidation of C181 was also predicted by Ahearn et al. (2012). Palmitoylation (lipidation) is
necessary for the NRAS protein trafficking from the endomembrane system to the plasma
membrane and is involved in the transformation of NRAS-driven myeloid [18,19].

Protein–protein interactions showed the connections between RAF1, BRAF, HRAS,
KRAS, MAPK3, SOS1, EGFR, NF1, PTPN11, and PIK3CA. RAF1 and BRAF are members
of the RAF family and strongly interact with NRAS in the MAPK cascade (Figure 2b).
The role of RAF proteins in NRAS-driven melanoma was discussed by Dorard and col-
leagues [20]. RAF/MAPK is a main downstream effector of oncogenic RAS in melanoma.
Figure 2b also shows that SOS1 and MAPK3 protein were directly related to the acti-
vation of NRAS. It is reported that mutations in SOS1 and MAPK3 could lead to the
over-activation of RAS pathway (including NRAS), which results in lung adenocarcinoma
and melanoma [21,22]. PI3K/Akt/mTOR and MAPK pathways are constitutively activated
by phosphorylation [23]. However, the data regarding biomarkers of the two pathways
have not really been discovered.

The Kaplan–Meier plot was used to assess the correlation between the expression
of the NRAS gene and survival in different types of tumors. The analysis showed that
mutation in the NRAS gene would significantly affect the survival of patients having uterine
corpus endometrial carcinoma (p-value = 0.0282). NRAS mutation, specifically G12V, is
present as a mutation hotspot in endometrial cancer [24]. However, NRAS mutation
generally contributes only 5% to endometrial carcinoma [25]. Although the occurrence is
rare, NRAS mutation consistently happens in type I tumors whenever the RAS–MAPK
pathway gets activated. Moreover, a genotyping assessment showed that mutations in
NRAS exclusively happened in uterine-origin tumors [26]. NRAS mutation (e.g., Q61K)
has also been identified in low-grade serous ovarian cancer [27].

Molecular recognition refers to the interaction between macromolecules with small
molecules through noncovalent interactions to form a complex. There are two main
characteristics: specificity and affinity [28]. Knowing protein–ligand binding affinity is
useful in designing new drugs and detecting the effects of mutated protein on the binding
of the ligand. Protein docking confirmed that three (P34L, G12C and Y64D) out of eight
nsSNPs had significantly lower binding affinity than wild-type NRAS. While one other
variant (G60E) had a slightly lower binding affinity than wild-type. The other four had a
similar binding affinity. As observed in Table 3, wild-type NRAS had the greatest binding
affinity with GTP. Alongside the binding affinity, Figure 5 showed that the 3 mutations with
weaker binding relationships also have lesser binding sites with the GTP. As opposed to
the other five NRAS proteins with more than 10 binding sites on average, the four proteins
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have only two binding sites each. Reduced binding affinity may affect or end the protein
function [29].

The prognostic factors of EC are directly correlated with its mortality. Despite the
stringent guidelines of The European Society for Medical Oncology (ESMO), the European
Society of Gynecological Oncology (ESGO), the European Society for Radiotherapy and
Oncology (ESTRO), and the European Society of Pathology (ESP) consortiums in managing
diagnosis treatment and follow-ups, the mortality remains elevated [30]. Recent studies
have highlighted the importance of prognostic indicators, which should be evaluated at the
time of diagnosis [31]. This then leads to the importance of an accurate and timely diagnosis.

Considering the above, findings from this study pave the way toward identifying
diagnostic biomarkers with potential clinical application. Furthermore, we consign confi-
dence that these biomarkers can be applied as a prognostic factor towards determining the
preoperative risk of recurrence and directing surgical treatment.

4. Materials and Methods
4.1. Retrieving SNPs

The nsSNPs of NRAS were obtained from NCBI dbSNP (Gene ID: 4893) database (Na-
tional Center for Biological Information) (https://www.ncbi.nlm.nih.gov/snp/ (accessed
on 24 May 2022)). “NRAS” was submitted as the query and was set limited to an only
missense mutation. SNP IDs, wild-type nucleotides and their variations were retrieved.
Duplicates were removed before proceeding to the next step. Amino acid sequence of
the NRAS gene was also retrieved from UniProt (P01111) (accessed in 24 May 2022). The
methodology was conducted as previously described by Lim and colleagues [32] (Figure 6).
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4.2. Identification of High-Risk nsSNPs

A total of seven tools were used to predict the damaging and deleterious nsSNPs
of the NRAS gene; PROVEAN (Protein Variation Effect Analyzer) [http://provean.jcvi.
org/index.php (accessed on 24 May 2022)] [33], SIFT (Sorting Intolerant From Toler-
ant) [https://sift.bii.a-star.edu.sg/ (accessed on 24 May 2022)] [34] PolyPhen-2 (Poly-
morphism Phenotyping v2) [http://genetics.bwh.harvard.edu/pph2/ (accessed on 24 May
2022)] [35], PredictSNP [https://loschmidt.chemi.muni.cz/predictsnp/ (accessed on 21
June 2022)] [36], SNPs&GO [https://snps.biofold.org/snps-and-go/snps-and-go.html (ac-
cessed on 29 May 2022)] [37], PhD-SNP (Predictor of human Deleterious Single Nucleotide
Polymorphisms) and PANTHER (Protein ANalysis THrough Evolutionary Relationships).
The cut-off score of PROVEAN is −2.5, while SIFT is 0.05. A score above those numbers
was considered benign. For PolyPhen2, the score varies between 0 and 1, where 0.45 to
0.95 is considered possibly damaging and 0.95 to 1.0 probably damaging. Mutations in
PredictSNP are considered deleterious by having a score interval of (0, +1>). By having a
score of more than 0.5, the nsSNPs predicted by SNPs&GO, PhD-SNP and PANTHER will
be reported as “Disease” with a higher score resulting in a higher reliability index. nsSNPs
predicted as “Disease/Deleterious” by at least six tools were picked for further analysis.

4.3. Prediction of Pathogenicity of Amino Acid Substitutions

MutPred2 [http://mutpred.mutdb.org/ (accessed on 30 May 2022)] [38] was used
to verify the pathogenicity of the nsSNPs predicted high-risk deleterious. The FASTA
format of the protein and the mutation information were submitted. A score above 0.5
was considered pathogenicity (above 0.68 for a 10% false positive rate and above 0.8 for a
5% false positive rate).

4.4. Protein Stability Analysis

The stability of protein was predicted using I-Mutant2.0 [https://folding.biofold.org/
i-mutant/i-mutant2.0.html (accessed on 30 May 2022)] [39]. The protein sequence was
submitted, and the default setting of 25 ◦C temperature was at pH 7. Amino acid mutations
predicted to be “decreasing” were subjected to further analysis.

4.5. Post Translational Modification (PTM) Sites Identification

The BDM-PUB (Prediction of Ubiquitination sites with Bayesian Discriminant Method)
[http://bdmpub.biocuckoo.org/ (accessed on 30 May 2022)] [40], NetPhos-3.1 (phosphory-
lation of serine, threonine and tyrosine) [https://services.healthtech.dtu.dk/service.php?
NetPhos-3.1 (accessed on 30 May 2022)] [41] and MusiteDeep (many types of prediction
model—phosphorylation, glycosylation, ubiquitination, SUMOylation, methylation, acety-
lation, hydroxylation, palmitoylation and cyclization) [https://www.musite.net/ (accessed
on 30 May 2022)] [42,43] were used to predict the PTM sites. The FASTA format of wild-type
and mutated NRAS protein sequence were submitted.

4.6. Prediction of Protein-Protein Interaction and Molecular Interaction Network

The protein–protein interaction was determined using STRING [https://string-db.
org/ (accessed on 1 July 2022)] [44,45]. Cytoscape [https://cytoscape.org/ (accessed on 1
July 2022)] was used to retrieve the prediction of molecular interaction networks [46].

4.7. Prognosis Analysis

A Kaplan–Meier (KM) plot was shown to assess the correlation between NRAS and
cancers. The KM plotter was used to determine the prognostic p-value [https://kmplot.com/
analysis/ (accessed on 1 July 2022)] [47]. Pan-cancer DNA was chosen, and “NRAS” was
submitted as the query. The survival curves and log p-values were obtained. Only cancer with
a log p-value below 0.05 was considered as significantly affected by NRAS nsSNPs.
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4.8. Molecular Docking Analysis

Molecular docking determined whether the mutation would reduce the binding affinity
between the mutated protein and the ligand. The Amino acid sequence of wild-type NRAS
and all high-risk pathogenic nsSNPs was submitted to SWISS-MODEL [https://swissmodel.
expasy.org/ (accessed on 11 July 2022)] for 3D structure modelling [48]. The predicted 3D
structure was modelled using homology templates from the known protein structure having
similar sequences with both wild-type and mutated NRAS. Simplified Molecular-Input
Line-Entry System (SMILES) sequence of Guanosine Triphosphate (GTP), as the ligand of
NRAS, was retrieved from PubChem [https://pubchem.ncbi.nlm.nih.gov/ (accessed on 8
August 2022)] and converted into PDB file using OPENBABEL [http://www.cheminfo.org/
Chemistry/Cheminformatics/FormatConverter/index.html (accessed on 11 July 2022)] [49].

GTP was processed in AutoDock 4.2.6 to automatically detect the root and choose
rotatable bonds, respectively [50]. AutoDock 4.2.6 was also used to remove water, add
hydrogen and add Kollman charges into the protein. Protein docking was carried out with
coordinates x = 18.065000, y = −0.343000 and z = 7.238000 [51]. The docking results were
viewed using BIOVIA Discovery Studio Visualizer.

5. Conclusions

This study contributed to understanding the causative roles of high-risk pathogenic
nsSNPs towards endometrial cancer. NRAS protein is involved in many cell-cycle-regulating
pathways, and nsSNPs in NRAS are associated with cancer and poor prognosis of endome-
trial cancer, thus serving as a novel diagnostic biomarker. In addition, this study also
reports structural-based evidence indicating molecular changes due to nsSNPs.
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Abstract: The four TCGA-based molecular prognostic groups of endometrial carcinoma (EC), i.e.,
POLE-mutant, mismatch repair (MMR)-deficient, p53-abnormal, and “no specific molecular pro-
file” (NSMP), have recently been integrated into ESGO-ESTRO-ESP guidelines. The POLE-mutant
and MMR-deficient groups are associated with high mutational load, morphological heterogeneity,
and inflammatory infiltration. These groups are frequent in high-grade endometrioid, undifferen-
tiated/dedifferentiated, and mixed histotypes. POLE-mutant ECs show good prognosis and do
not require adjuvant treatment, although the management of cases at stage >II is still undefined.
MMR-deficient ECs show intermediate prognosis and are currently substratified based on clinico-
pathological variables, some of which might not have prognostic value. These groups may benefit
from immunotherapy. P53-mutant ECs are typically high-grade and often morphologically am-
biguous, accounting for virtually all serous ECs, most carcinosarcomas and mixed ECs, and half of
clear-cell ECs. They show poor prognosis and are treated with chemoradiotherapy; a subset may
benefit from HER2 inhibitors or PARP inhibitors. The NSMP group is the most frequent TCGA
group; its prognosis is highly variable and affected by clinicopathological/molecular factors, most of
which are still under evaluation. In conclusion, the TCGA classification has improved diagnosis, risk
stratification, and management of EC. Further studies are needed to resolve the points of uncertainty
that still exist.

Keywords: TCGA; endometrial carcinoma; mismatch-repair; p53; molecular; prognosis; treatment;
histotype; POLE; microsatellite

1. Introduction

The Cancer Genome Atlas (TCGA) Research Network has revolutionized our approach
to endometrial carcinoma (EC). For decades, the risk stratification of EC has been based
on histopathological features, such as tumor grade and histotype, depth of myometrial
invasion, and cervical and adnexal involvement. In 2013, an integrated molecular char-
acterization of EC by TCGA showed that EC could be subdivided into four prognostically
relevant groups based on mutational burden and somatic copy-number variations [1–4].
Subsequent studies have found that cheaper immunohistochemical and molecular tests
can serve as surrogates of the complex and expensive analyses by TCGA [4–8]. The
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four molecular prognostic groups identified by surrogate tests are POLE-mutated, mis-
match repair (MMR)-deficient, p53-abnormal, and “no specific molecular profile” (NSMP)
(Table 1). These groups have now been integrated into the European (ESGO-ESTRO-ESP)
guidelines for management of EC [9]. However, several issues must still be resolved, such
as the significance of the four groups across different histotypes and tumor stages, as well
as the value of novel immunohistochemical and molecular prognostic markers [4].

Table 1. Definition of the 4 molecular prognostic groups of endometrial carcinoma.

Molecular Prognostic Group Original Name Identified by Surrogate Marker

POLE-mutated POLE/ultramutated
High mutational load
(232 × 10−6 mutations

per megabase)

POLE exonuclease domain
mutation

MMR-deficient MSI/hypermutated
High mutational load
(18 × 10−6 mutations

per megabase)

Loss of MMR proteins
expression

p53-abnormal Copy number—high/serous Low mutational load;
high copy-number variations Abnormal p53 expression

NSMP Copy number—low/
endometrioid

Low mutational load;
low copy-number variations Absence of the other markers

In this review, we deal with each molecular prognostic group, discussing their clini-
copathological and molecular features, their significance across different histotypes, their
possible integration with additional prognostic markers, and their possible predictive value
for novel treatments.

2. POLE-Mutated

The POLE-mutated group was the least common molecular group in the TCGA series
(7.3% of all ECs) and was labeled “ultramutated group” based on its exceptionally high
mutational burden, (232 × 10−6 mutations per megabase). The authors noted that all
and only ultramutated ECs showed pathogenetic mutations in the exonuclease domain
of Polymerase-ε (POLE), which thus served as a surrogate of the ultramutated status [1]
(Table 1). POLE-mutant tumors are characterized by an overwhelmingly favorable prog-
nosis (progression-free survival of 92% to 100% [1,5–8,10]). Compared with other TCGA
groups, POLE-mutant ECs show younger age (mean 58.6 years), lower BMI (mean 27.2),
and an earlier FIGO stage (stage I in 93.7% of cases) [11] (Table 2).

Table 2. Clinico-pathological features of the 4 molecular prognostic groups of endometrial carcinoma.

Molecular
Prognostic

Group
Age BMI Stage

>I
High
Grade

Non-
Endometrioid

Histotype
LVSI

Deep
Myometrial

Invasion

Lymph Node
Involvement

POLE-mutated 58.5 ± 2.7 27.2 ± 0.9 6.3% 39.6% 13.9% 32.7% 27.3% 0%

MMR-deficient 66.5 ± 0.6 30.6 ± 1.2 27.4% 47.4% 14.2% 41.3% 44.5% 9.9%

p53-abnormal 71.1 ± 0.5 29.1 ± 0.5 49.2% 90% 73% 13.8% 48.9% 23.7%

NSMP 64.2 ± 1.9 32.3 ± 1.4 19.5% 15.6% 3.3% 48.8% 27.4% 4.3%

More than 80% of pathogenetic POLE mutations fall into one of five hotspots (P286R,
V411L, S297F, A456P, S459F); furthermore, mutations in other sites within the exonuclease
domain are rarer and are pathogenetic in about 39% of cases. Mutations outside the
exonuclease domain are pathogenetic in only 4% of cases [10]. Unlike the MMR-deficient
and p53-abnormal groups, there are no immunohistochemical surrogate markers to identify
the POLE-mutated group [4–8].
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The TCGA series only included endometrioid and serous ECs, and all POLE-mutant
ECs were of the endometroid type. Interestingly, in apparent contrast with their good
prognosis, about half of POLE-mutant ECs were high-grade [1]. POLE mutations are
indeed significantly more frequent in high-grade endometrioid carcinoma (12.1%) than in
low-grade endometrioid carcinoma (6.2%) [12]. Morphological heterogeneity and marked
atypia are common features in POLE-mutant ECs, which may also show giant anaplastic
cells [13–15]. This has suggested that most POLE-mutant ECs are currently overtreated
based on their histological appearance [16].

Subsequent studies have shown that POLE-mutations may be found in several other
EC histotypes [13,17–30]. A relatively high frequency of POLE-mutations was found in
undifferentiated/dedifferentiated carcinoma (12.4%) [31], while a low frequency was found
in clear-cell carcinoma (3.8%) [32] and carcinosarcoma (5.3%) [33] (Table 3).

Table 3. Prevalence of the 4 TCGA molecular prognostic groups across different histotypes of
endometrial carcinoma.

Molecular Prognostic Group LG-EEC HG-EEC SC CCC Mixed UDC/
DDC CS NEC *** MLC

POLE-mutated 6.2% 12.1% 0% * 3.8% 5.6% 12.4% 5.3% 7.1% 0%

MMR-deficient 24.7% 39.7% 0% * 9.8% 33.3% 44% 7.3% 42.9% 0%

p53-abnormal 4.7% 21.3% 100% ** 42.5% 61.1% 18.6% 73.9% 35.7% 0%

NSMP 63.5% 28% 0% * 40.9% 0% 25% 13.5% 14.3% 100%

LG-EEC: low-grade endometrioid carcinoma; HG-EEC: high-grade endometrioid carcinoma; SC: serous carcinoma;
CCC: clear-cell carcinoma; Mixed: mixed carcinoma; UDC/DDC: undifferentiated/dedifferentiated carcinoma;
CS: carcinosarcoma; NEC: neuroendocrine carcinoma; MLC: mesonephric-like carcinoma. * Endometrial carcino-
mas with a serous morphology and POLE mutation or MMR deficiency are diagnosed as serous-like high-grade
endometrioid carcinoma. ** Serous carcinomas with normal p53 expression in the presence of TP53 mutation,
or with no TP53 mutation but with high copy-number variation, may rarely occur. *** The only published
series of endometrial neuroendocrine carcinoma assessed with the TCGA classifier was constituted of 4 pure
neuroendocrine carcinomas and 10 mixed carcinomas with a neuroendocrine component [30].

Remarkably, POLE mutation was found in a significant proportion of mixed endometrioid-
serous carcinomas arising in young women (16%); furthermore, these tumors are thought
to arise as endometrioid ECs that secondarily develop a serous morphology, with or
without p53 mutations [34]. Gynecological pathologists agree that POLE-mutant ECs
with a serous morphology and immunophenotype should be deemed as endometrioid
carcinomas [4,15,34,35]. In these tumors, both the high-grade features and the p53 mutation
are consequence of the high mutational load and have no clinical significance. Simi-
larly, the presence of MMR deficiency in POLE-mutant ECs seems to have no prognostic
value. Therefore, POLE mutations prognostically supersede both MMR deficiency and p53
mutations [4,10,36]. Even histotype seems to have no value in the case of POLE mutation,
since POLE-mutant non-endometrioid ECs still show a good prognosis [9,18,37–39]. The
mutational load itself causes a strong immune response due to the exposition of many
neoantigens, which is reflected in a lymphocytic infiltration that accompanies most (~79%)
POLE-mutant ECs and could be responsible for their good prognosis [13,40]. However,
Talhouk et al. found that the immune response was not independently associated with
prognosis, suggesting that other factors drive prognosis in POLE-mutant ECs [41].

The POLE-mutated group was found to be the least prognostically affected by clinico-
pathological factors [42]. This is the reason why the ESGO-ESTRO-ESP guidelines consider
POLE-mutant EC up to FIGO stage II as low-risk tumors that do not need adjuvant treat-
ment [9]. This approach has been criticized by some authors due to the lack of prospective
studies supporting it. The authors also highlighted that >10% of POLE-mutant ECs present
at a FIGO stage >II, and it is unclear how these cases should be treated [43]. Given the
prominent lymphocytic infiltrate found in most POLE-mutant ECs, it is reasonable to
hypothesize that these tumors may benefit from immunotherapy [41].
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3. MMR-Deficient

The MMR-deficient group was first defined by TCGA as “hypermutated group”,
since it showed a high mutational load (18 × 10−6 mutations per megabase), which was,
however, lower than that of the ultramutated/POLE-mutated group. The hypermutated
group was the second most common group after the NSMP group, accounting for 28%
of EC cases [1]. All hypermutated ECs showed high microsatellite instability, a condition
associated with the rapid accumulation of genomic mutations [1,44]. Since microsatellite
instability is typically caused by a deficiency in the MMR system, immunohistochemistry
for MMR proteins has been used as a surrogate test to identify the hypermutated group
(Table 1). The four MMR proteins assessed are MLH1, MSH2, MSH6, and PMS2. These
proteins form two heterodimers, which are MLH1-PMS2 and MSH2-MSH6. When MLH1
or MSH2 are lost, there is a consequent loss of PMS2 or MSH6, respectively. On the other
hand, a loss of MSH6 or PMS2 expression can occur as an isolated event. For this reason,
the immunohistochemical assessment of only MSH6 and PMS2 has been suggested to
have the same accuracy as the full MMR panel in identifying MMRd cases [45]. The
assessment of MMR immunohistochemical expression may be difficult and affected by
fixation issues. A positive internal control in endometrial stroma and lymphocytes should
be clearly evaluable. A normal, retained expression of MMR proteins consists of positivity
in tumor cell nuclei, which should be stronger than stromal positivity [46].

Histologically, the MMR-deficient group showed several similarities with the POLE-
mutated group. In fact, the MMR-deficient group are mostly endometrioid (85.8%),
with a high frequency of high-grade cases (47.4%) [16] (Table 2). MMR deficiency is
significantly more frequent in high-grade than in low-grade endometrioid carcinoma
(39.7% vs. 24.7%) [21] and is particularly frequent in undifferentiated/dedifferentiated car-
cinoma (44%) [31] and in mixed ECs with an endometrioid component (16–66%) [30,34,47].
On the other hand, the frequency is lower in clear-cell carcinoma (9.8%) [32] and carci-
nosarcoma (7.3%) [33] (Table 3). As discussed for POLE-mutant ECs, MMR-deficient ECs
with a serous morphology and/or immunophenotype are considered to be endometrioid
EC [4,15,34,35]. MMRd ECs often show a prominent lymphocytic infiltration and striking
morphological heterogeneity [15].

The overall prognosis of MMR-deficient ECs is intermediate. MMR deficiency prog-
nostically supersedes p53 abnormalities but is superseded by POLE mutations [4,10,36].
Compared to POLE-mutant ECs, MMR-deficient ECs seem to be more affected by clinico-
pathological variables, although not as much as NSMP ECs [42]. The ESGO-ESTRO-ESP
guidelines substratify MMR-deficient ECs into different risk groups based on FIGO grade,
histotype, depth of myometrial invasion, and LVSI [9]. However, it is unclear whether
these factors are all prognostically significant in MMR-deficient ECs [4]. For instance, while
deep myometrial invasion and LVSI significantly worsen the prognosis of MMR-deficient
ECs, tumor grade seems not to have independent prognostic value [48]. It has been sug-
gested that even histotype has no prognostic value in MMR-deficient ECs [4]. In fact,
MMR deficiency seems to be consistently associated with an intermediate prognosis across
different histotypes, leading to worsened outcomes in early-stage, low-grade ECs [49], and
improved outcomes in non-endometrioid ECs [8,38,50]. According to this view, differences
in grade and histotype might be part of the morphological heterogeneity of MMR-deficient
ECs, with no impact on prognosis [4]. Undifferentiated/dedifferentiated carcinoma is an
exception. About 2/3 of undifferentiated/dedifferentiated carcinoma show the loss of one
of three crucial proteins of the SWI/SNF complex, i.e., ARID1B, SMARCA4/BRG1, and
SMARCB1/INI1. SWI/SNF-deficient carcinomas have shown an exceedingly bad prog-
nosis, even in the presence of an MMR-deficient signature [37]. Interestingly, it has been
suggested that MMR-deficient ECs associated with MLH1 promoter methylation have a
poorer prognosis than MMR-deficient EC associated with mutations in the MMR genes [37].
However, it is unclear whether this difference might require a different treatment.
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With regard to therapy, MMR-deficient ECs have shown higher susceptibility to
radiotherapy than MMR-proficient ECs [51]. Based on their high mutational load and
immune infiltrate, MMR-deficient ECs are a candidate for immunotherapy [52].

4. p53-Abnormal

After the exclusion of ultramutated and hypermutated tumors, TCGA subdivided
ECs with a low mutational load into two groups based on somatic copy-number variation:
“copy number—high” and “copy number—low”. The copy number—high group was char-
acterized by a high frequency of TP53 mutation (85%) and serous morphology (73.3%) and
was therefore defined as the “serous group” [1]. Such a group represents the prototypical
“type II” EC as it is associated with older age, non-endometrioid morphology, an advanced
stage, and poor prognosis [1,11,16,42] (Table 2).

Since p53 immunohistochemistry has been used as a cheaper surrogate of TP53 molec-
ular testing, the copy number—high/serous group has subsequently been termed as the
p53-abnormal group [4–9] (Table 1). The systematic assessment of p53 immunohistochem-
ical expression in TP53-mutant tumors has shown three possible aberrant patterns of
p53: overexpression (strong expression in >70–80% of tumor cell, accounting for 85.6%
of cases); complete loss (11.5% of cases); and cytoplasmic expression (1.9% of cases) [53].
An optimized immunohistochemical protocol is crucial to correctly identify these pat-
terns. For example, tumors with low proliferation may show a very focal and faint p53
positivity, which can be misinterpreted as a “complete loss” pattern, especially when
a positive internal control is not clearly assessable [54,55]. The presence of a subclonal
p53-abnormal pattern is often associated with MMR deficiency or POLE mutation [53]; in
the presence of these signatures, p53 abnormalities have no prognostic value [36]. A small
subset of TP53-mutant tumors (~5%) do not show abnormalities in p53 expression and
thus cannot be identified by immunohistochemistry [54]. In addition, there is a subset of
copy number—high ECs that do not show TP53 mutations and can only be classified by a
molecular analysis of copy-number variations [1]. Despite not being a perfect surrogate
of copy-number analysis, p53 immunohistochemistry has shown sufficient accuracy to be
used in the common practice [4–8].

P53-abnormal tumors are typically high-grade and show striking nuclear atypia [15].
In fact, a p53-abnormal signature is by far more common in high-grade than in low-grade
endometrioid ECs (21.3% vs. 4.7%) [12]. A recent study suggested that p53-abnormal
low-grade endometrioid ECs can be observed in elderly patients [56]. A p53-abnormal
signature is virtually present in all serous ECs [4]; furthermore, morphologically serous
ECs with POLE-mutant or MMR-deficient signatures are considered as serous-like, high-
grade endometrioid ECs, as discussed above. The p53-abnormal group accounts for the
vast majority of carcinosarcomas (73.9%), which commonly arise from serous ECs [33],
and almost half of clear-cell ECs (42.5%) [32] (Table 3). The p53-abnormal signature is
often associated with ambiguous morphology and is frequent in mixed ECs with a serous
component and in ambiguous ECs [15,34,35,57].

The biological behavior of p53-abnormal ECs is consistently aggressive across different
histotypes [4–8,38,39,42]. ESGO-ESTRO-ESP guidelines include all p53-abnormal ECs
in the high-risk group (except for non-myoinvasive cases) [9]. It has been suggested
that prognostic differences do exist among p53-abnormal tumors. For instance, serous
carcinoma may be more aggressive than p53-abnormal endometroid carcinoma but less
aggressive than carcinosarcoma [39,58]. However, these differences have not consistently
been reported and it is unclear if they are such as to need different treatments. Moreover,
differentiating between serous carcinoma and p53-abnormal endometrioid carcinoma can
be difficult, especially considering the morphological ambiguity that often accompanies
p53-abnormal ECs. Therefore, it appears appropriate to lump all p53-abnormal ECs together
in the same risk group [4,15,59].

Regarding treatment, p53-abnormal ECs always need adjuvant treatment. In all
myoinvasive cases, chemoradiotherapy is indicated [9]. HER2 amplification has been
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identified as a therapeutic target in a subset of p53-abnormal carcinomas, regardless of the
histotype [60–63]. Frequent high DNA damage and high PARP-1 expression have also been
observed p53-abnormal ECs, suggesting the possibility to use PARP inhibitors [64].

5. NSMP

The remaining TCGA group showed neither high mutational load nor significant
copy-number variations. Such group was deemed “copy number—low/endometrioid
group” and was considered to represent the prototypical type I EC [1]. Since this group
is identified by the absence of the molecular signatures of the other groups, it has been
deemed “NSMP” [4,9] (Table 1). The NSMP group is the most frequent TCGA group (~40%
of cases) at intermediate prognosis, and is similar to the MMRd group [1,4–8].

While the vast majority (84.4%) of NSMP ECs are low-grade endometrioid tumors [16]
(Table 2), the NSMP group can be found in almost any EC histotype, accounting for all
mesonephric-like ECs (100%) [65,66], almost half of clear-cell ECs (40.9%) [31], and sizable
quantities of neuroendocrine ECs (36%) [30], high-grade endometrioid ECs (28%) [12],
undifferentiated/dedifferentiated ECs (25%) [31], and carcinosarcomas (13.5%) [33]. The
NSMP group is virtually never found in serous EC; however, serous ECs with a “copy
number—high” signature may lack abnormal immunohistochemical expression of p53
and even TP53 mutations, resulting in a NSMP classification. These cases are consid-
ered biologically and prognostically analogous to p53-abnormal serous ECs [1,53,54].
Mixed ECs typically are not NSMP, although data in this regard are based on small
series [67] (Table 3).

The ESGO-ESTRO-ESP guidelines recommend substratifying the NSMP group based
on the same criteria as the MMR-deficient group [9]. However, there is evidence suggest-
ing that the NSMP is more prognostically heterogeneous and more heavily affected by
other clinicopathological factors than the MMR-deficient group [4]. In fact, NSMP non-
endometrioid ECs showed a bad prognosis similar to that of p53-abnormal
ECs [8,38,39,65,66], while NSMP endometrioid ECs showed a highly heterogeneous progno-
sis, ranging from as good as POLE-mutant ECs to as bad as p53-abnormal ECs [1,8,14,58,68].
Several authors proposed a possible substratification of the NSMP group based on his-
tological, immunohistochemical, and molecular markers, some of which may constitute
therapeutic targets [8,64,69,70]. The Leiden group found that NSMP endometrioid ECs
could be subdivided into three groups: high-risk, intermediate-risk, and low-risk. High-risk
cases showed LVSI and/or overexpression of L1CAM (positivity in ≥10% of tumor cells).
Intermediate-risk cases lacked LVSI and L1CAM overexpression but showed CTNNB1
exon 3 mutations. Low-risk cases were CTNNB1 wild-type with no LVSI or L1CAM over-
expression [8]. Such subclassification of NSMP cases is currently under evaluation in
the PORTEC-4a study [69]. Other proposed substratifications are based on the presence
of DNA damage biomarkers [64] and the status of several genes such as PTEN, AKT,
PI3KCA, PI3KR1, and KRAS [70]. All these findings highlight how the NSMP group is
a heterogenous admixture of clinically and molecularly different entities, which require
different management.

6. Conclusions

The TCGA classification has offered the possibility to improve the risk stratification
and management of EC. Grouping ECs based on molecular signatures may help reduce
inter- and intraobserver variability in the assignment of grades and histotypes, especially
for morphologically heterogeneous and ambiguous ECs. Moreover, specific therapeutic
possibilities can be found in each molecular group. Further research is needed to resolve
the issues that still exist, such as the substratification of the NSMP group, the prognostic
value of clinicopathological variables in MMR-deficient ECs, and how to treat advanced
POLE-mutant ECs.
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Abstract: Racial disparities in incidence and survival exist for many human cancers. Racial disparities
are undoubtedly multifactorial and due in part to differences in socioeconomic factors, access to
care, and comorbidities. Within the U.S., fundamental causes of health inequalities, including socio-
economic factors, insurance status, access to healthcare and screening and treatment biases, are issues
that contribute to cancer disparities. Yet even these epidemiologic differences do not fully account for
survival disparities, as for nearly every stage, grade and histologic subtype, survival among Black
women is significantly lower than their White counterparts. To address this, we sought to investigate
the proteomic profiling molecular features of endometrial cancer in order to detect modifiable and
targetable elements of endometrial cancer in different racial groups, which could be essential for
treatment planning. The majority of proteins identified to be significantly altered among the racial
groups and that can be regulated by existing drugs or investigational agents are enzymes that regulate
metabolism and protein synthesis. These drugs have the potential to improve the worse outcomes of
endometrial cancer patients based on race.

Keywords: endometrial cancer; racial disparity; molecular profiling; proteomic

1. Introduction

Endometrial cancer continues to rise in both incidence and mortality, in contrast to
the decline in both statistics for most other cancers. Racial disparity is the major factor
affecting endometrial cancer patient survival in the United States. Black women with
endometrial cancer experience 2-fold higher mortality compared to White patients [1]. This
represents one of the largest racial disparities in mortality among cancers [2]. Socioeconomic
status, higher incidence of aggressive histology and comorbid conditions are known factors
contributing to endometrial cancer racial disparity [3]. As these factors do not account for
the entire racial disparity, it is likely that specific molecular defects and their associated
pathways in the endometrial cancers also contribute [4].

A variety of cancer types, such as breast, prostate and uterine, vary clinically and
pathologically based on the race of the patient. Research efforts are beginning to focus on
understanding the molecular mechanisms of these differences [5]. The Cancer Genome
Atlas (TCGA) analysis identified molecular subtypes of endometrial cancer associated
with significantly different progression-free survival (PFS) rates [6]. These results were
generated with data of endometrial cancer specimens primarily from White patients;
there were insufficient Black patients to power statistical comparisons between the races.
Published global profiling studies that identified mRNA and proteins that could contribute
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to endometrial cancer racial disparities are limited to two studies comparing endometrial
cancer specimens from Black and White patients. One reported on whole transcriptome
sequencing and mass spectrometry analysis of endometrial cancer samples from 17 Black
and 13 White patients, which identified 89 genes that had consistent mRNA and protein
differences between the two racial groups, and also concordant alterations in TCGA data
of endometrial cancer patients from 49 Black and 216 White patients [7]. According
to the multivariate analysis, PFS was associated with 10 of the mRNA transcripts for
White patients, 9 transcripts for Black patients, and 2 transcripts for both White and Black
patients. The other study reported higher transcript levels for baculoviral IAP repeat
containing 7 (BIRC7), polo-like kinase 1 (PLK1) and multiple cell cycle regulatory proteins
in endometrial cancer specimens from Black compared to White patients [8]. The differential
molecules identified in both of these studies are involved in pathways that regulate cell
cycle and cell death. In these studies, there was the limitation that the patients in the
different racial groups were not matched for characteristics that may have affected the
aggressiveness of their cancers or their treatment outcomes, such as age, tumor stage,
weight and body mass index (BMI), although they did focus on one histology. Other
studies that matched endometrial cancer tissue specimens from Black and White patients
found no significant differences in gene expression patterns evaluated by microarrays. One
of these studies matched the specimens from the two racial groups by stage, grade and
histological subtype at various ratios [9]. The other study matched specimens from 25 Black
and 25 White women for histology (endometrioid and serous), grade (1A through IVB) and
stage (1–3) [10]. Each of these studies described above was limited because it compared
only two races, Black and White.

In this retrospective study, we conducted a proteomic analysis comparing Black, White,
American Indian and Asian groups of 10–12 endometrial cancers, each matched for age,
BMI and histology. This matching was based on known involvement of these factors in
endometrial cancer risk and patient outcomes. Age and obesity are well-established risk
factors for increased risk and mortality of endometrial cancer [10]. Histology is known
to affect patient prognosis: endometrioid is associated with more favorable outcomes, as
opposed to serous, clear cell and other non-endometrioid histologies [9]. Multiple proteins
were identified to be present at significantly different levels in the tumors of different races
and were evaluated with bioinformatics for their potential use as biomarkers and drug
targets in strategies to improve endometrial cancer patient outcomes.

2. Results

A total of 46 patients were included in this study (12 African Americans, 12 Whites,
12 Native Americans and 10 Asians). Table 1 summarizes the patient demographics and
tumor characteristics. All samples were from patients with grade 1 endometrioid endome-
trial histology and stage 1. The distribution of these groups did not differ according to
age; BMI; smoking status; alcohol or NSAID use; or cardiovascular or autoimmune disease.
There were significantly different levels of hypertension and diabetes. The rate of diabetes
was 67% in Black patients, which was significantly higher than in Whites (25%) and Asians
(16%) (p = 0.011). The hypertension rate was significantly higher among White patients
(75%) in contrast to (33%) the Asian group (p = 0.012).

Table 1. Comparison of patient characteristics between groups.

Black (n:12) White (n:12) American Indian (n:12) Asian (n:10) p

Age (yrs) 63.6 ± 13.5 59.2 ± 6.2 58.1 ± 10.5 64.1 ± 12.5 0.45
BMI 39.2 ± 10.3 35.4 ± 7.1 42.2 ± 8.7 38.6 ± 8.4 0.27

Smoking 2 7 2 1 0.29
Hypertension 5 9 7 4 0.012
Alcohol use 1 2 1 0 0.84
NSAID use 1 0 1 0 0.15

Cardiovascular disease 3 3 5 2 0.21
Autoimmune disease 1 0 0 0 0.44

Diabetes 8 3 7 2 0.011
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2.1. Proteomic Discovery

Protein extracts from all (n = 46) cases were analyzed by tandem mass tag (TMT)
liquid chromatography-tandem mass spectrometry (LC-MS/MS) for protein identification.
As Table S1 shows, a total of 1611 proteins were identified by TMT LC-MS/MS in all
endometrial samples from all groups. The gene ID listed in Table S2 is used instead of
the full name for each gene in all tables of this article. The normalized data after log
2 transformation are shown in a heat map; they were analyzed using ANOVA with the
adjustment of the first principal component (Table S3). Figure 1 shows a heat map of the
normalized data for the 58 proteins found to be present at significantly different levels
among the races.
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Figure 1. Heat map of log2 normalized levels for each protein found to be present at significantly
different levels across the four races.
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Some of these 58 proteins had significant differences among all four races, and a
few were uniquely differentially present in one specific race compared to the other three
(Figure 2 and Tables S3 and S4).
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Significant differences in individual protein levels in the three other racial groups
compared to the White racial group were identified for 44 proteins in the Black racial group,
24 proteins in the American Indian racial group, and 28 proteins in the Asian racial group
(Table 2). Some of these protein levels were significantly different from those of the White
racial group in all three races, whereas others were unique to individual Black, American
Indian, or Asian racial groups.

Table 2. List of gene IDs for proteins significantly different in endometrial cancer specimens from
Black, American Indian and Asian racial groups compared to the White racial group.

Race
Gene IDs

Higher Concentration Lower Concentration

Black AIF1, AGRN, ASS1, CUL3, DAG1, DPYSL2, EHD1, EIF4A2,
EIF4G2, EPS15, F13A1, GMFG, GFM1, HK2, HTATSF1 IFI16,
MAPK3, NES, NPEPL1, OXSR1, PTPN6, PTGDS, PFAS,
RAB5B, RAD50, SCRN1, SNX1, SNTB1, SERPINB9, SARS2,
TPP2, UBR4, USP47, WDR5, YWHAQ,

ATP2A2, APOC1, MAP1S, RPL4, RPL23,
RPS16, SERPINA1, STT3A, ZMYND8

American Indian AGRN, ASS1, AIF1, CLINT1, CALD1, DAG1, EIF4G2,
EPS15, F13A1, GFM1, HK2, HMGN2, KRT19, NPEPL1,
SNX1, SNTB1, SARS2, UBR4, USP47, TPP2, WDR5

DX3X, MAP1S, PFAS

Asian APOC1, CKB, EIF4G2, F13A1, GBP2, GFM1, HMGN2,
KRT19, NPEPL1, RAB5B, SNTB1, SERPING1, SARS2,
SERPINA1, UBR4, USP47, VIM, WDR5

CLINT1, DDX3X, EIF3E, GBAS, IFI16,
PTPN6, OXSR1, RPL5, SLC25A3, STRBP

2.2. Bioinformatic Analysis

The 44 proteins listed in Table 2 were evaluated by Ingenuity Pathway Analysis (IPA)
to identify pathways that could be targeted for improving endometrial cancer treatments
for Black, American Indian and Asian races. The top three canonical pathways identified
by IPA to be the most different in endometrial cancers across racial groups (EIF2 signaling,
regulation of eIF4 and p70S6K signaling and mTOR signaling) are all involved in the
regulation of protein synthesis (Figure 3). These pathways were most associated with
endometrial cancers from White patients; the least association was with endometrial
cancers from American Indian patients. Endometrial cancers from the Asian racial group
exhibited the most disparate profile of pathways compared to the other groups, due to
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less association with multiple pathways primarily involved in metabolism. Multiple
pathways were upregulated across the races compared to the White racial group, including
Coagulation System, Clathrin-mediated Endocytosis, Regulation of EIF4 and p70S, TOR
Signaling and IL-12 Signaling and Production. Other pathways were upregulated in the
Blacks and the Native Americans, but not in the Asians, compared to the Whites, including
nNOS Signaling in Skeletal Muscle, Agrin Interactions at Neuromotor, 5 aminoimidazole
Ribonulease, Citrulline-Nitric Oxide Cycle, Arginine Biosynthesis IV and Urea Cycle.
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IPA analysis of the fold differences between these proteins in each non-White group
compared to the White group documented their associations with endometrial cancer
(Figure 4), which provides a certain level of validation to the results of this study.
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Figure 4. Association of differential proteins with endometrial cancer. These pathways provide a
visualization of fold change increase (red) or decrease (green) in the specific racial group compared to
the White racial group.

To explore the potential of the 58 identified differential proteins to be used as biomark-
ers and drug targets in endometrial cancer, we evaluated the differences in their mRNA and
protein levels in endometrial cancers compared to healthy tissue, and their relevance to en-
dometrial cancer patient survival using the UALCAN website (http://ualcan.path.uab.edu,
accessed on 29 June 2022) [11] to probe TCGA and Clinical Proteomic Tumor Analysis
Consortium CPTAC databases [11]. Table 3 shows the list of nine proteins that were found
to either have an impact in endometrial cancer survival based on the TCGA database or
are already targeted in cancer treatment based on literature reviews. All these proteins
are expressed at significantly different levels in endometrial cancers from Black, American
Indian or Asian groups compared to the White racial group. We used CPTAC data on
the ULACAN website as our baseline racial data in endometrial cancer vs. normal tissue
for these nine target proteins. This UALCAN website also provided a breakdown of the
patient samples by race; however, the numbers of minority race patients were too low for
statistical significance.

Table 3. Targetable differential proteins that have reported survival and prognostic value.

Gene Symbol Expression in Endometrial Cancer
vs. Normal Tissue ¥ [11] Biomarker-Driven Therapy Disease or Use Clinical Trial Phase Impact on Endometrial Cancer

Patient Survival (TCGA) † [11]
Expression in Our Study

Cohort

ASS1 Lower (p < 0.0001)
Rapamycin/

mTOR inhibtors, or
fluorouracil (5-FU) [12]

Multiple cancers Rapamycin
Approved/Phase 2

Worse outcome with higher
expression

AI (High)
W (Low)

CKB Lower
(p < 0.0001) RGX-202 [13,14] Gastrointestinal cancer Phase 1 No A (High)

W (low)

EIF4A2 No significant difference Zotatifin [15] Solid tumors Phase 1–2 Worse outcome with higher
expression

B (High)
W (Low)

HK2 Higher
(p < 0.0001) 2-DG and analogs [16] Prostate cancer, PET

imaging Phase 2 No B and AI (High)
W (Low)

MAPK3 Lower
(p < 0.0001) Ulixertinib [17] Solid tumors Phase 2 No B (High)

W (Low)

OXSR1 No significant difference Lutein [18] Oral cancer Preclinical No B (High)
A (Low)

PFAS Higher
(p = 0.0002) Acivicin [19–22] Liver cancer Preclinical No B (High)

AI (Low)

PTPN6 Higher
(p < 0.0001) Sodium stibogluconate [23] Melanoma Phase 1 Worse outcome with higher

expression
B (High)
A (Low)

SERPINA1 Lower
(p < 0.0001) Trastuzumab [24]. Breast cancer Phase 2 (Exploratory

Biomarker) No A and AI (High)
B (low)

B: Black, AI: American Indian, A: Asian, W: White—with the highest expression indicated by (High) and the
lowest expression indicated by (Low); PET: positiron emission tomography, ¥ based on proteomic expression in
the CPTAC dataset [11,25], † survival based on the TCGA dataset [11,25].
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3. Discussion

This is the largest study to date examining the molecular profiles of stage I endometrial
cancer with matched endometrioid histology, age and BMI across more than two races.
Several of the proteins identified in this study have known associations with patient
prognosis and survival, which supports their candidacy as biomarkers and drug targets, as
described below and illustrated in Figure 5.
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Two of the proteins identified in this study, ASS1 (argininosuccinate synthase 1) and
PFAS (phosphoribosylformylglycinamidine synthase), regulate pyrimidine biosynthesis,
which is essential for cellular growth and homeostasis maintenance. Pyrimidine biosynthe-
sis is elevated when ASS1 is reduced or PFAS increased.

In this study, ASS1 was found to be present at significantly higher levels in endometrial
cancers from patients of American Indian race, compared to White ones (mean ± SD 142.31
± 126.13 vs. 53.22 ± 76.60 relative units (RU), p = 0.005). Although there is no difference
in ASS1 mRNA expression between endometrial cancer samples and normal tissue in
TCGA data, CPTAC data show significantly lower ASS1 expression in the primary tumor
compared to normal samples, and another study found decreased ASS1 expression at the
invading fronts of endometrial cancer and increased migration and invasion in endometrial
cancer cells upon ASS1 knockout [26]. ASS1 is the rate-limiting enzyme in arginine biosyn-
thesis that is deficient in multiple tumor types, resulting in decreased arginine levels [27].
Attempts to kill the tumor cells by further depleting arginine with catabolic enzymes
proved unsuccessful due to development of resistance caused by upregulation of ASS1 [28].
Alternatively, an arginine-independent ASS1 effect can be taken advantage of in developing
cancer therapeutics [12]. A consequence of ASS1 deficiency is accumulation aspartate,
which serves a substrate and positive inducer of CAD (carbamoyl-phosphate synthase 2,
aspartate transcarbamylase and dihydroorotase complex). The CAD upregulation as a
consequence of ASS1 deficiency increases pyrimidine production. An alternate approach to
target ASS1 deficiency that has proven effective in preclinical studies was to inhibit the up-
regulation of mTOR enzyme that occurs as a consequence of arginine depletion, or directly
inhibiting pyrimidine synthesis using 5-fluorouracil (5-FU) [12]. Everolimus, an mTOR
inhibitor, combined with letrozole, an aromatase inhibitor, is currently used for treatment of
recurrent endometrial cancer based upon a positive phase 2 study [29]. 5-FU is not currently
used for endometrial cancer but is widely used for other solid tumors, including first-line
therapy for colorectal cancer (https://pubmed.ncbi.nlm.nih.gov/15051767/ accessed on 28
June 2022). 5-FU has been previously studied in combination with other chemotherapies for
endometrial cancer but is not part of current practice (NCT00612495) [30]. Based on their
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significantly lower levels of ASS1, American Indian endometrial cancer patients would be
expected to benefit from these approaches to deplete arginine.

PFAS, an enzyme that is directly involved in catalyzing purine salvage and de novo
pyrimidine biosynthesis, was elevated in the Black (mean ± SD 152.30 ± 377.24 vs. 42.66 ±
62.94 RU, (p = 0.036)) and White endometrial cancer patients. CPTAC data show signifi-
cantly higher PFAS protein expression in endometrial cancer compared to normal tissues.
In preclinical studies, acivicin, an analog of glutamine, was shown to inhibit PFAS and
other enzymes involved in purine salvage [19], resulting in growth inhibition of various
cancer cell lines [20,22]. A large-scale screening study of 2000 compounds identified acivicin
as a potent inhibitor of Drosophila tumor formation; however, RNAi knockdown studies
demonstrated that this anti-tumor activity was due to inhibition of CTP synthase, another
pyrimidine biosynthesis enzyme [21]. Thus, a significant amount of validation of PFAS as
a drug target, and drug discovery and development research, would be needed to target
PFAS in endometrial cancer. Before targeting PFAS or purine savage to improve Black
endometrial cancer patient outcomes, the upregulation of ASS1 and the ultimate level of
pyrimidine biosynthesis in endometrial cancer specimens would need to be determined.

Another enzyme involved in metabolism, CKB (creatine kinase B CKB), was found in
this study to have higher expression in endometrial cancers in Asian patients compared to
White patients (mean ± SD 755 ± 1015.9 vs. 391.39 ± 906.7 RU, p = 0.034). CKB had lower
expression in endometrial cancer samples vs. normal tissue based on a CPTAC database of
all races. CKB supports metabolism by using creatine to produce ATP. Preclinical studies
demonstrated that inhibiting phosphocreatine import with the small molecule drug, RGX-
202, inhibited primary, metastatic and patient derived xenograft (PDX) colorectal tumors
in association with reducing phosphocreatine levels [14]. A phase 1 trial of RGX-202 in
advanced gastrointestinal cancers documented increased serum and urine creatine levels
consistent with the decreased creatine uptake in tumors of preclinical models treated with
RGX-202 [14]. This phase 1 trial showed no dose-limiting toxicity in the first 17 patients
enrolled, and a durable partial response in the highest dose cohort [13]. Combinations of
various metabolic inhibitors also have potential for improving endometrial cancer outcomes
based on preclinical studies. For example, RGX-202 demonstrated anti-cancer synergy with
F-FU and leflunomide, an inhibitor of dihydroorotate dehydrogenase-induced nucleotide
biosynthesis levels [14].

Our results showed HK2 (hexokinase 2) was elevated in endometrial cancer spec-
imens from the Black (mean ± SD 55.31 ± 61.38 vs. 12.29 ± 9.19 RU, p = 0.008) and
American Indian (mean ± SD 48.78 ± 64.32 vs. 12.29 ± 9.19 RU, p = 0.002) racial groups;
the lowest expression was in the White racial group. Moreover, HK2 has higher expres-
sion in endometrial cancer vs. normal tissue based on the CPTAC database of all races.
HK2 is the enzyme that catalyzes the conversion of hexoses, such as D-glucose and D-
fructose, into hexose 6-phosphates (D-glucose 6-phosphate and D-fructose 6-phosphate,
respectively) [31–33]. HK2 phosphorylation of D-glucose to D-glucose 6-phosphate is step
the first of glycolysis [33]. Additionally, by preventing the release of apoptogenic molecules
from the mitochondrial intermembrane space and subsequent intrinsic apoptosis, HK2 is
necessary for maintaining the integrity of the outer mitochondrial membrane [34]. Various
preclinical studies validate HK2 as a potential target. The long non-coding RNA (lncRNA)
SNHG16 promoted the proliferation of endometrial carcinoma cells and glycolysis by
competitively sponging miR-490-3p and upregulating HK2, which is miR-490-3p’s target
gene [35].

Inhibition of HK2 activity with 2-deoxyglucose (2-DG) blocks the glycolysis path-
way [36]. 2-DG has multiple attributes as a candidate therapeutic agent. There is substantial
clinical information about 2-DG and its 2-[18F]-fluoro-2-deoxy-D-glucose (FDG) analog, as
they have been extensively utilized to enhance diagnostic imaging [37]. Glucose, 2-DG and
FDG have increased uptake in cancer tissues due to elevation of glucose transporters in
cancer cells, which allows for the imaging of malignancies and metabolically active tissues
in contrast to nonmalignant tissues [38,39]. Additionally, 2-DG is reasonably well-tolerated
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in cancer patients [40]. In a phase I study of oral 2-DG in patients with solid tumors, 45
mg/kg 2-DG given on a daily schedule of the first two weeks of a three-week cycle was
defined as the recommended dose. This was based on cardiac QTc prolongation occurring
in two of four patients at the 60 mg/kg dose level, and in none of the five patients treated
at the 45 mg/kg dose level.

2-DG also has considerable potential for use in combination therapies. In preclinical
studies, 2-DG sensitized cancer cells to multiple types of chemotherapeutic agent [41–44],
and paclitaxel enhanced the uptake of 2-DG [45]. 2-DG sensitized pancreatic cancer cells
and tumors to inhibition of MEK [46], the kinase immediately upstream of MAPK3 in
the RAS-induced kinase activation cascade. Thus, combining 2-DG with conventional
chemotherapies or other agents that induce glycolysis is a reasonable strategy for improv-
ing the cancer therapeutics’ efficacies without significantly increasing toxicity [47]. In
a phase I trial in advanced solid tumors, daily oral 2-DG at 63 mg/kg in combination
with docetaxel was chosen as the recommended phase 2 dose [48]. QTc prolongation was
observed in 22% of patients, and the authors speculated that this was related to reversible
hyperglycemia that occurred in 100% of the patients at the 63 to 88 mg dose levels. There
was no pharmacokinetic interaction between 2-DG and docetaxel. Efficacy was not eval-
uated in the single-agent 2-DG trial; however, of the 34 patients in the combination trial,
eleven (32%) had stable disease, one (3%) had a partial response and twenty-two (66%) had
progressive disease.

Two kinases, MAPK3 and OXSR1, and a phosphatase, PTPN6, were also identified
in this study to be significantly present at different levels in the races. MAPK3 (mitogen-
activated protein kinase 3, also called ERK1) was present at higher levels in endometrial
cancer specimens from Black compared to White patients in our study (mean ± SD 113.23
± 45.03 vs. 27 ± 17.88 RU, p = 0.001); however, CPTAC data of all races demonstrated lower
MAPK3 expression in endometrial cancer compared to control tissue. MAP kinases act in a
signaling cascade that regulates various cellular processes, such as proliferation, differen-
tiation, and cell cycle progression in response to a variety of extracellular signals [49,50].
BVD-523 (Ulixertinib) is a MAPK3/1 kinase inhibitor that inhibited xenograft growth in
multiple cancer types and synergized with BRAF inhibitors in BRAF mutant cell lines [51].
A phase 1 study of BVD-523 in advanced solid tumors had treatment responses in subsets
of patients with acceptable toxicities and pharmacokinetics [17].

OXSR1 (oxidative stress responsive 1) (mean ± SD 130.91 ± 86.07 vs. 95 ± 47.43 RU,
p = 0.047) was highly expressed in endometrial cancer samples from Black patients; the
lowest expression was in specimens from the Asian racial group. Based on CPTAC data,
OXSR1 is not overexpressed in endometrial cancer compared to control tissue. OXSR1 is a
serine/threonine kinase that regulates downstream kinases in response to environmental
stress, and may play a role in regulating the actin cytoskeleton. The natural carotenoid
lutein has been shown to reduce OXSR1 expression in oral cancer squamous cells [18].

PTPN6 (protein tyrosine phosphatase non-receptor type 6, also called Src homology
region 2 domain-containing phosphatase-1 or SHP-1) was present at the highest levels
in endometrial cancer specimens from Black patients and the lowest in Asian patients in
this study (mean 62.72 ± 2.01 vs. 5.34 ± 0.21 RU, p = 0.029). In CPTAC data, PTPN6 was
expressed at significantly higher levels in endometrial cancer compared to normal tissue.
In endometrial cancer, PTPN6 was expressed at significantly higher levels in endometrioid
in comparison to serous histology, and in association with worse prognosis in patients
with endometrioid histology, but there was no association with survival of patients with
serous histology [52]. Preclinical studies demonstrated that inhibition of protein tyrosine
phosphatases with sodium stibogluconate inhibits hematopoietic cell line response to
cytokines [53]. A phase 1 trial of sodium stibogluconate in solid tumors demonstrated safe
inhibition of PTPN6 substrate dephosphorylation in peripheral blood cells [54].

Another protein identified in this study that has a related drug in development is
involved in protein synthesis: EIF4A2 (eukaryotic translation initiation factor 4A2 (EIF4A2).
It was elevated in endometrial cancers of the Black racial group compared to the White
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racial group in our study (mean 156.35 ± 163.26 vs. 41.09 ± 24.32 RU, p = 0.04). In CPTAC
data comparing all races, there is no difference of EIF4A2 protein expression in endometrial
cancer specimens compared to normal tissue. EIF4A2 is an ATP-dependent RNA helicase
involved in the binding of mRNA to ribosomes [55]. Preclinical studies show that eFT266, a
first in its class EIF4A inhibitor, is effective at inhibiting B-cell tumor growth in association
with mTOR signaling [56]; however, its specificity for EIF4A1 versus EIF4A2 has not been
robustly determined [57]. Currently, eFT266 (zotatifin) is in a phase 1 trial in combination
with other drugs in patients with solid tumors (clinicaltrial.gov: NCT04092673).

The serine protease inhibitor SERPINA1 was highly expressed in endometrial cancer
specimens from Asian (mean 483.88 ± 609.04 vs. 57.05 ± 52.81 RU, p = 0.011) and American
Indian races (mean 306.92 ± 219.87 vs. 57.05 ± 52.81 RU, p = 0.009). The patients with the
lowest expression in endometrial cancer were Black (73.36 RU) in this study. In the CPTAC
dataset, SERPINA1 was significantly less expressed in endometrial cancer specimens
compared to control tissues (p < 0.001), but had no association with patient survival.
SERPINA1 is being used as an exploratory biomarker of breast cancer patient survival in a
clinical trial of trastuzumab [24].

Additional proteins identified in this study warrant further investigation to deter-
mine their validity as endometrial cancer drug targets. Validation of our results with a
different technology and with an independent set of specimens is needed; furthermore,
the association of the biomarker with drug response should be validated before designing
a clinical trial that is race-specific or race-enriched. Another limitation of our study is
power limitation. With the current sample size, we had 80% power to identify a significant
difference of protein level among races after multiple testing correction. There was a 0.9
SD difference among mean protein level in race groups. Furthermore, this study did not
include normal tissue for comparison. The main objective was to identify differences in
proteins between races that could provide biological clues to the racial disparity. Followup
research using public databases was then used to determine what is already known about
the identified proteins in endometrial cancer so that the proteins could be prioritized for
further research as candidate biomarkers and drug targets. While Table 3 lists CPTAC data
of expression of the identified proteins in endometrial cancer compared to normal tissue, it
does not account for the potential that the alteration of the protein’s expression in cancer
compared to normal tissue might be race-specific.

4. Materials and Methods

Clinically-annotated snap-frozen endometrial cancer specimens were obtained from
the OUHSC Stephenson Cancer Center (SCC) Biospecimen and Tissue Pathology Shared
Resource under OUHSC IRB approved protocol. Eligibility criteria for all subjects were: (a)
stage I endometrial cancer; (b) matched endometrioid type histology; (c) documented age
and BMI.

4.1. Isolation of Proteins from Endometrial Cancer Specimens

Protein was isolated from 48 matching endometrial cancer specimens from women
of different races (12 Black, 12 White, 12 Native American and 12 Asian). Briefly, proteins
were isolated from ~10 mg frozen endometrial cancer specimens using T-PER Tissue
Protein Extraction Reagent (ThermoFisher Scientific, Waltham, MA USA). Total protein
concentration was determined using bicinchoninic acid assay (BCA) reagent (Abcam;
Cambridge, UK) as per manufacturer’s instruction, as previously described.

4.2. Mass Spectrometry Analysis

Ten micrograms of protein from each sample was subjected to the FASP protocol
(Wisniewski, Methods Mol Biol (2018)) and digested with 0.2 µg Promega Sequencing
Grade Modified Trypsin (Promega, Madison, WI, USA, V5111, using manufacturer’s
protocols) for overnight incubation at 37 ◦C in 40 mM NH4HCO3. One sample containing
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a mix of equal amount of each sample was prepared to a total amount of 10 µg and was
subjected to the same procedure as the individual samples.

After digestion, the samples were desalted, dried and resuspended in 100 mM triethy-
lamine ammonium bicarbonate buffer. The samples were then labeled with TMT-11plex
(Thermo Fischer Scientific, Waltham, MA, USA) according to manufacturer’s instructions.
The TMT-11 channel was used for the “mix” sample to serve as a reference between the
different TMT runs.

The TMT labeled tryptic peptides were then desalted and concentrated using Pierce™
C 18 spin columns (Thermo Fischer Scientific, Waltham, MA, USA). A total of 1 ug of
tryptic peptides were loaded onto a C18 sequencing column (AcclaimTM PepMapTM 100
C18, ThermoFisher) and then eluted using a 120 min acetonitrile gradient for quantification.
Eluted peptides were analyzed by liquid chromatography–tandem mass spectrometry
(LC-MS/MS) analysis using a Thermo Lumos Fusion tribrid Orbitrap mass spectrometer
coupled to an Ultimate 3000 RSLC nano ultra-high-performance liquid chromatography
(UHPLC). Protein identification was performed by Proteome Discoverer version 2.4 (Ther-
moFisher Scientific, Waltham, MA USA) utilizing SEQUEST as the search engine and the
human Uniprot reference proteome database version 20201123 (42,412 reviewed proteins).
Protein identification required detection of at least two peptides per protein. Database
search parameters were restricted to three missed tryptic cleavage sites, a precursor ion
mass tolerance of 10 ppm, a fragment ion mass tolerance of 0.05 Da and a false discovery
rate of ≤1%. Fixed protein modification was Cys carboxymethylation (+58 Da). Variable
protein modifications included Met oxidation (+16 Da) and N-terminal acetylation (+42).
Reporter ion intensities were bias corrected for the overlapping isotope contributions from
the TMT tags according to the manufacturer’s certificate. Reporting of proteins followed
the general recommended guidelines. In brief, 3 biological replicates; minimum peptide
length was ≥7 amino acids; ≥2 peptide matches; protein FDR cutoff ≥ 1%. Proteins with
a “Protein false discovery rate (FDR) Confidence Combined” as “High” were used for
analysis; all other parameters were set as default. We corrected the total signals of each
channel by computing normalization factors in order to equalize the amounts of protein
labeled by each TMT reagent. In order to conduct the subsequent analysis, the data were
exported to Microsoft Excel and Perseus (version 1.6.15.0, https://maxquant.net/perseus/
accessed on 28 June 2022).

4.3. Statistical Analysis

The proteomics data were compared between racial groups. The original data for test
specimens were normalized by several steps. First, the blank values were subtracted from
each sample value for each protein, and negative values were forced to zero. Then, all
resulting values were multiplied by a normalization factor derived for each pool using the
protein level values in the mixed control sample. Lastly, the trimmed mean of M values
(TMM) was applied to remove the compositional bias [58]. The normalized data after log
2 transformation were analyzed using ANOVA with the adjustment of the first principal
component, which contained the unobserved confounding effect. Further, two post-hoc
multiple-comparison corrected tests for each protein having p-values < 0.05 in the overall
ANOVA test were performed. One was Tukey’s test for pairwise comparison. The other
was Dunnett’s test for the comparison between each of the minority groups and the White
group. Missing data were excluded from the analysis for each protein. The significance
level was 0.05. All analyses were implemented in R version 4.0 (R Core Team, 2014, Vienna,
Austria) using package edgeR [59] and other base functions.

4.4. Bioinformatics

The proteins found to be present in endometrioid endometrial cancer specimens from
women of each race at significantly different levels in comparison to at least one other set of
specimens from a different race were subjected to bioinformatic analysis. The analysis goals
were to validate the protein’s roles in cancer and racial disparity, and identify pathways
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and actionable targets in endometrial cancer specimens from patients of each race. Public
databases were used, including The Cancer Genome Atlas (TCGA) and Clinical Proteomic
Tumor Analysis Consortium (CPTAC), for the individual proteins. The UALCAN website
(http://ualcan.path.uab.edu/index.html, accessed on 29 June 2022) was used to determine
if the specific protein or its mRNA are significantly: altered in endometrial cancer compared
to healthy tissue; altered in Black compared to other races; and/or are associated with
survival and expression of other relevant proteins. UALCAN provides statistical analysis
for the data, although in many instances the numbers of people an individual race are too
low to provide sufficient power for significance. This information was carefully collated
and studied for each identified gene.

Ingenuity Pathway Analysis (IPA, Qiagen) was used to gather additional information,
such as the proteins’ mechanisms of action; interactions with other proteins; associations
with various diseases and cellular processes; and identification of drugs that target the spe-
cific proteins. IPA utilizes published literature and existing databases to provide extensive
information on individual proteins/genes and how they interact with other factors. The
list of proteins found to be present at differential levels in endometrial cancer specimens
from women of different races were uploaded into IPA web-based software. IPA was also
used to identify how the proteins are involved in canonical pathways, cellular and disease
processes and upstream/downstream molecules that can be targeted with FDA-approved
or investigational agents in clinical trials.

5. Conclusions

In our study, specific proteins have been identified as potential biomarkers of patient
prognosis and as drug targets in patients with endometrial cancer, for several races. Some
of these proteins are targeted by specific drugs that are currently being, or have already
been, tested in clinical trials and may be adaptable for endometrial cancer. Drug discovery
efforts for regulators of the other proteins that do not already have specific drugs would be
warranted upon their validation of the proteins being differentially expressed across races
and functionally involved in endometrial cancer development or aggressiveness. The goal
of these efforts would not be to develop a race-specific treatment, but more importantly, to
improve the worse outcomes of races that experience endometrial cancer disparities.
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Abstract: Endometrial cancer (EC) is the sixth most common cancer and the fourth leading cause of
death among women worldwide. Early detection and treatment are associated with a favourable
prognosis and reduction in mortality. Unlike other common cancers, however, screening strategies
lack the required sensitivity, specificity and accuracy to be successfully implemented in clinical
practice and current diagnostic approaches are invasive, costly and time consuming. Such limitations
highlight the unmet need to develop diagnostic and screening alternatives for EC, which should be
accurate, rapid, minimally invasive and cost-effective. Vibrational spectroscopic techniques, Mid-
Infrared Absorption Spectroscopy and Raman, exploit the atomic vibrational absorption induced by
interaction of light and a biological sample, to generate a unique spectral response: a “biochemical
fingerprint”. These are non-destructive techniques and, combined with multivariate statistical
analysis, have been shown over the last decade to provide discrimination between cancerous and
healthy samples, demonstrating a promising role in both cancer screening and diagnosis. The aim
of this review is to collate available evidence, in order to provide insight into the present status of
the application of vibrational biospectroscopy in endometrial cancer diagnosis and screening, and to
assess future prospects.

Keywords: endometrial cancer; uterine neoplasm; cancer of the endometrium; spectroscopy; Raman
spectroscopy; Fourier transform infrared spectroscopy; diagnosis; screening

1. Introduction

Endometrial cancer (EC) is the sixth most common cancer in women worldwide,
with rising incidence affecting women’s survival and health care resources [1] and global
projections of progressively increasing disease burden [2]. EC remains under-researched
compared with other malignancies, such as ovarian cancer and breast cancer [3]; however,
the last two decades have seen a steady increase in EC research activity [4], alongside
the involvement of patients and the public in the identification and planning of research
priorities [5].

Among patient-supported priorities for womb cancer, of particular interest are the
need for: patient risk stratification, individualised diagnostic pathways in case of abnormal
uterine bleeding and the development of minimally invasive approaches to monitor treat-
ment and detect disease recurrence [6]. These highlight the inadequacies and limitations of
current diagnostic, screening and monitoring approaches and the unmet need for minimally
invasive, objective, rapid and accurate alternatives.
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Increasingly more data are emerging in support of the role of vibrational biospec-
troscopy techniques as cancer diagnostic and screening tools [7,8], as well as the potential
role in the assessment of endometrial pathology [9,10]. It is relevant, therefore, to high-
light the status quo of the progress made to date in applying vibrational biospectrscopy
techniques to EC.

A large number of reviews has been published examining the oncological applications
of biospectroscopy [7,11–20], but to the authors’ knowledge, this is the first to focus on EC.

This review will first summarise current methods of EC diagnosis and screening, with
their advantages and limitations. It will then examine current advances of vibrational
spectroscopic techniques in EC, assessing how biospectroscopy methods could shape
diagnosis, screening and disease monitoring, their relevance to some of the EC top research
priorities, and will discuss current limitations and obstacles to clinical application.

2. Endometrial Cancer

EC is the most common cancer in women in the developed world, and the fourth
leading cause of death due to gynaecological cancer among women worldwide, accounting
for an estimated 382,069 new cases and 89,929 deaths in 2018 [1]. Early diagnosis is usually
associated with favourable prognosis, but there are significant disparities between high-
and low-income countries, indeed the highest annual increase in mortality is recorded
in the southern sub-Saharan African region [2,21]. In England, the 5-year survival rate
ranges between over 90% for women diagnosed in stage 1 and just 15% for those in stage 4
between 2013–2017 [22,23]. Most cases of EC occur in post-menopausal women, yet the
last few decades have seen an incidence increase across all age groups [24]. This trend,
particularly in developed countries, is directly linked to the rising prevalence of obesity,
one of the most important risk factors for EC [22,25].

EC is a heterogeneous disease [26]. Historically, it was classified by Bokhman [27] into
two main types, that differ in aetiology, as well as in clinico–pathological and epidemiolog-
ical characteristics: Type I, or endometrioid adenocarcinoma, and Type II, which includes
non-endometrioid subtypes such as: serous carcinoma, clear cell carcinoma and carcinosar-
coma/malignant mixed Müllerian tumours [26–28]. Type I cancers are the most common,
particularly in Caucasian populations, accounting for approximately three-quarters of all
EC. This form is associated with unopposed oestrogen exposure and often arises from a
precursor lesion, known as endometrial hyperplasia.

Type II cancers, by contrast, more prevalent for instance in the African–American
population, appear to be independent of hormonal risk and are usually not preceded
by endometrial hyperplasia. Type II cancers are considered high grade, and display a
more aggressive behaviour, with a high risk of extra-uterine disease at first presentation.
The prognosis is poorer compared with Type I cancers, with a tendency to recur even in
early-stage disease [29–31].

This dichotomous classification, while useful, is limited by the molecular and histo-
logical heterogeneity within each group, and the now recognised overlap between some
Type I and II cancer behaviour. Advances in endometrial cancer genomic and proteomic
characterisation have led to a deeper understanding of the biological, pathological and
genomic characteristics of cancer subsets and have now provided the basis for a substan-
tial integration of pathological and molecular classifications [32,33]. Indeed, The Cancer
Genome Atlas (TCGA) project reported, in 2013, a comprehensive genetic analysis of the
most common histological types of EC, identifying molecular mutations that correlate with
their clinical behaviour [34]. This pioneering research provided important prognostic infor-
mation, particularly for a sub-group of high-grade and high-risk endometrial carcinomas,
the POLE mutated tumours, that have been found to have an excellent prognosis [35]. Due
to the potential impact of molecular classification on cancer treatment, the European Society
of Gynaecological Oncology (ESGO), the European Society for Radiotherapy and Oncology
(ESTRO), and the European Society of Pathology (ESP) now jointly encourage molecular
classification of all EC, particularly the high-grade tumours [36].

84



Int. J. Mol. Sci. 2022, 23, 4859

The practical integration between pathological and molecular classifications in diag-
nostic pathways remains, however, challenging: from gene sequencing selection and the
risk of identifying unwanted or uninterpretable information, to the additional time required
to process results, and costs of equipment and specialised laboratory expertise, which may
limit the availability of such an integrated approach, particularly in low-income settings.

An alternative approach to a model based on sequencing a panel of selected genes [33]
could be to explore all of the range of biochemical features in a sample simultaneously,
with the use of vibrational biospectroscopy techniques.

2.1. Current Endometrial Cancer Diagnosis and Screening

Timely investigation of women presenting with symptoms, such as post-menopausal
bleeding and persistent menstrual irregularities, allows most cases of EC to be identified in
early stage.

Ultrasound imaging, hysteroscopy and endometrial biopsy, together with the histopat-
hological tissue analysis, are the current mainstay of EC diagnosis. In addition, magnetic
resonance imaging techniques (MRI) are useful in the assessment of depth of myometrium
invasion, cervical stromal involvement and lymph node metastasis [37–40].

However, unnecessary procedure should be avoided, which may expose patients to
complications, generate needless anxiety and take up financial resources. Indeed, hormonal
imbalance, coagulopathies, benign endometrial lesions and the use of medications including
hormone replacement therapy (HRT) are some of the factors associated with irregular and
recurrent vaginal bleeding, which may occur in the absence of EC [41]. Consequently, the
main challenge in early cancer diagnosis is the appropriate selection of those patients that
require investigations and invasive procedures.

2.1.1. Ultrasound Imaging

Ultrasound imaging is a technique, which uses high frequency sound waves to provide
information about tissue and organ characteristics. The procedure can be performed by the
transabdominal and transvaginal access routes, does not require bowel preparation, is safe
and is, overall, well tolerated by patients [42].

Ultrasonography is, however, highly operator dependent. Furthermore, excess adipose
tissue interferes with sound wave signals, affecting image quality [42], thus women with
high body habitus are at increased risk of suffering diagnostic delays [43].

Measurements of the endometrial thickness using ultrasound imaging are used as a
surrogate marker to check for the presence of intrauterine abnormalities [44]. However,
ultrasound imaging alone cannot discriminate whether an increased endometrial thickness
is secondary to a benign lesion or to malignant disease [44].

Women with post-menopausal bleeding have a 8–11% risk of EC, which justifies the
need for endometrial assessment in these patients [45]. The use of endometrial thickness
cut-offs of 4 mm and 5 mm leads to the correct identification of 94.8% and 90.3% of EC cases,
respectively [46]. However, the test specificity is poor, leading to a high risk of false positive
results and, consequently, many unnecessary invasive investigations and biopsies [46,47].

In pre-menopausal women with abnormal uterine bleeding, the diagnostic role of
endometrial thickness is controversial, as there can be overlap between physiological
thickening caused by sex hormones and that caused by endometrial disease [48]. While it
has been suggested that a thickness of <8 mm should be considered as non-hyperplastic [49],
and only 1% of endometrial cancers occurs in women < 40 years of age [47], there is still
no consensus on the ideal endometrial thickness cut-off in this group of patients [50], thus
an alternative or complementary non-invasive triaging tool would facilitate the clinician’s
decision-making on when to refer for further invasive diagnostic procedures.

2.1.2. Hysteroscopy

The direct endoscopic visualisation of the endometrial cavity by hysteroscopy, using
visible light at 4 to 5× magnification [51], is an invasive procedure that can be performed in
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order to evaluate the endometrial cavity, to remove lesions such as polyps or small fibroids
and to obtain endometrial biopsies.

Hysteroscopy can be carried out both in the outpatient setting and in theatre, under
regional or general anaesthetic [52]. Although, overall, the procedure has been shown
to be well tolerated, safe, accurate and acceptable, regardless of the setting in which is
performed [53–55], some patients do experience significant discomfort during outpatient
hysteroscopy [55]. Unfortunately, it is difficult to identify this group of patients preoper-
atively, and for these women a routine hysteroscopic procedure may turn into a painful
and traumatic experience. Furthermore, although uncommon, complications may arise,
including bleeding, infection and uterine damage [56], and the failure rate of hysteroscopy,
where the instrument cannot be successfully introduced into the uterine cavity, has been
estimated at 4.2% [55,57].

Well-conducted systematic reviews and meta-analyses found that hysteroscopy is
highly accurate for the diagnosis of EC in women with abnormal uterine bleeding [55,58,59]
and it is useful at excluding endometrial disease [58,59], although the diagnostic accuracy
for endometrial hyperplasia appears to be more modest [55].

Indeed, in its updated 2018 guidance, the UK National Institute for Health and Care
Excellence (NICE) now recommends that hysteroscopy can be offered as a first-line investi-
gation for heavy menstrual bleeding, in preference to pelvic ultrasound, if the woman’s
history suggests sub-mucosal fibroids, polyps or endometrial pathology [60].

The inevitable consequence of such a diagnostic strategy, however, is the need for a
structural re-organisation of healthcare services, in order to absorb the estimated 10,000
extra procedures that would be performed in England each year [61] and their added
financial costs. The availability of adequately sized and equipped facilities and investments
in recruitment and training of skilled staff are some of the challenges to overcome, in order
to implement the new guidance into clinical practice.

2.1.3. Endometrial Biopsy and Histological Analysis

Histological examination of an endometrial biopsy specimen is the current so-called:
“Gold Standard” of EC diagnosis. The sample preparation and analyses, required to allow
the visualisation of the internal architecture of cells and tissues and identify cancerous
features [62] are, however, time-consuming, and can be subject to human error [63].

The condition or quality of an endometrial biopsy must be “adequate” in order to
provide the histological diagnosis, but the lack of standard agreement on quality and quan-
tity assessment criteria [64] leaves the decision regarding sample suitability to individual
pathologists. This allows for a high inter-observer variability [65] and a risk of diagnostic
delay and potentially detrimental consequences for patients. The reported rate of insuffi-
cient quality or quantity of endometrial tissue samples for histological diagnosis in post-
menopausal women is 31% (range 7–76%) [66], while in pre-menopausal women it is lower,
ranging between 2% and 10% [67]. The reasons for insufficient sampling appear unclear:
the experience of the operator has not been confirmed to be a determining factor [68,69]
and there is wide variance between insufficient sample rates reported in single versus
multicentre studies, suggesting that study design may influence the results [55,68–71].

Importantly, obtaining an endometrial biopsy is not always a straightforward process.
Indeed, endometrial sampling fails in approximately 11% of cases (range 1–53%), mostly as
a consequence of cervical stenosis [66]. Factors such as the post-menopause, advanced age
and nulliparity also appear to be associated with higher failure rates, likely as a consequence
of variation in endometrial thickness and anatomical changes that occur in these patient
groups [69].

Outpatient endometrial biopsy has mostly replaced traditional dilatation and curettage
under general anaesthetic worldwide [72–74], as it has shown comparable performance,
while being less invasive and more cost effective [75,76]. The diagnostic accuracy of these
biopsies were investigated extensively and a number of meta-analyses were published,
reporting on sensitivity and specificity in relation to endometrial cancer, endometrial
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hyperplasia (with and without atypia) and benign endometrial disease [66,67,74,75,77].
Overall pipelle biopsy, with conventional histopathology, appears to be an effective tool to
identify endometrial cancer when adequate samples are obtained; however, the test is not
as reliable in the case of endometrial hyperplasia, where a negative result only decreases
the hyperplasia risk by 2-fold [77].

The potential failure to diagnose or exclude disease after invasive procedures, such as
hysteroscopy and endometrial biopsy, is concerning. Coupled with the highly subjective
nature of histopathological assessments, it highlights the need for alternative approaches to
complement current practice and provide pathologists with additional support in achieving
a more objective tissue evaluation. Furthermore, in the context of EC research priorities [6],
current diagnostic modalities, despite their established advantages, are insufficient to fully
address the need for patient risk stratification and the demand for minimally invasive,
individualised, screening, diagnostic and treatment monitoring pathways.

2.1.4. Screening for Endometrial Cancer

Screening is defined by the World Health Organisation (WHO) as “the presumptive
identification of unrecognized disease in an apparently healthy, asymptomatic population
by means of tests, examinations or other procedures that can be applied rapidly and easily
to the target population” [78]. We suggest that an ideal screening test should be accurate,
well-tolerated, associated with minimal morbidity and cost-effective.

Women with known Lynch Syndrome already undergo a multimodal surveillance
of the endometrium until hysterectomy is performed, due to their high lifetime risk of
developing EC [79].

Unfortunately, there is no EC screening test which is accurate and reliable enough
to be implemented for the general asymptomatic population [46–48,80,81]. Ultrasound
imaging, despite its accessibility, safety and low cost, unfortunately lacks the required
sensitivity and specificity, as demonstrated by the nested case-control study [80] within the
2016 United Kingdom Collaborative Trial of Ovarian Cancer Screening (UKCTOCS) [82].
The study showed that if the general UK population were screened using an endometrial
thickness cut-off of 5 mm, in order to diagnose 80.5% of cancers, for each endometrial
cancer or atypical endometrial hyperplasia (AEH) case detected, 58 healthy women would
have to undergo additional unnecessary investigation [80]. It is apparent that the modest
test accuracy, potential patient risks and added costs, do not justify the implementation of
such a screening strategy. There is, therefore, an unmet need to innovate current diagnostic
and screening methods, to tackle the increasing endometrial cancer disease burden and
allow early disease detection and timely treatment.

3. Aim of this Review

Since the turn of the 21st Century, vibrational biospectroscopy technologies have
been widely researched [7,8,12,13,83–85] and now show significant promise for clinical
application as a new type of stain-free pathology on ex vivo tissue, and also promise for
in vivo imaging. In the quest for clinical advance, it is timely to examine the potential
added value of vibrational biospectroscopy applications with regards to EC.

Here we will review Mid-Infrared Absorption Spectroscopy and Raman Spectroscopy.
We aim to highlight progress to date, with particular emphasis on implications for clinical
practice and the relevance to EC diagnosis and screening.

4. Biospectroscopy

The interaction between electromagnetic radiation and any particular matter results
in the measurable linear and nonlinear physical phenomena of absorption, emission,
reflection and scattering of the radiation by the matter; measurement of the radiation
after its interaction with matter yields information on the makeup and arrangement of
the matter and is known as spectroscopy. The measurement is displayed as a spectrum,
which is a graphical representation of energy absorption, emission, reflection or scattering
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by the material as a function of the incoming radiation photon energy (plotted usually
as frequency or wavelength). The application of spectroscopic techniques to biological
materials is called biospectroscopy and the name was only coined in the 1960s [86].

Mid-infrared Absorption and Raman scattering spectroscopy, are sister-vibrational
absorption techniques, being complementary as they are based on different quantum
mechanical rules. They are label-free, non-destructive optical methods with the ability
to investigate the vibration and rotation of atoms and molecules in biological materials,
induced by irradiation by light.

The vibrational spectra that are generated depend on the specific biochemical structure
of the sample tested; they provide information on the whole range of molecules within the
sample simultaneously, which can, therefore, be interpreted as a unique “signature” or a
“fingerprint” of that sample [12].

The alteration of molecular signatures in a cell or tissue, which has undergone disease
transformation, can be objectively detected, gaining vibrational spectroscopic techniques a
potential role in cancer diagnosis and screening [14,87,88].

4.1. Mid-Infrared Absorption Spectroscopy

Mid-infrared (MIR) light is a radiation region of the electromagnetic spectrum of
3–50 microns wavelength, as defined by ISO 20473:2007 [89]. When biological tissues are
exposed to MIR light, part of the photon energy can be resonantly absorbed, inducing
vibrations; the quantum mechanical selection rules include that there must be a change in
dipole moment during the vibration, hence heteropolar chemical bonds are vibrationally
stimulated. The intensity and wavelength of each vibration depend on the nature of the
chemical bonds and their specific molecular environment, that is its molecular structure [90].
The fraction of energy absorbed by the sample at different frequencies can be quantitatively
measured by means of dispersive infrared (IR) spectroscopes [87].

The technology has been further refined and made faster since the 1970s by the
introduction of Fourier transform (Ft) IR spectrometers, in which all broadband spectral
information is collected simultaneously, and then many times, in order to average and then
maximise the signal-to-noise ratio. The raw data obtained, called an interferogram, is then
converted using the Fourier transform mathematical algorithm into wavelength intensity,
from which the energy absorbed by the sample can be derived [90].

The majority of work reported to date used the technique of Fourier transform Infrared
(FtIR) with Attenuated Total Reflectance (ATR) on excised tissue, or extracted body fluids,
which overcomes the need for complex sample preparation [90]. Other image acquisition
modes include transmission and transflection; these require the use of suitable substrates
(e.g., calcium or barium fluoride slides) and longer machine and sample preparation
compared with ATR [17]. Transflection was shown to introduce spectral artefacts and so
has lost favour [91,92].

4.2. Raman Spectroscopy

Raman spectroscopy relies on the principle of inelastic scattering of photons, also
known as Raman scattering, and was first discovered by Raman in 1928 [93]. When a
monochromatic light source, such as a visible or near-infrared laser, interacts with a sample,
most of the light which scatters off is unchanged in energy. However, a very small number
of photons will exchange part of their energy with the molecules of the sample: the chemical
bonds of the sample become temporarily excited to a virtual state, then relax to a different
vibrational state, while the emitted photons shift to a lower (Stokes) or higher (Anti-Stokes)
frequency [94]. The shift in frequency, measured by the Raman spectrometer, is indicative
of specific vibrational modes of the sample molecules and, therefore, a unique “fingerprint”
spectrum can be inferred [88]. The quantum mechanical selection rules of Raman include
that the molecular bond should not undergo a change in dipole during vibration, thus
favouring homopolar chemical bonds. Hence, Raman spectroscopy is unaffected by water,
and is non-destructive and label-free [95]. These characteristics offer technology a high
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degree of flexibility, with potential applications to the study of fresh, fixed and live tissues
and cells [96]. Spontaneous Raman scattering is a rare phenomenon, with a very low
probability of occurrence (~1 in 108) [13]. In order to enhance the Raman-scattering signal
level, several variations of Raman spectroscopy have been developed, including resonant
Raman (RR), coherent anti-Stokes Raman scattering (CARS) and surface-enhanced Raman
scattering (SERS) [14]; these are, however, expensive technologies, with a large footprint.
Ultimately, the choice of instrument, desired wavelength and spatial resolution will vary
depending on the required application.

4.3. Biospectroscopy for Endometrial Tissue Interrogation

The development of effective diagnostic, screening and treatment strategies for en-
dometrial cancer finds its basis in a deep understanding of tissue physiological and patho-
logical processes. In particular, to be clinically useful, a new diagnostic or screening tool
should be able to accurately distinguish healthy patients from those with disease.

ATR-FtIR and Raman spectroscopy were used to categorise disease and identify can-
cer or intra-epithelial neoplasia in a number of excised tissues, such as prostate [97–101],
gastrointestinal tract [102–106], brain [95,107,108], breast [109–116], lung [117,118] and
skin [119–121]. Gynaecological applications include studies of cervical cytology and
histopathology [122–127], ovarian cancer [128,129] and vulvar disease [130].

With regards to endometrial tissue, vibrational biospectroscopy was successfully
applied in preliminary research to the study of its structural architecture [94,131], as well
as the classification of cancerous lesions [10,132,133], specific cancer subtypes [132,133]
and the identification of cell phenotypes with different drug sensitivity [134] (see Table 1).
There is, however, a paucity of literature, and specifically of large studies, compared with
other types of diseases.

Table 1. Spectroscopy of uterine tissues/cells, studies included in this Review.

Author Year Sample No of Patients Sample
Preparation

Spectroscopy
Method Spectral Findings

Theophilou
et al.
[131]

2018 Benign
uterine
tissue

3
Multiple tissue

sections per patient
Paraffin-

fixed
sections

Synchrotron
FtIR (SR-FtIR)

and
globar focal

plane
array-based
(FPA) FtIR

Identification of endometrial stem cell
putative location with SR-FtIR: changes
of stretching vibration in DNA, RNA,
nucleic acids and protein secondary
structure

Differentiation between functionalis
and basalis epithelial layers with
FPA-FtIR: variation in protein
secondary structure

Patel
et al.
[94]

2011

Benign and
malignant

endometrial
tissues

4

Freshly-
thawed
frozen

sections

Raman

Identification of tissue architecture:
- high content of DNA and RNA in
glandular epithelium
- high protein content in collagenous
stroma and myometrium

Kelly
et al.
[132]

2009

Benign and
malignant

endometrial
tissues

26
Non-tamoxifen

associated n = 15,
tamoxifen-
associated

n = 8

Paraffin-
fixed

sections

Synchrotron
FtIR (SR-FtIR)

Endometrioid carcinoma vs. benign:
variations in protein content and
secondary structure

Serous papillary and malignant mixed
mullerian tumours vs. benign:
variations in RNA and DNA regions

Group separation based on tamoxifen
usage improved cancer vs. benign
classification. Spectral changes were
observed in protein secondary structure
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Table 1. Cont.

Author Year Sample No of Patients Sample
Preparation

Spectroscopy
Method Spectral Findings

Taylor
et al.
[133]

2011

Benign and
malignant

endometrial
tissues

76

Ethanol-
based fixed

sections
(SurePathTM)

ATR-FtIR

Stages of mentrual cycle classification:
variation of lipid, Amide I, Amide II
and asymmetric phosphate stretching
vibration regions

Cancer vs. benign: increased content of
lipids and proteins

Classification of tumour subtypes:
- highest lipid content in grades I and III
endometrioid, in clear cell tumours,
adenosarcomas and carcinosarcomas
- variation of protein secondary
structure in endometrioid cancers

Depciuch
et al. [9]

2021

Benign, pre-
cancerous

and
malignant

endometrial
tissues

16 patients,
59 serial tissue

samples

Paraffin-
fixed

sections

Raman and
ATR-FtIR

Raman - cancer vs. benign: higher
content of lipids and proteins and
decreased collagen vibrations

ATR-FtIR - cancer vs. benign: higher
protein content and variations in
protein secondary structure

Barnas
et al.
[10]

2020

Benign, pre-
cancerous

and
malignant

endometrial
tissues

45
Paraffin-

fixed
sections

Raman and
ATR-FtIR

Raman:
- atypical hyperplasia vs. benign: higher
nucleic acids, shift in protein and lipid
peaks
- cancer vs. benign: shift of nucleic acids,
protein and lipid peaks

ATR-FtIR:
- atypical hyperplasia vs. benign:
changes in carbohydrates, collagen and
protein peak
- cancer vs. control: changes in
carbohydrates, collagen and protein
peaks

Krishna
et al.
[134]

2005

Chemo-
sensitive

and
multidrug
resistant
uterine

sarcoma cell
lines

15 samples Cell culture Raman and
FtIR

Raman - multidrug resistant phenotype
vs. sensitive cell line: changes in protein
secondary structure and DNA
vibrations

FtIR - multidrug resistant phenotype vs.
sensitive cell line: changes in protein
secondary structure and lipid content

Key: ATR = attenuated total reflectance; DNA = deoxyribonucleic acid; FPA = focal plane array; FtIR = Fourier
transform infrared; RNA = ribonucleic acid; SR = synchrotron; SurePathTM is owned by TriPath Imaging.

4.3.1. Assessment of Endometrial Structure

The endometrium is a highly complex regenerative tissue, with proliferation and
shedding cycles strictly regulated by the hormones oestrogen and progesterone. The en-
dometrial architecture and cellular turnover are also influenced by the activity of adult
endometrial stem cells [135], whose pathological changes may be involved in uterine
carcinogenesis and in the development of conditions such as adenomyosis and endometrio-
sis [135,136]. The study of endometrial tissue structure, including stem cell physiology and
function, may help further understanding of endometrial proliferative disorders and guide
future treatment strategies.
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In vivo and in vitro assays were already developed to isolate and characterise en-
dometrial stem cells [137–139]; a novel approach is to scrutinise endometrial stem cells
with biospectroscopy.

Theophilou et al. [131] examined endometrial glands, using synchrotron- and focal-
plane detector array-based FtIR spectroscopy. Vibrations of Amide I and II and PO2 in
DNA and RNA nucleic acid were the main factors that allowed the segregation between
the glands’ functionalis and basalis regions and the identification of putative stem cells
within the deepest/terminal portion of the endometrial glands in the basalis layer. Further-
more, the putative stem cells were identified in two separate locations of the gland bases,
prompting speculation that they might have different functions: one set being dormant and
one in active differentiation [131].

The endometrial architecture was also explored by Patel et al. [94], who analysed
benign and malignant uterine tissues with Raman microspectroscopy and were able to
identify features of myometrium, glandular components and uterine epithelium. Again, dif-
ferent computer algorithms were tested to analyse the spectra obtained. The wavenumbers
responsible for achieving the highest contrast between cellular structures were: 1234 cm−1

(Amide III), 1390 cm−1 (CH3 bend), 1675 cm−1 (Amide I/lipid), 1275 cm−1 (Amide III),
918 cm−1 (proline) and 936 cm−1 (proline, valine and proteins) [96]. By translating the
spectral information obtained into spectra-derived contrast images, they were able to recon-
struct an image of the tissue structure and match it with the correspondent Haematoxylin
and Eosin (H&E) stained architecture.

The use of spectroscopy may, therefore, help to uncover structural and biological
functions at a cellular level, leading a variety of potential clinical applications. Indeed, the
identification of specific cell types, such as endometrial stem cells, and the observation of
their biochemical activity, may correlate with clinical behaviours, such as chemotherapy
resistance or tendency to metastasise, thus potentially informing the development of
target treatments. The characterisation of the endometrial tissue structure, matched with
corresponding histological appearance, may be used as a complementary and objective tool
in support of standard histopathological diagnosis, with the aim of reducing inter-observer
variability and human errors.

4.3.2. Endometrial Cancer Diagnosis

The ability of FtIR spectroscopy to differentiate benign from malignant endometrial
tissue, and to discriminate between different cancer subtypes, has been investigated in the
quest for novel approaches to endometrial cancer diagnosis.

In a proof of concept study, Kelly et al. [132] used synchrotron-based Fourier-transform
infrared microspectroscopy to examine de-waxed paraffin-embedded blocks of excised uter-
ine tissue. They were able to discriminate between different endometrial cancer subtypes
and benign tissues, as well as to distinguish between tamoxifen- and non-tamoxifen-
associated cases. Interestingly, the cancer subtypes explored in the study exhibited different
discriminating spectral patterns, which may reflect differences in biological characteristics:
endometrioid types manifested discriminating wavenumbers, particularly in the protein
region (1800–1480 cm−1), whereas those contributing the most to serous papillary or ma-
lignant mixed Mullerian tumours segregation were primarily in the DNA/RNA region
(1425–900 cm−1) of the vibrational spectrum [132].

While the use of de-paraffinisation procedures allows access to large tissue banks,
essential for retrospective and novel exploratory studies, these methods require tissue
preparation or electronic spectral manipulation in order to exclude the contribution of
paraffin to the tissue spectra [140].

An alternative method, proposed by Taylor et al. [133], is to immerse endometrial
samples in ethanol-based liquid fixative (SurePathTM) and then perform sequential distilled
H2O washes prior to spectral collection. In their study, instead of a synchrotron source,
endometrial tissue was examined using a blackbody source in an ATR-FtIR instrument.
The different phases of the menstrual cycle, could be clearly differentiated, exhibiting
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large differences in absorption bands in the lipid, Amide I, Amide II and asymmetric
phosphate-stretching vibration regions. The authors also evaluated differences between
benign and malignant endometrium. Multivariate analysis with principal component
analysis (PCA), followed by linear discriminant analysis (LDA), obtained ~80% separation
between benign and malignant spectra [133]. Among discriminating wavenumbers, most
differences between benign and malignant tissues were consistent with previous data [132]
and identified in the Amide I/II (1624, 1750, 1516 cm−1) regions, as well as in the protein
band (1477 cm−1), asymmetrical PO2

− (1230 cm−1), RNA/carbohydrate (1168 cm−1) and
phosphorylated proteins (968 cm−1). In addition, the lipid region (1735 cm−1) also appeared
to have a significant discriminating role.

More recently, Depciuch et al. [9] identified the chemical changes that occur during
the carcinogenesis process in endometrial tissues with both Raman and FtIR spectroscopy
and reported classification accuracy ranging between 62.71 and 96.61%; the research group
further combined Raman and FtIR spectroscopy to differentiate endometrial cancer, atypi-
cal hyperplasia and controls [10]. Alterations in nucleic acid, Amide I, lipids and collagen
were seen in the Raman spectra, while changes in carbohydrates and amide vibrations
were shown in the FtIR spectra. The shifts in wavenumber reported for tissues at dif-
ferent stages of carcinogenesis were consistent with those previously reported by other
authors [94,133,141].

Tables 2 and 3, illustrate a full list of typical FtIR absorption band assignment and
Raman shifts, respectively, identified in endometrial cancers.

Table 2. Peak assignment of typical FtIR spectra absorption bands observed in endometrioid and
non-endometrioid endometrial cancers [9,131,133,142,143].

Endometrioid
Wavenumber/(cm−1)

Non-Endometrioid
Wavenumber/(cm−1) Peak Assignment

1735 1736 Ester carbonyl of lipids

1682, 1624 1624, 1601 Amide I group in peptide linkages of proteins

1570, 1516 1570, 1516 Amide II group in peptide linkages of proteins

1535 C-N stretching contribution to Amide II

1477, 1462, 1450 1477 CH2 group scissoring modes in proteins
(collagen)

1373 C-O-O symmetric stretching of fatty acids, and
amino acid side chains

1340 1340 CH2 wagging of proline in amino acids and
collagen

1240 Amide III-N-H bending, C-N stretch, C-C stretch
of proteins, DNA, phospholipids

1234, 1230 1231 Asymmetric PO2
− stretching in RNA and DNA

1169 1173, 1142
C-O-C and C-O-P stretching and ring vibrations,
symmetric C-O stretching coupled to C-O-H
bending of carbohydrates

1088 1061 Symmetric PO2
− stretching in RNA and DNA

1066 C-O stretching mode of C–OH groups of serine,
threonine, and tyrosine of protein

1034 1003 Symmetric C-O-C/C-O stretching of Glycogen

964 968 Phosphorylated proteins
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Table 3. Raman shift, with corresponding vibrations described in endometrioid adenocarcinoma [9,10,94,144].

Raman Shift/(cm−1) Vibration Assignment

853, 821 Proline, hydroxyproline, tyrosine, PO2 stretching from nucleic acids

880, 876 C-C stretching from proline and hydroxyproline

1066, 935 Proline, valine, PO2 stretching from nucleic acids

1299 Phosphodiester groups in nucleic acids

1302 Amide III (collagen assignment)

1335 Adenine

1376, 1374 Tryptophan

1447 CH2 bending from lipids and proteins

1561 C-C, tryptophan (protein assignment)

1685, 1660 Amide I

1792, 1723 C-O stretching from lipids

2795, 2758 CH3 stretching from lipids

2873 CH2 stretching from lipids

The ability of biospectroscopy to discriminate between normal and abnormal samples,
rapidly providing label-free information on their biomolecular features bypassing the need
for extensive tissue processing, has important clinical implications.

From a risk stratification point of view, biospectroscopy could be employed as a triage
tool: the interrogation of endometrial biopsies at the bedside providing information on the
likelihood of disease could help streamlining fast-track pathways. Prioritising conventional
tissue diagnosis for those patients with the highest risk of cancer would not only speed up
treatment, but also reduce patient anxiety that arises from waiting for test results.

Additionally, biospectroscopy could be developed into an intra-operative tool, to
assess metastatic lymph node involvement or the nature of peritoneal deposits, to assist
surgeons with precious real-time information, thus allowing them to individualise the
treatment provided.

4.3.3. Treatment and Surveillance

Beside discriminating normal and malignant tissues, optical spectroscopy techniques
were explored for potential application in cancer therapy and disease surveillance. Multi-
drug resistance is one of the greatest hurdles to chemotherapy and the ability to discriminate
between sensitive/resistant cancer cell lines may improve treatment effectiveness and allow
the development of individualised treatment plans.

Krishna et al. [134] reported on the identification by spectroscopy of specific pheno-
types in uterine cancer cell lines. By applying PCA analysis to spectral data obtained with
Raman and FtIR spectroscopes, multi-drug resistant (MDR) phenotypes of uterine sarcoma
cell lines were distinguished from their drug sensitive counterparts, showing promising
differentiation of cell types and the identification of their biological functions [134]. Discrim-
inating spectral features included changes in protein secondary structure, DNA vibrations
and lipid content.

Similarly, pilot studies have also examined pre- and post-chemotherapy tissue spectra
of colon, breast and ovarian cancers, as follows.

Kaznowska et al. [145] applied PCA-LDA to FtIR spectra of cancerous and healthy
colon tissues to detect pre- and post-chemotherapy spectral differences. Interestingly, al-
though the baseline structure of healthy tissue was not restored after chemotherapy, the
spectra of healthy and post-chemotherapy colon displayed a high degree of similarity,
which could be used as a marker of treatment effectiveness: the higher the spectral similari-
ties, the greater the treatment response [145]. Depciuch et al. [115] reported similar spectral

93



Int. J. Mol. Sci. 2022, 23, 4859

findings in breast cancer tissue pre- and post-chemotherapy, where the resemblance of the
post-chemotherapy tissue FtIR spectrum to the healthy tissue FtIR spectrum correlated
with the clinical response to treatment.

Finally, Zendehdel et al. [146] studied chemotherapy resistance patterns of ovarian
cancer cell lines with FtIR spectroscopy coupled with PCA analysis. The authors identified
alterations in secondary protein structures and a shift toward the high wavenumbers of the
CH2 stretching vibration to 2920 and 2852 cm−1.

The potential ability of spectroscopy methods to detect chemotherapy resistance and
to assess spectral changes in tissues after treatment, could be exploited to guide the choice
of cancer therapy and could be further developed in the context of disease monitoring.

4.4. Biospectroscopy of Biofluids: Screening and Cancer Diagnosis

With the endometrial cancer global disease burden expected to rise, disease screening,
early detection and treatment monitoring will benefit from the development of more cost-
effective, rapid, non-invasive and label-free techniques. Biological fluids, being readily
accessible with low-cost procedures, represent the ideal sample target. Indeed, the study of
biofluids with spectroscopy is becoming a rapidly emerging field and a number of pilot
studies have now been published, focusing on oncological applications, as well as on a
broad range of acute and chronic medical conditions [83,88,129,147–153].

With regards to endometrial cancer, biospectroscopy was proposed as a novel approach
to test blood, urine and saliva (Table 4). The development of such techniques is particularly
relevant as currently available methods, such as radiological imaging and blood biomarkers,
lack the required sensitivity, specificity and accuracy to be used as effective screening tools.
Interestingly, while Raman spectroscopy of blood serum was recently investigated for the
first time as a non-invasive technique to diagnose endometriosis [154], no studies were
found on the application of Raman spectroscopy to biofluids for EC diagnosis.

Similar to experiments performed with endometrial tissue, the sample manipulations
and chemometric analyses used to test biofluids vary between studies. The first pilot
research, by Gajjar et al. [149], investigated the potential role of ATR-FtIR for cancer
diagnosis using blood samples and, with the development of “machine classifiers”, reported
classification rates of endometrial cancer versus controls up to 77.08% and 81.67% for serum
and plasma, respectively. The same spectral data were more recently re-analysed by the
research group [143], to evaluate the performance of alternative data-processing methods
and classifier tools. Furthermore, the authors focused on the water-free sub-section of the
spectrum (1430 cm−1 to 900 cm−1), in contrast with the more extended bio-fingerprint
region (1800 cm−1 to 900 cm−1) used in the original paper. The researchers assessed four
types of classifiers and reported high discrimination rates for both plasma (sensitivity
of 0.865 ± 0.043 and specificity of 0.895 ± 0.023 with k-Nearest Neighbours algorithm)
and serum (sensitivity 0.899 ± 0.023, specificity 0.763 ± 0.048 for LDA). This approach
demonstrated for the first time the possibility of overcoming the dominant effect of water
seen in the analysis of hydrated samples with MIR spectroscopy, which would support
future applications of MIR spectroscopy in vivo to cancer diagnosis and screening [143].

Paraskevaidi et al. [155,156] used ATR-FtIR spectroscopy with PCA followed by sup-
port vector machine (PCA-SVM) to analyse blood plasma and serum from women with
endometrial cancer and age-matched healthy controls. Test performance was described
as high as 100% sensitivity and 85% specificity (98% accuracy) and changes in the bands
associated with proteins and lipids were consistently responsible for the discrimination
between blood plasma and serum from endometrial cancer and healthy samples. Tradi-
tionally, low-emissivity (low-E) slides have been used as ATR-FtIR substrates to support
samples; however, their high cost may limit their use in large-scale studies and implemen-
tation in routine analysis. Aluminium foil substrate may represent an equivalent, cheaper,
sample-support alternative for the detection of endometrial cancer with blood plasma and
serum [156]. Indeed, Paraskevaidi et al. [156] showed that aluminium foil substrate was
able to differentiate blood plasma and serum from patients with endometrial cancer and
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controls, with sensitivities and specificities comparable with the traditional low-E slides.
The cost-effectiveness and ease of use, if validated in larger datasets, would greatly facilitate
clinical application.

Table 4. Spectroscopy of biofluids: endometrial cancer studies included in this Review.

Author Year Sample No of
Patients Preparation Spectroscopy

Method Spectral Findings

Gajjar
et al. [149]

2013

Endometrial
cancer and

healthy blood
plasma and

serum

60 Dried
samples

ATR-FTIR

Plasma cancer vs. healthy: changes of
stretching vibration in glycogen, RNA,
fatty acids, amino acids and lower
levels of lipids

Serum cancer vs. healthy: changes of
stretching vibration in DNA, RNA and
lower levels of lipids

Paraskevaidi
et al. [155] 2017

Endometrial
cancer and

healthy blood
plasma and

serum

89 Dried
samples ATR-FTIR

Discrimination between cancer
subtypes for both plasma and serum
due to protein and lipid alterations

Paraskevaidi
et al. [156]

2018

Endometrial
cancer and

healthy blood
plasma and

serum

85 for
plasma,
75 for
serum

Dried
samples ATR-FTIR

Aluminium foil:
- plasma cancer vs. healthy:

changes in protein secondary
structure and lipids

- serum cancer vs. healthy: changes
in glycogen, phosphate, fatty acid
and amino acids

Low-E slides:
- plasma cancer vs. healthy:

changes in protein secondary
structure and lipids

- serum cancer vs. healthy: changes
in protein secondary structure and
nucleic acids

Paraskevaidi
et al. [152] 2018

Endometrial
cancer and

healthy urine
20 Dried

samples ATR-FTIR

Cancer vs. healthy: increased proteins
and nucleic acids, decreased lipid
content and alterations in protein
secondary structure

Bel’skaya
et al. [153] 2019

Endometrial
cancer and

controls saliva
55

Lipid
extraction
with Folch

solution

FTIR Cancer vs. controls: decreased lipid
content

Paraskevaidi
et al. [141]

2020

Endometrial
cancer, atypical

hyperplasia, and
healthy blood

plasma

652 Dried
samples

ATR-FTIR

Cancer vs. healthy: increased lipids and
decreased content of carbohydrates and
fatty acids

Hyperplasia vs. healthy: higher nucleic
acids, collagen and stretching vibration
in DNA and RNA

Type I vs. Type II cancers: changes in
protein secondary structure

Mabwa
et al. [143] 2021

Endometrial
cancer and

healthy blood
plasma and

serum

60 Dried
samples ATR-FTIR

- Plasma and Serum
(bio-fingerprint region 1430 cm−1

to 900 cm−1)—cancer vs. healthy:
changes of stretching vibration in
DNA, RNA, changes in fatty acid,
amino acid and protein content
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More recently, the same group, Paraskevaidi et al. [141], examined plasma from
women with endometrial cancer, atypical hyperplasia and controls with ATR-FtIR in the
largest diagnostic cross-sectional study to date (total n = 652). The study identified the six
most discriminatory peaks for each subgroup analysis, suggesting these features could be
developed in a panel of diagnostic spectral markers. Endometrial cancers and controls were
differentiated with 87% sensitivity and 78% specificity (overall accuracy of 83%); further
analysis of cancer subtypes achieved disease discrimination with sensitivities of 71–100%
and specificities of 81–88%. In addition, the authors accounted for potential confounding
factors, such as age, body mass index (BMI), diabetes, fasting status and blood pressure and
found no impact on spectral classification after applying the MANOVA test (multivariate
analysis of variance) to the spectral wavenumbers.

Discrimination between endometrial cancer and controls appears consistently superior
for plasma over serum samples. It has been speculated that this might be due to the more
complex and heterogeneous composition of the plasma; however, the cause of superior
diagnostic results, being a panel of biomolecules or the presence of higher concentration of
cell-free DNA, still remains to be determined [149,156].

In addition to plasma and serum, pilot research has also applied biospectroscopy
techniques for endometrial cancer diagnosis to urine and saliva analysis.

Urine spectra obtained by Paraskevaidi et al. [152] yielded high levels of diagnostic
accuracy after the application of multivariate analysis and classification algorithms (95%
sensitivity and 100% specificity, 95% accuracy). The classification methods used included:
partial least squares discriminant analysis (PLS-DA), PCA-SVM and genetic algorithm with
LDA (GA-LDA.) The majority of discriminating wavelengths were once more located in
the lipid, protein and acid nucleic infrared regions.

Saliva spectral analysis by Bel’skaya et al. [153] showed interesting alterations in the
lipid regions of patients with endometrial and ovarian cancer; in particular, the ratio of
the intensity of the absorption bands 2923/2957 cm−1 appeared to consistently decrease in
cancer samples compared with controls, leading the authors to propose its use as a new
diagnostic criterion.

Spectral differences in lipid absorption bands of healthy and diseased samples, also
documented in prostate [157] and breast cancer [158], may be explained by tumour-
mediated changes of the lipid metabolism and may warrant further investigations in
the context of non-invasive endometrial cancer biomarker development.

5. State of Play, Present Challenges and Future Perspectives

We have reviewed here the progress made to date on the application of vibrational
biospectroscopy methods to endometrial cancer studies and their role in the analysis of
endometrial tissue and biofluids.

Vibrational biospectroscopy appears to be able to provide detailed information on
endometrial architecture, and cell function. Furthermore, it was successfully used to
discriminate between normal and cancerous tissues, to identify different cancer subtypes
and to differentiate between drug-resistant and drug-sensitive cell phenotypes.

The qualitative and quantitative spectral changes associated with specific groups of
biomolecules, such as proteins, lipids, amino acids and carbohydrates, can be exploited to
develop disease-specific biomarkers.

The flexibility of the methods allows a variety of fresh, fixed, dry or wet specimens
to be processed. An additional advantage is the ability of interrogating, simultaneously,
the entirety of the molecules in a sample, in contrast with time-consuming individual
biochemical mapping. With the development of computer software able to provide spectral
data analysis and display in real time [159], there is an opportunity to conceptualise a novel
bedside tool, or a point-of-care test for endometrial cancer. Such a tool, in conjunction with
already established diagnostic tests, could facilitate patient triage and selection for addi-
tional more invasive procedures, and could be used intra-operatively to assess suspicious
peritoneal lesions or metastatic lymph node involvement. Finally, the analysis of biofluids
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with spectroscopy might support the development of non-invasive screening pathways, as
well as strategies for disease monitoring and assessment of response to treatment. Focus on
the practical applications of biospectroscopy techniques to endometrial cancer diagnosis,
screening and monitoring, therefore, fit nicely in the context of current endometrial cancer
research priorities.

While vibrational spectroscopy development made significant progress over the last
few decades, several challenges were, however, identified that still stand in the way of
clinical translation; indeed, the techniques are still at the experimental stage and not yet in
general use in clinics. More work is required, with adequately powered studies: from the
adjustment of analytical instrumentation to be suitable for use in a clinical context, such a
theatre room, a clinic or a laboratory, to the adaptation and standardisation of protocols for
sample collection, processing and data analysis of different biological materials, as well
as the essential need for spectral panel validation, reproducibility of results and design of
analytical systems to fit well with clinical implementation [12].

These general considerations can also be extended to the application of biospec-
troscopy in Gynaecology. With regards to endometrial cancer, the first large study was
published on the use of blood biospectroscopy as an early detection tool [141]; however,
most of the other current evidence here-described consists of pilot and feasibility studies,
with the inherent limitation of a small sample size. Patient characteristics, such as hormonal
status, body mass index, age and co-morbidities, should be considered and patient groups
appropriately matched to allow meaningful comparison between groups. Biofluids are
ideal candidates for developing minimally invasive diagnostic/screening tests but, while
preliminary studies have shown promising results with regards to the biospectroscopy
diagnostic and screening potential for EC, current studies have not yet compared discrimi-
nation between EC and other cancers. The identification of disease-specific spectral features
would be useful and should be explored prior to clinical implementation.

In addition, the majority of the experimental work in endometrial cancer has so far
been conducted on preserved specimens, but to develop a point-of-care or intraoperative
test, data are needed on the feasibility of performing reliable spectral analysis of fresh
samples. In particular, the adverse impact on the quality of the data that may arise from
the presence of water and blood components in the samples and the inherent heterogeneity
of endometrial tissues are barriers that must be overcome in order to obtain results that
are useful for clinical application. Furthermore, the variability of the sample-processing
techniques used in different studies, even in the context of dry and fixed tissues, and the
different approaches with regards to chemometric analysis and data extraction, make it
challenging to draw direct comparison between datasets to date.

The limitations and challenges highlighted in this paper have important implications
for future research. Validation and reproducibility of results should be assessed in larger
scale, adequately powered, clinical trials. Future study designs should ensure patient
groups are adequately matched. Spectral investigation of endometrial fresh tissue should
be explored and results compared to dry analysis and “Gold Standard” histopathology.
Finally, sample collection, processing and storage, as well as spectral acquisition and data
extraction, should follow standardised protocols in order to minimise bias and guarantee
the quality and reproducibility of results. Clearly, there is still a long way to go before
clinical implementation, but vibrational biospectroscopy is proving to be an evolving
technology with promising applications in endometrial cancer, which certainly warrants
further exploration.
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Abstract: The presence of lymph node metastases in endometrial cancer patients is a critical factor
guiding treatment decisions; however, surgical and imaging methods for their detection are limited
by morbidity and inaccuracy. To determine if sera can predict the presence of positive lymph nodes,
sera collected from endometrial cancer patients with or without lymph node metastases, and benign
gynecology surgical patients (N = 20 per group) were subjected to electron spray ionization mass
spectrometry (ES-MS). Peaks that were significantly different among the groups were evaluated by
leave one out cross validation (LOOCV) for their ability to differentiation between the groups. Proteins
in the peaks were identified by MS/MS of five specimens in each group. Ingenuity Pathway Analysis
was used to predict pathways regulated by the protein profiles. LOOCV of sera protein discriminated
between each of the group comparisons and predicted positive lymph nodes. Pathways implicated in
metastases included loss of PTEN activation and PI3K, AKT and PKA activation, leading to calcium
signaling, oxidative phosphorylation and estrogen receptor-induced transcription, leading to platelet
activation, epithelial-to-mesenchymal transition and senescence. Upstream activators implicated in
these events included neurostimulation and inflammation, activation of G-Protein-Coupled Receptor
Gβγ, loss of HER-2 activation and upregulation of the insulin receptor.

Keywords: endometrial cancer; lymph node; metastasis; epithelial-to-mesenchymal transition; leave
one out cross validation; mass spectrometry; signaling pathways

1. Introduction

Endometrial cancer is one of the ten major cancers in women and its incidence and
mortality are increasing worldwide [1,2]. The presence of lymph node metastases in
endometrial cancer patients is key to the clinical prediction of disease recurrence and
overall survival [3–5]. Treatment decisions are based on surgical staging with stages I and
II confined to the uterus, while stages III and IV have spread beyond the uterus. Metastasis
to the locoregional (pelvic and para-aortic) lymph node basins are classified as stage IIIC1
and IIIC2, respectively. Currently, the method and extent of evaluation for lymph node
metastases at the time of surgery is highly controversial [6]. Removal and evaluation of
lymph nodes (lymphadenectomy) has the benefit of reducing the potential of hematogenous
and lymphatic spread of the cancer to distant sites, but at the cost of increased patient
morbidity due to surgical complications such as lymphedema, lymphocyst formation,
cellulitis, endothelial and neurovascular injury [6,7]. These issues are especially pertinent
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to obese and morbidly obese patients in whom surgical resection of the lymph nodes
is complicated by poor surgical exposure and increased risk of surgical complications.
Additionally, the co-morbidities that result from long-standing obesity often make these
women poor surgical candidates [7,8]. Thus, the decision to perform a lymphadenectomy
remains a topic of debate among gynecologic oncology surgeons and especially in patients
with low grade endometrioid histology and multiple medical co-morbidities who are at
low risk of extrauterine disease and high risk of surgical morbidity [9,10].

A less morbid alternative to complete pelvic and aortocaval lymphadenectomy is
lymphatic mapping (via imaging following cervical injection with dye) followed by directed
sampling of the first lymph node(s) that directly drain the uterus (sentinel lymph nodes);
however, the utility of sentinel lymph node mapping especially in high-risk endometrial
cancer histologies remains controversial [10,11]. Sentinel lymph node mapping increases the
overall detection rate for metastases, but has <5% false negative rate [10] when performed
with a complete lymphadenectomy. In clinical trials evaluating the predictive value of
sentinel lymph node sampling for endometrial cancer, 67% of gynecologic oncologists
performed a back-up lymphadenectomy most notably observed when staging patients at
high risk for recurrence [12]. Retrospective, multi-institutional studies found that back-up
lymphadenectomy did not improve disease-free or overall survival of high-risk or obese
endometrial cancer patients [8,13], but did connote clinical benefit by directing the use of
adjuvant therapy in patients with identified positive sentinel lymph nodes. The addition of
this therapy, chemotherapy and/or radiation therapy was shown to reduce endometrial
cancer recurrence in the pelvic sidewall [14], and expanded the use of surgical staging in
high morbidity, obese and medically compromised patients.

Based on the importance of knowing the lymph node status in dictating adjuvant
therapy and predicting disease-specific survival from endometrial cancer, the current limi-
tations of radiographic assessments in predicting nodal metastases and the controversies
surrounding utilization of sentinel lymph node mapping and biopsy versus complete
pelvic and aortocaval lymphadenectomy, additional means to identify and understand the
biology of metastatic lymph nodes in endometrial cancer patients are needed. Analysis
of peripheral blood represents a novel, low morbidity approach to evaluating tumor char-
acteristics at the time of diagnosis that could provide cancer-specific characteristics that
can guide surgical management and adjuvant treatment decisions. The objective of this
study was to determine if sera proteomic profiling can prediction the presence of lymph
node metastases in endometrial cancer patients and to gain insight into the tumor biology
associated with lymphatic dissemination of endometrial cancer. Protein profiles present
at significantly different levels in sera collected from endometrial cancer patient with or
without lymph node metastases and surgical patients with benign gynecologic conditions
were identified and found to predict the presence of metastases.

2. Results

Twenty sera samples from each of the following three groups of patients were evalu-
ated by electron-spray ionization MS (ESI-MS), Stages I (N-19) and II (N = 1) endometrial
cancer patients (no lymph node metastases), Stage IIIC (N = 19) and IVB (N = 1) endometrial
cancer patients and Benign Gynecology surgical patients. All of the endometrial cancer
histologies included in the study were endometrioid. There were no significant differences
in patient age, body mass indices (BMIs), race, use of tobacco, alcohol, NSAIDs, aspirin,
metformin or insulin, or diagnosis of Type 2 diabetes, hypertension, cardiovascular disease
or arthritis between the groups (Table 1).
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Table 1. Comparison of patient characteristics between groups.

Characteristic Benign Stage I or II Stage IIIC or IVB p-Value *

Age, y, median (range) 58 (50–64) 57 (52–63) 62 (32–77) 0.43

BMI, mean (SD) 35.4 (7.9) 35.3 (7.5) 34.7 (6.5) 0.95

Race: 0.56
White 10 17 15
Black 1 2 4

American Indian 0 1 0
Asian 0 0 1

Unknown/Other 9 0 0

Endometrioid Histology:
No N/A
Yes N/A

Tobacco Use:
No 15 13 13 >0.99
Yes 1 1 2

Second-hand 3 6 4
Unknown 1 0 0

Alcohol Use: 0.78
No 14 17 16
Yes 5 3 3

Unknown 1 0 0

NSAIDs Use: >0.99
No 17 14 12
Yes 3 6 7

Aspirin Use: >0.99
No 18 16 16
Yes 2 4 3

Metformin Use: >0.99
No 20 19 18
Yes 0 1 1

Insulin Use: >0.99
No 20 20 18
Yes 0 0 1

Type 2 Diabetes: >0.99
No 19 17 16
Yes 1 3 3

Hypertension: >0.99
No 10 13 10
Yes 10 7 9

Cardiovascular Disease: >0.99
No 19 19 19
Yes 1 1 0

Arthritis: >0.99
No 19 18 14
Yes 1 2 5

* Ordinary one-way ANOVA used for age and BMI, Friedman test use for all other characteristics.

Mass spectra of diluted serum samples were compared between the groups using
leave one out cross validation (LOOCV) (Figure 1A). Individual peaks in the electron spray
ionization MS (ESI-MS) that exhibited significantly different normalized areas between the
different groups were identified (Figure 1B). The area of each peak represents the average
amount of observable components detected in the prepared sera at each indicated cen-
troided m/Z for the specific group of patients indicated. The LOOCV analysis of the data
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were able to discriminate sera of endometrial cancer patients from Benign Gynecology con-
trols (Figure 1C, p = 6.6 × 10−20). As a validation of the analysis, LOOCV was performed
on groups consisting of patients randomly assigned into the groups while matching for
age and pathologic staging in each group. If the identification of patients to their randomly
assigned group fails (as it did in this situation), this would suggest that the pathology
originally defining the patient samples is the major factor producing the group separations.
This analysis demonstrated no significant differences in the sera profiles of RND groups
(Figure 1D). The overlap of, or lack of differentiation between, the groups when the speci-
mens were randomly assigned to being cancer or benign, provides a negative control for
the significant differentiation observed between the groups when they are assigned to their
true pathology group of cancer or benign, and suggests that the pathology is the major
factor producing the distinction between groups.
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Figure 1. LOOCV of ES-MS data to identify peaks that are significantly different in cancer compared
to control subjects. (A) Flowchart of approach. (B) Plot of peaks (an “*” is above each peak and
peak m/z’s are specified) with significantly different areas under the curve/amount of protein
detected in cancer and control sera. (C) LOOCV of all endometrial cancer stages compared to benign.
(D) LOOCV of all endometrial cancer stages randomized compare to benign gynecology groups
when the specimens are randomly assigned to the groups (RND).

LOOCV analysis of the data was also able to differentiate between each combination
of two of the three groups (Figure 2A: Stages I and II compared to Benign, Figure 2B: Stages
IIC and IV Compared to Benign, Figure 2C: Stages I and II compared to Stages IIIC and IV).
Lack of LOOCV analysis differentiation of the groups when specimens were randomized
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to the different groups instead of being assigned to their true groups documented the lack
of arbitrary results (Supplemental Figure S1. LOOCV analysis of randomized groups). This
approach was also able to distinguish sera from ovarian cancer compared to endometrial
cancer using ESI-MS data from our previous publication [15] that distinguished sera from
ovarian cancer from benign controls, and ovarian cancer without (Stages I and II) and
with (Stages III and IV) positive lymph nodes (Figure 2D and Supplementary SA1: Author
comments concerning the Ovarian data previously published). Again, there were no
differentiation between the groups when LOOCV analysis was performed on samples
randomly assigned to groups instead of being assigned to their true groups (Supplemental
Figure S1). LOOCV analysis was also able to distinguish endometrial cancer from ovarian
cancer when evaluated by individual stages of I and III (Supplemental Figure S2). Detailed
LOOCV data are provided in Supplementary SB (File SB1: Sera as used in LOOCV Figures;
File SB2: Master peak areas for each patient De-identified; File SB3. LOOCV Significant
peaks by test and figure; and File SB4: LOOCV results of sera MS peaks).
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Figure 2. LOOCV analysis comparison of individual groups and ovarian cancer sera. (A) Endometrial
Cancer Stages I and II compared to Benign; (B) Endometrial Cancer Stages IIC and IV compared
to Benign; (C) Endometrial Cancer Stages I and I compared to Stages IIIC and IV; (D) Endometrial
Cancer Stages I, II, IIIC and IV endometrial cancer compared to Ovarian Cancer Stages I, II, III and IV.

The proteins in these significant peaks were then identified by subjecting five samples
from each group (Supplementary SA. File SA2: Patient samples utilized for MS/MS) to
tandem MS/MS mass peak peptide/protein structure identification. Proteins that are
overexpressed in diseased cells can often be detected in blood, considered as biomarkers
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of the disease conditions, and provide insight into the disease mechanism. Therefore, we
evaluated the sera protein profiles of the different groups for their involvement with specific
canonical signaling pathways which might be driving the endometrial cancer biology. Inge-
nuity pathway analysis (IPA) of the differential protein profiles in the endometrial cancer
groups predicted multiple canonical pathways to be upregulated or downregulated (Table 2
and Figure 3). Comparison of the Stage I and II and Benign groups predicted repression
(negative z-scores) of pathways involved in epithelial-to-mesenchymal transition (EMT),
fibrosis, HER-2 signaling, neuroinflammation, GP6 and STAT3; and activation (positive
z-scores) of Th2 immune cells, PTEN Signaling and Protein Kinase A (PKA) signaling.
Comparison of the Stages IIIC and IV and Benign groups identified activation of multiple
pathways involved in neuronal signaling, estrogen receptor (ER) signaling, senescence,
oxidative phosphorylation, protein kinase A (PKA), G Coupled Protein Receptor (GCPR)
Gβγ Signaling and phosphoinositide 3-kinase (PI3K) in B Lymphocytes and Integrin Sig-
naling. No pathways were identified to be significantly repressed in this comparison. The
osteoarthritis pathway was the only activated pathway found to be significantly different
in the comparison of Stages IIIC and IV and Stages I and II groups.
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Table 2. Canonical pathways involved with significantly different proteins between groups.

Group Comparison Pathway z-Score p-Value Molecules *

Stages I and II vs.
Benign

Hepatic Fibrosis
Signaling −2.646 0.019 FGFR1,GLI1, ITGB2,

NOX1,SOS2,TGFBR2,TTN,WNT6

Regulation of EMT by
Growth Factors −2.236 0.018 EGF,FGFR1,GSC,SOS2,TGFBR2

HER−2 Signaling in
Breast Cancer −1.342 0.019 EGF, ITGB2, MT-CO1, NRG1, SOS2

Neuroinflammation
Signaling −1.342 0.040 CASP8, ELP1, GRIN3B, NOX1, PPP3R1,

TGFBR2

GP6 Signaling −1 0.018 COL4A3, LAMA2, LAMA5, NOX1

Regulation of EMT in
Development −1 0.005 GLI1, GSC, JAG2, WNT6

STAT3 −1 0.022 EGF, FGFR1, INSR, TGFBR2

Th2 1.0 0.0005 ITGB2, JAG2, NOTCH3, NOTCH4,TGFBR2

PTEN Signaling 0.447 0.0002 ELP1, FGFR1, INSR, ITGB2, MAGI2, SOS2,
TGFBR2

PKA Signaling 0.447 0.041 AKAP13, PPP3R1, PTPN22, PTPRS, RYR2,
TGFBR2, TTN

Stages IIIC and IV vs.
Benign

Cardiac Hypertrophy
Signaling 2.236 0.01 CACNA1A, CACNA1E, KRAS, NFATC4,

PLCG1

Synaptic Long-term
Depression 2.236 0.003 CACNA1A,CACNA1E,GRIA4,KRAS, PLCG1

Role of NFAT in
Cardiac Hypertrophy 2.236 0.006 CACNA1A, CACNA1E, KRAS, NFATC4,

PLCG1

ER Signaling 2.236 0.005 CACNA1A,CACNA1E,KRAS, MT-CYB,
MT-ND1, MT-ND5, PLCG1

Senescence 2.236 0.019 CACNA1A, CACNA1E, EP400, KRAS,
NFATC4

Oxidative
Phosphorylation 2 0.003 MT-CO2,MT-CYB,MT-ND1,MT-ND5

G Beta Gamma
Signaling 2 0.005 CACNA1A,CACNA1E,KRAS, PLCG1

Endocannabinoid
Neuronal Synapse 2 0.007 CACNA1A,CACNA1E, GRIA4,PLCG1

Ca2+ Signaling 2 0.026 CACNA1A, CACNA1E, GRIA4, NFATC4

PKA Signaling 1 0.018 FLNB, NFATC4, PDE3B, PLCG1,PTPN5, TTN

PI3K Signaling in B
Lymphocytes 1 0.007 CBL, KRAS, NFATC4, PLCG1

Integrin Signaling 1 0.025 KRAS, PLCG1, TLN2, TTN

Synaptogenesis
Signaling 0.447 0.023 CDH23, GRIA4, KRAS,PLCG1, RELN

Osteoarthritis 0.447 0.0006 FN1, ITGB6, LRP1, NOTCH1, PPARD,
TNFRSF1B

Stages IIIC and IV vs.
Stages II and III Osteoarthritis 0.447 0.0006 FN1, ITGB6, LRP1, NOTCH1, PPARD,

TNFRSF1B

* Abbreviations defined in Supplemental Table S1: Gene IDs and Names of Proteins. Direction of difference
between first and second group listed in agreement with pathway activation (green) or repression (red), or no
anticipated direction of difference (black).
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3. Discussion

The results of this study identify proteins that are differentially present in sera from
patients undergoing surgery for Stages I and II Endometrial Cancer, Stages IIIC and IV
Endometrial Cancer or Benign Gynecologic Conditions. LOOCV analyses of the protein
profiles in these groups were able to distinguish the cancer from the controls or ovarian can-
cer patients, as well as the two different stage groups from each other. These results suggest
that sera and novel biomarkers in sera can be used for early diagnosis and management of
endometrial cancer. The ability to predict Stages IIIC and IV compared to Stages I and II
offers promise for developing a blood-based assay that can be added to the clinical and
surgical endpoints currently used to make treatment decisions. These decisions include
potentially avoiding lymphadenectomy or sentinel lymph node mapping in patients who
are poor surgical candidates. This preliminary finding provides proof-of-principle for
the capability of blood-based assays to predict the presence of lymph node metastases in
endometrial cancer patients. Further studies with improved mass spectrometry technology
and validation of the differential levels of the identified proteins among the three groups of
patients are needed to translate these findings toward clinical application.

The results of this study were not likely affected by patient demographics, which
were not significantly different between the groups, or by the endometrial histology type,
because only the endometrioid type of endometrial cancer histology was included in this
study. This is an important consideration as histology type has been classically used to
categorize the aggressiveness of endometrial cancer. Before the advent of tumor molecular
characterization, endometrial cancer was categorized into a less-aggressive Type I associ-
ated with diabetes, obesity, high estrogen exposure and estrogen receptor α expression,
and the more-aggressive Type II, which has a higher risk of metastases and occurs more
often in post-menopausal non-obese women [16]. Type I endometrial cancers are primarily
endometrioid histology, while the more aggressive histologic types of serous, mucinous
and clear cell are categorized as Type II endometrial cancers. The Cancer Genome Atlas
(TCGA) analysis of endometrial cancer identified four risk categories based on tumor DNA
mutation profile subtypes [17]. Although endometrioid histology is not associated with the
most aggressive TCGA molecular subtype, it was chosen for this study because it is the
most common endometrial cancer histology and allowed availability of a sufficient number
of samples within both early- and late-stage patients across a single histologic type. In
general, the Stages I and II endometrial cancer group in this study could be considered to be
categorized as the less aggressive Type I, while the Stages IIIC and IV could be categorized
as the more aggressive Type II endometrial cancer.

The differential proteins identified in this study offer an opportunity to study the simi-
larities and differences of early and late stages of endometrial cancer biological processes.
The presence of proteins in blood can reflect altered levels of these proteins within diseased
cells. Therefore, the differential proteins in sera of patients with and without positive
lymph nodes can provide insight into the biology of the endometrial cancer metastatic
process (Figure 4).

In the comparison of the early Stages I and II Endometrial Cancer with the Benign
Gynecology Control Group, several processes commonly deregulated in both endometrial
cancer and diabetes were identified: EMT, PTEN/PI3K, and STAT3. EMT is a process that
drives endometrial cancer metastases conferring on cells the capability to migrate, invade
and resist apoptosis, and is considered the first step in endometrial cancer metastases [18].
Animal models have shown that diabetes increases the EMT of cancer cells [19,20]. Consis-
tent with this association, EMT/fibrosis signaling pathways were found in this study to be
repressed in Stages I and II, but not in Stages IIIC and IV endometrial cancer. This loss of
EMT/fibrosis prevention is concordant with the presence of positive lymph nodes in Stages
IIIC and IV, but not in Stages I and II. The pathways that regulate the EMT in cancer cells
were also identified to be associated with differential sera proteins identified in this study.
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context of pathway components implicated in endometrial cancer metastases. (B) The z-scores for 
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Figure 4. Evolution of canonical pathways in progression from Benign to Early Endometrial Cancer
Stages I and II to Metastatic Endometrial Cancer Stages IIIC and IV. (A) Illustration of the cellular
context of pathway components implicated in endometrial cancer metastases. (B) The z-scores for
the association of the differential sera proteins in the individual pathways plotted for the different
groups. Positive z-scores indicate activation, negative z-scores indicate repression of the pathways.
EMT/Fibrosis is the average of hepatic fibrosis signaling, regulation of EMT by growth factors, GP6
signaling and regulation of EMT in development pathways in the Stages I and II group. Neurostim-
ulation (Neurostim) represents the average of cardiac hypertrophy signaling, synaptic long-term
depression, role of nfat in cardiac hypertrophy, endocannabinoid neuronal synapse and synaptogene-
sis signaling in the stages IIIC and IV group. Inflammation refers to Th2 signaling in the stages I and
II group and PI3K signaling in B lymphocytes in stages IIIC and IV. (A,B) In both panels, red indicates
loss of pathway regulation is associated with metastatic progression; purple indicates activation
of pathway occurs in early endometrial cancer; blue indicates progressively increased activation
with metastatic progression; green indicates that pathway regulation is associated with metastatic
progression. Subfigure (A) created with BioRender.com.

EMT is repressed by PTEN and induced PI3K/Akt pathways [18]. PTEN acts as a
tumor suppressor gene and represses activation of the PI3K/Akt pathway [21–23]. PI3K
and/or PTEN mutations are present in over 90% of endometrioid endometrial cancers [17].
PTEN expression is commonly lost in endometrial pre-cancer and cancer due to genetic
and epigenetic causes; however, its association with patient outcome is controversial
and its prognostic significance may be modulated by obesity [24]. Upregulation of the
PI3K/Akt pathway by hyperinsulinemia has been shown to drive endometrial cancer
development [25]. On the other hand, PTEN expression is elevated in diabetes. Elevated
serum PTEN levels in women with gestational diabetes has been associated with increased
insulin resistance [26]. In this study, activation of PTEN signaling identified in Stages I and
II, but not Stages IIIC and IV compared to the Benign groups may be due to the higher
association of diabetes with early stage or Type I endometrial cancer compared to late stage
or Type II endometrial cancer. Furthermore, the activation of PTEN signaling in the Stages
I and II group is only partial, because it is associated with downregulation of three proteins,
FGFR1, SOS2 and TGFBR2, which are decreased in PTEN activation, and is counteracted
with the upregulation of INSR and MAGI2, which are increased with PTEN signaling.

The PI3K pathway is a major player in diabetes through its induction by insulin and
effects on metabolism [27]. PI3K activation and lack of PTEN Signaling activation in the
Stages IIIC and IV Group, compared to each of the other groups, is concordant with a loss
of PTEN repression of PI3K as endometrial cancer cells undergo EMT and metastasize.
The PI3K pathway identified was specific to B lymphocytes and may reflect activation
of an immune response. This lack of PTEN activation and presence of PI3K signaling
activation in Stages IIIC and IV compared to Benign groups are logical upstream mediators
of the activation of oxidative phosphorylation, CA2+ signaling pathways and senescence.
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PTEN inhibits, while PI3K stimulates, oxidative phosphorylation in cancer cells [28]. PI3K
activation leads to downstream induction of CA2+ signaling through effects on lipids and
PKA, which modulate CA2+ ion channels [29]. Senescence is induced in cancer cells by
several oncogenic events, including loss of PTEN and activation of PI3K signaling, while
other alterations mutations compromise this oncogene-induced senescence to allow the
cancer to thrive [30].

A pathway common to both Stages I and II and Stages IIIC and IV compared to Benign
groups is PKA signaling. The z-score for PKA activation increased from the earlier to the
later stages, while only the TTN kinase was present in both the early and late stage PKA
pathway proteins. Little is known about the role of PKA signaling in endometrial cancer
except for a report that luteinizing hormone increases invasion of endometrial cancer cell
lines through activation of PKA [31].

The signaling pathways identified in this study (PTEN, PI3K, PKA, CA2+) are known
to interact and influence each other’s activities and to mediate the downstream activation
of the Gβγ GPCR [32]. GPCRs have been shown to be activated by neurotransmitters
in ovarian cancer [33]. Neuronal and neuroinflammation pathways were observed to be
repressed in Stages I and II and activated in Stages IIIC and IV compared to Benign groups.
Proteins involved in neuronal development and excitability have been reported to be over-
expressed in endometrial cancer. Axotrophin, which is involved in neuronal development
and immune response, was found to be elevated in endometrial cancer and to cause EMT,
migration and invasion in endometrial cancer cell lines [34]. HERG K(+)channels, which
regulate neuronal and cardiac excitability, were found to be expressed at higher levels in en-
dometrial cancer tissues compared to normal and hyperplastic endometrial epithelium [35].
Neuronal activation pathways may integrate with the other signaling pathways in this
study based on their activation of GCPRs in epithelial cancer cells [33].

The HER-2 membrane receptor is another upstream regulator of PTEN/PI3K and
PKA signaling identified in this study. Repression of HER-2 signaling was also noted in
Stages I and II, but not in Stages IIIC and IV compared to the Benign group. Reports of
HER-2 expression association with prognostic significance and clinicopathologic features
of endometrial cancer are inconsistent. Positive HER-2 expression has been found to be an
independent prognosticator of worse endometrial cancer patient survival in several stud-
ies [36–40], while a study of 315 patients with endometrioid histology endometrial cancer
found no significant association of HER-2 expression with survival, stages I through IV can-
cer or other clinicopathologic features [41]. A study of 79 patients with Stages I through IV
endometrial cancer with various histologies found that the number of cancers with positive
HER-2 staining was greater in tumors with ≤50% compared to ≥50% myometrial invasion
and in patients with absence compared to presence of positive lymph nodes [42]. Another
study of 68 Stages I and II endometrial cancer also reported the number of cancers with
positive HER-2 staining to be greater tumors with ≥50% myometrial invasion compared to
≤50% myometrial invasion [43].

EMT is a downstream consequence of STAT3 activation [44]. In this study, STAT3
signaling was repressed in Stages I and II, but not in Stages IIIC and IV compared to Benign
groups. Gain of function STAT3 mutations have been shown to promote diabetes, while
inhibition of the JAK kinase upstream of STAT3 has been shown to control lymphopro-
liferation in a diabetes patient with a STAT3 gain of function mutation [45,46]. STAT3
was reported to be upregulated in early-stage endometrial cancer, and inhibition of its
signaling pathway has been shown to repress endometrial cancer stem cells and tumor
growth [47,48]. Thus, the STAT3 repression observed in this study is likely counteracted
by the significantly elevated levels of the INSR insulin receptor observed in the Stages I
and II group compared to benign controls. STAT3 repression in Stages I and II, and the lack
of STAT3 repression in Stages IIIC and IV, is concordant with the absence and presence of
lymph node metastases, respectively, in these groups.

Platelets are also implicated in the mechanism of metastases in this study based on the
repression of GP6 signaling in Stages I and II, and lack of this repression in Stages IIIC and
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IV. GP6 is a collagen receptor expressed primarily on platelets where it participates platelet
activation [49]. Platelets and cancer cells interact in a pathological feed-forward loop in
which the cancer cells activate platelets and platelets support cancer cells. Platelet counts
are significantly elevated in endometrial cancer patients, and, in combination with other
factors, are prognostic for presence of positive lymph nodes and worse prognosis [50–52].
Blood-based assays including platelet counts have also been shown to differentiate between
endometrial cancer from atypical endometrial hyperplasia [53]. PI3K and CA2+ signaling,
and oxidative phosphorylation, mediate platelet activation downstream of GP6 [54].

The identification of activation of the osteoarthritis canonical pathway with Stage IIIC
and IV compared to Stages I and II endometrial cancers is consistent with some preliminary
findings associating arthritis with increased risk of endometrial cancer. There are several
case reports of endometrial cancer in patients with arthritis [55,56]. Patients with the
arthritis-associated Myhre syndrome were found to have a 9% incidence of endometrial
cancer [57]. A retrospective cohort study found a significant elevation of endometrial
cancer in patients diagnosed with dermatomyositis, but not with other rheumatoid arthritis
conditions (95% CI = 3.7 to 110.3) [58].

4. Materials and Methods
4.1. Clinical Specimens

The sera samples were obtained from the Stephenson Cancer Center Biospecimen
Bank under a University of Oklahoma Health Sciences Center Internal Review Board-
approved protocol. The twenty specimens in the Benign Gynecology group were collected
from surgical patients with the following pathology diagnoses: ovarian benign neoplasms
(N = 8), endometriosis (N = 3), uterine fibroids (N = 2), both ovarian neoplasms and uterine
fibroids (N = 3), ovarian and endometrial fibroids and cervical intraepithelial neoplasia
(N = 1), atypical endometrial hyperplasia (N = 1), vulvar intraepithelial neoplasia (N = 1)
and unknown benign pathology (N = 1). All of the histologies of the 20 endometrial cancers
in the Stages I and II groups were endometrioid. All of the histologies of the 20 endometrial
cancers in the Stages IIIC and IV groups were endometrioid.

4.2. ESI-MS

Serum ESI-MS and mass peak analysis were performed as described [15,59–61]. In
brief, serum samples were diluted (4 µL sera + 1200 µL of a mixture of 50% methanol, 2%
formic acid and 48% water). The ESI-MS was performed on an ADVANTAGE (Thermo
Fisher, Waltham, MA, USA) ion-trap mass spectrometer in positive ion mode. The source
had been modified with a fused silica tip (Polymicro Technologies: Phoenix, AZ, USA)
with a 20 micron inside diameter and a 90 micron external diameter. Voltages were set with
1.75 Kv source voltage and 0.34 µamperes current with a capillary temp of 195 ◦C, for each
injection. The flow rate was 0.23 µL per minute using an Eldex MicroPro HPLC pumping
system. Samples were triplicate loop injected for MS spectral data and data were acquired
for 15–30 min periods. MS signal data (timed from stable injection peak) were extracted
from each file in 1.0 m/z units.

4.3. LOOCV Mass Peak Analysis and Statistics

As previously described [15,59–61], post-acquisition MS spectral data processing was
performed by locally normalizing each injection data stream set to a total peak intensity
value of 100 within a 10 m/z window along the 350–2000 m/z observed range. Peaks were
identified using valley to valley definition and averaged within closest 1 unit m/z values.
Data acquired in triplicate for each sample were averaged as a representative spectral
peak pattern. LOOCV analysis format was used to assess the similarity and significance
of peak patterns between the known individual patient groups, using t-tests (significance
designated at p < 0.05, one-tailed, unequal variance). LOOCV analysis was used to remove
the overfitting potential, which is the over-optimistic bias potentially observed when a
sample is tested against a set of test variables constructed from a group of samples that
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also included the sample being tested. Use of the LOOCV procedure reduces this bias by
serially removing one sample from the dataset and creating a set of test variables from
the remaining samples. The variable sample database was then only valid for use against
that particular left-out sample. The sample data were then replaced into its proper group
and the next sample is removed to create a new variable database against which it is
tested. This sample removal and data base construction continues until all samples have
been tested. The peak area at each m/z was compared to the remaining samples. If the
left-out sample peak was above the PCV, then that peak was scored with the pathology
of the group with the higher mean at the specific peak; otherwise, the peak was scored
with the pathology of the group with the lower mean at that peak. All peaks having
been scored, the percentage of peaks scored in each group was plotted on the y axis (see
patient scoring distribution figures). Additionally, a database series was created where
treatments groups are evenly mixed (referred to as random groups “RND”) to assess the
potential for identifying random unrelated data patterns using the same methodology and
number of significant peaks. Each sera sample was scored against its respective database
by performing the above described LOOCV, analyzing each peak between the 400–2000
m/z range. Additional detailed information is provided in Supplementary SA (File SA3:
Binary LOOCV test metrics, File SA4: Concerning Files uploaded to JPost repository and
File SA5: LCQ-ADVANTAGE Instrument Method for MSMS example).

4.4. Tandem MS/MS and Bioinformatic Analysis

For tandem MS peptide sequence analysis [59], samples from sera were randomly
selected (Supplementary SA. File SA2: Patient samples utilized for MSMS) and re-analyzed
in the MS ion-trap instrument via selected reaction monitoring MS/MS without chro-
matographic separation of sera. The mass peaks analyzed were pre-determined in the
ESI-MS positive mode and found to be significant from the LOOCV analysis (p < 0.05).
These peaks were chosen for MS/MS isolation and fragmentation. The significant selected
peaks were between a 500–1100 m/z range and are a master set of the peaks represented
in figures showing MS trace peaks. Identification of peak proteins was established using
SEQUEST Proteome Discoverer 1.0 (Thermo Fisher) employing the “no cleavage” setting on
a Human database created through the Discoverer software from an NCBI non-redundant
database downloaded on 6 October 2015. Peptides/proteins MS/MS identification from
samples involved a cross-correlation value (Xcorr) of 2.0 or better [62]. For Ingenuity®

Pathway Analysis (IPA®, QIAGEN, Germantown, MD, USA www.qiagen.com/ingenuity
(accessed on 10 January 2022)), associated gene names and the number of identified MS/MS
sequences were each imported as base-2 log ratios of untreated tumor sequence “hits” di-
vided by treated tumor “hits”. Detected pathways were manually inspected and verified
using Medline/PubMed. Additional detailed information is provided in Supplementary SA
(File SA5: LCQ-ADVANTAGE Instrument Method for MSMS example and File SA6: LCQ-
ADVANTAGE Machine Status Log MSMS example) and Supplementary SB (File SB5: Peak
list for MSMS analysis of sera).

4.5. Test Metrics

A test/procedure diagnostic value is determined for each group after analysis of each
sample through the LOOCV process and is defined by sensitivity, specificity, predictive
value and efficiency [63,64]. The sensitivity of the test was determined from TP/(TP + FN)
for each comparison, where TP was the number of true positives for known disease
presence, and FN was the number of false negatives for known disease presence. Specificity
was calculated from TN/(TN + FP), where TN is the number of true negatives and FP is the
number of false positives. Each comparison of groups utilized TP, FP, TN and FN values
defined using cutoffs #SD (standard deviations) above and below the mean percentage %
of classified mass patient serum peaks. The number of SDs from the mean for each group
was set equal to each other so there was one cutoff with an equal number of SD on each
side from the respective group mean.
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5. Conclusions

Sera protein profiles have the potential to predict the presence of positive lymph
nodes in endometrial cancer patients. The canonical pathways associated with proteins
differentially present in sera of Benign Gynecology, Stages I and II and Stages IIIC and
IV groups of patients provide insight into the biology of endometrial cancer metastases
(Figure 4). Several pathways involved in the Stages I and II versus Benign groups compari-
son would logically inhibit metastases (activation of PTEN and repression of HER-2, STAT3
and EMT), and concordantly, these pathways were not present in the Stage IIIC and IV
versus to Benign groups comparison, suggesting that loss of PTEN activation and HER-2,
STAT3 and EMT repression are involved in endometrial cancer metastatic progression.
Activation of GPCR, HER-2 and integrin receptors, leading to PI3K and PKA activation,
leading to oxidative phosphorylation and CA2+ signaling, leading to EMT and senescence,
are implicated in endometrial cancer metastasis, along with ER-mediated transcription and
loss of PTEN activation. Neurostimulation and inflammation are implicated as upstream
mediators of these events.
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Abstract: Endometrial cancer (EC) is the most frequent gynaecologic cancer in postmenopausal
women. We used 2D-DIGE and mass spectrometry to identify candidate biomarkers in endometrial
cancer, analysing the serum protein contents of 10 patients versus 10 control subjects. Using gel-based
proteomics, we identified 24 candidate biomarkers, considering only spots with a fold change in
volume percentage ≥ 1.5 or intensity change ≤ 0.6, which were significantly different between
cases and controls (p < 0.05). We used Western blotting analysis both in the serum and tissue of
43 patients for data validation. Among the identified proteins, we selected Suprabasin (SBSN), an
oncogene previously associated with poor prognosis in different cancers. SBSN principal isoforms
were subjected to Western blotting analysis in serum and surgery-excised tissue: both isoforms
were downregulated in the tissue. However, in serum, isoform 1 was upregulated, while isoform 2
was downregulated. Data-mining on the TCGA and GTEx projects, using the GEPIA2.0 interface,
indicated a diminished SBSN expression in the Uterine Corpus Endometrial Cancer (UCEC) database
compared to normal tissue, confirming proteomic results. These results suggest that SBSN, specifically
isoform 2, in tissue or serum, could be a potential novel biomarker in endometrial cancer.

Keywords: endometrial cancer; mass spectrometry; serum proteome; Suprabasin; 2D-DIGE;
Western blotting

1. Introduction

Endometrial cancer (EC), with an increasing incidence, is the most frequent gynaeco-
logic cancer in postmenopausal women [1]. Most EC cases are in the early stages of the
disease [2]. Uterine EC is of two types: type 1 is correlated to oestrogen and comprises 80%
of cases, while type 2 is described as an independent oestrogen tumour [3].

Many factors increase the risk of developing EC, such as obesity, age, and type 2
diabetes [4].

At present, no diagnostic test is available for EC screening. Abnormal vaginal bleeding
is the most common symptom [5]. Further invasive investigations, such as hysteroscopy [6],
are needed to obtain a definitive diagnosis.

A test based on biological fluids can dramatically change the diagnosis and treatment
of this disease and contribute to its early detection [7]. In this context, molecular biology
techniques are fundamental in the early diagnosis and prediction of a cancer therapy’s
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benefits [8]. Serum proteomic permits the identification of new biomarkers for the diagnosis
and prognosis of EC [9]. Several candidate biomarkers, such as FAM83D [10], ITIH4, CLU,
C1R, and SERPINC1, have been previously identified with proteomic technology [11].

Many oncogenes have been identified as possible biomarkers in EC, including EGFR,
PI3KCA, K-Ras, HER2/neu, and FGFR2 [12]. In physiological conditions, these genes are
inactivated, while their activation would lead to an uncontrollable proliferation of cells [13].

Suprabasin (SBSN) is an oncogene and biomarker in several cancers such as lung
carcinoma, salivary adenoid cystic carcinoma, and myelodysplastic syndromes (MDS).
The physiological role of SBSN is still unknown [14]. The human SBSN gene is localised
in chromosome 19 and consists of five exons and four introns, while mRNA produces
three isoforms by alternative splicing [15]. The first two proteoforms of SBSN are well
defined [16]: isoform 1 has 590 aa, with a predicted mass of 60.541 Da; while isoform 2, a
247 aa long polypeptide with a predicted mass of 25.335 Da, is a proposed oncogene in
human malignancies [16].

2D-DIGE is a modified version of 2D-PAGE, which uses up to four fluorescent tags
for protein labelling [11]. This technology was successfully employed for the identification
of several biomarkers in cancers [17–19] and to characterise new pathways in cancer
pathophysiology [20,21].

In this study, for the first time, we quantified the abundance of the two isoforms of
SBSN in cancer tissue and serum by using Western blotting and evaluated the possible
benefit of this protein as a potential novel biomarker in endometrial cancer.

2. Results
2.1. Proteomic Study

We used 2D-DIGE coupled with MS for the proteomic study to compare the enriched
serum proteomic profile of 10 controls (Cys 3) and 10 EC (Cys 5). Proteomweaver software
detected more than 2500 (Figure 1) protein spots in both types of the proteome. After
software analysis, 24 protein spots (Table 1) showed a significant alteration (p < 0.05) of
their volume in EC vs. control samples, with a fold change of ≥1.5 or ≤0.6. Seven of them
revealed a fold change ≥1.5 (APOC3, APOC2, APOE, SERPINC1, C1R, SERPINA1, A2M),
while 17 proteins indicated a fold change ≤0.6 (APOA1, APOA1, APCS, APOE, CLU, CD5L,
CFHR1, VTN, C9, C8A, ALB, C4BPA, IGHM, ITIH2, C1R, SERPINA1, FLG2, SBSN, APOA4,
CPS1). Spots of interest were subjected to in-gel digestion and LC-MS/MS analysis, and
proteins were identified by searching the MS/MS data against the human section of the
UniProt database. All parameters functional in assessing the quality of peptide and protein
identifications have been reported in Supplementary Files S1 and S2.

Table 1. Different abundance of proteins identified by mass spectrometry in EC compared to the
abundance in control serum.

Accession
Number

Spot
Number Protein Description Gene

Symbol Protein Score Fold Change * p-Value

A0A3B3ISR2 28 Complement subcomponent C1r C1R 164.93 4 0.044
P01009 29 Alpha-1-antitrypsin SERPINA1 325.07 3.66 0.033
P01023 31 Alpha-2-macroglobulin A2M 150.15 3 0.022
P10909 10 Clusterin CLU 398.29 2.5 0.033
P01008 14 Antithrombin-III SERPINC1 403.15 2.22 0.029
P02655 2A Apolipoprotein C-II APOC2 152.70 2 0.044
P02656 1A Apolipoprotein C-III APOC3 623.84 1.98 0.033
P02743 7 Serum amyloid P-component APCS 557.00 0.6 0.049
P02649 9 Apolipoprotein E APOE 324.58 0.6 0.048
P02768 21 Albumin ALB 1017.31 0.6 0.041
P02748 17 Complement component C9 C9 261.24 0.54 0.021
P07357 20 Complement component C8 alpha chain C8A 111.76 0.53 0.045
Q5D862 35 Filaggrin 2 FLG2 105.48 0.45 0.036
Q6UWP8 37 Suprabasin SBSN 156.66 0.43 0.022
P06727 38 Apolipoprotein A-IV APOA4 844.88 0.4 0.046
P04004 16 Vitronectin VTN 368.01 0.4 0.021
B1AKG0 12 Complement factor H-related protein 1 CFHR1 354.47 0.39 0.030
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Table 1. Cont.

Accession
Number

Spot
Number Protein Description Gene

Symbol Protein Score Fold Change * p-Value

P02647 3 Apolipoprotein A-I APOA1 378.52 0.38 0.028

P31327 33 Carbamoyl-phosphate synthase
[ammonia], mitochondrial CPS1 110.97 0.3 0.036

P02647 5 Apolipoprotein A-I APOA1 481.70 0.28 0.034
O43866 11 CD5 antigen-like CD5L 127.16 0.28 0.033
P04003 23 C4b-binding protein alpha chain C4BPA 373.27 0.24 0.0099

* Fold change is defined as the mean % volume ratio according to the formula: %V = Volume single spot/Volume
total spot of EC vs. C.
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2.2. Western Blotting for SBSN Validation

The altered abundance of 2D-DIGE SBSN in depleted serum was validated by Western
blotting. SBSN was chosen for proteomic data validation since it has been previously
reported either as an oncogene or as a biomarker in other cancers. For both isoforms,
the abundance of SBSN in the enriched serum was validated in 30 controls versus 30 EC
patients. The abundance of isoform 2 was lower in EC serum than in controls (p = 0.0005
and ROC = 0.7544) (Figure 2), while isoform 1 in serum is not significantly higher than in
controls (p = 0.2523 and ROC = 0.5867).
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Figure 2. Western blotting analysis of serum isoform 1 and isoform 2 of SBSN in controls (C) and
endometrial cancer (EC) patients. The intensity of immunostained bands was normalised against the
total protein intensities measured from the same blot stained with Red Ponceau. The graph shows
the relative abundance of the two isoforms in control and endometrial cancer serum. Results are
shown as a histogram (p < 0.05), each bar representing mean ± standard deviation.

The abundance of isoform 1 in tissue was lower in EC than in controls (p = 0.0001 and
ROC = 0.7928) (Figure 3). Isoform 2 was also lower in EC than in controls (p = 0.0001 and
ROC = 0.7933).

We calculated the ratio of SBSN-1 between ADK patients and controls, and did the
same for SBSN-2. We then calculated the Spearman’s rank correlation between the two
ratios, both in the serum and in tissue samples. Figures 4 and 5 show the plotted values of
the ratios for serum and tissue samples, respectively. In serum samples, the rank correlation
between the two ratios was significant (rho = 0.4433, p = 0.0142). In tissue samples, the rank
correlation between the two ratios was somehow weaker but still significant (rho = 0.3820,
p = 0.0372).
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2.3. Bioinformatic Analysis

We aimed to confirm the proteomic results and investigated the TCGA database to
assess SBSN expression in EC compared to normal tissue using the GEPIA2 portal. In
Figure 6 we reported SBSN mRNA expression in normal versus EC tissues, showing a slight
reduction in gene expression in tumours, although not statistically significant (p = 0.072).

For enrichment data, we used g: Profiler classification. This tool categorised the identi-
fied proteins into groups according to their molecular function, biological processes, and
cellular component (Figure 7). Regarding the molecular function, proteins were categorised
into phosphatidylcholine-sterol O-acyltransferase, lipoprotein particle receptor binding,
enzyme inhibitor activity, and lipase inhibitor activity, while for biological processes, pro-
teins were classified into complement activation, humoral immune response, high-density
lipoprotein particle remodelling, and reverse cholesterol transport. Proteins were organised
into blood microparticles, extracellular region, extracellular space, and collagen-containing
extracellular matrix for cellular components. Pathway enrichment analysis was performed
using the REACTOME tool (Figure 7). Proteins were then grouped into six main path-
ways: plasma lipoprotein remodelling (APOA4, APOE, APOA1, APOC3, APOC2, ALB),
plasma lipoprotein assembly, remodelling, and clearance (APOA4, APOE, APOA1, APOC3,
APOC2, ALB, A2M), complement cascade (C4BPA, C1R, CFHR1, C9, APCSVTN, C8A,
CLU), post-translational protein phosphorylation (APOE, APOA1, ITIH2, SERPINC1, ALB,
SERPINA1), plasma lipoprotein assembly (APOA4, APOE, APOA1, APOC3, APOC2, A2M),
and chylomicron assembly (APOA4, APOE, APOA1, APOC3, APOC2).
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The top networks in which these proteins were required corresponded to (Figure 8):
(1) cell spreading, (2) cellular infiltration, (3) apoptosis, (4) adhesion of immune cells, (5)
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metastasis, and (6) migration of cells. Four proteins were implicated in cell spreading:
A2M, ALB, VTN, and APCS. Seven proteins were implicated in cellular infiltration: ALB,
APCS, APO1, APOE, IGHM, SERPINA1, and SERPINC1. Thirteen proteins were involved
in apoptosis: APOA1, APOC3, APOE, CD5L, CLU, IGHM, SERPINA1, SERPINC1, VTN,
Phosphate, A2M, ALB, and APCS. Nine proteins were involved in the adhesion of immune
cells: A2M, APCS, APOA1, APOA4, APOE, CFHR1, CLU, SERPINA1, and VTN. Seven
proteins were implicated in metastasis: ALB, APOA1, C1R, CFHR1, CLU, SERPINA1, and
SERPINC1. Twelve were involved in the migration of cells: SERPINC1, VTN, A2M, ALB,
APCS, APOA1, APOE, CD5L, CFHR1, CLU, IGHM, and SERPINA1.
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3. Discussion

Biomarkers are crucial to detecting cancers early, improving treatment, and testing the
response of ongoing therapies [22] at later stages. Although there has been a great effort in
identifying the biomarkers of EC in recent years, none of them have yet reached the clinical
stage. Identification of oncoproteins as biomarkers of EC may help develop new diagnostic
and therapeutic approaches [23].

This study combined ProteoMiner, 2D-DIGE, and mass spectrometry to identify
24 proteins with different abundances that could act as candidate biomarkers, among which
SBSN was chosen for further evaluation due to its potential role as an oncoprotein [14].
The quantification of the two isoforms of SBSN in serum and tissue was performed by
Western blotting. These data proved that SBSN was downregulated in EC tissue, where
the two isoforms of the protein had a good AUC (area under the ROC curve) (isoform
1 AUC = 0.7928 and isoform 2 AUC = 0.7933). Conversely, SBSN abundance in the serum
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behaved differently. Isoform 1 in serum had a low AUC (AUC = 0.5867) and did not appear
to be a promising biomarker, while isoform 2 reached a better predictive value (AUC = 0.75).
The low AUC of isoform 1 and the slight difference in abundance measured for isoform 2
in serum, which affected its reliability as a candidate biomarker, could be related to the
release/leakage of the protein from other tissues in addition to the endometrium.

Our data pointed to a higher specificity of both SBSN isoforms in tissues than in
serum: again, this could be related to the possibility that other cells or tissues could release
SBSN into the bloodstream, thus reducing the differences in abundance observed for these
proteins in serum. This occurrence eventually led to a lower sensitivity of SBSN as a
putative biomarker when measured in serum compared to its tissue levels.

Further studies are needed to evaluate the performance of SBSN as a biomarker,
combined with other serum biomarkers for EC. Taken together, our data in tissue indicated
a downregulation of all SBSN isoforms in EC. To further confirm these observations, we
performed data mining on the TCGA and GTEx databases, finding that SBSN mRNA
expression on EC tissue was lower than in normal uterine tissue; although not statistically
significant, this analysis further strengthened our results.

SBSN physiological functions have not yet been entirely ascertained. This protein
was originally described as a component of the cornified envelope, which is expressed by
corneocytes. Isoform 1 possessed structural features classified as a structural protein, while
isoform 2 (and 3) lacked this signature. Post-translational modification has been proposed
for both isoforms but demonstrated only for isoform 2. Different shreds of evidence have
supported the role of SBSN in the pathogenesis of various kinds of cancer such as ovarian,
cervical, and breast carcinomas [24]. In oesophageal squamous cell carcinoma (ESCC),
SBSN was proposed as a potential biomarker [25]. In ESCC cell lines, the overexpression of
isoform 2 promoted cell growth and proliferation, probably through the WNT/β-catenin
signalling pathway [26]. In colorectal cancer, WNT/β-catenin and RAS/ERK signalling
pathways interacted with active GSK3β as a mediator [27].

Oncogenes were not necessarily upregulated in carcinogenesis. For example, Cyclin
D1 oncogene [28] was downregulated in breast cancer, increasing cell migration. PML, a
proto-oncogene, was downregulated in prostate cancer, leading to the downregulation of
the cell surface HLA class I molecule and immune escape [29].

Furthermore, in this study, we identified several proteins associated with the adhesion
of immune cells. This mechanism played a key role in the recruitment and activation of
immune T-cells [30], which are crucial in tumour development.

SERPINA1 was an inhibitor of serine proteases [31]. This protein, in some cases, could
act like a tumour-promoting factor, leading to the activation of a variety of oncogenic
pathways [32,33]. The upregulation of this protein led to a loss of its immune surveillance
function, thus promoting tumour progression [34].

A2M was a plasma protein that acted as an antiprotease, inactivating several pro-
teinases [35]. This activity was associated with cell adhesion modulation, contributing to
cancer resistance [36].

Cell spreading was the key mechanism that permitted the cancer cell to invade the
other parts of the body [37]. VTN was a cell adhesion and spreading factor found in serum
and tissues [38].

T-cell infiltration was associated with a good prognosis in patients in early-stage
EC [39]. APOE was a protein associated with lipid particles, carrying lipids between organs
via the interstitial fluids and plasma [40]. Pancreatic cancer was characterised by an inflam-
matory environment that included abundant infiltrating immune cells [41]. In pancreatic
cancer, APOE involved the expression of Cxcl1 and Cxcl5, known immunosuppressive
factors, leading to immunosuppression [42].

Our data, thus, suggested a possible association of the identified protein with metas-
tatization. IPA analysis correlated the inhibition of metastasis by APOA1, following the
literature, which suggested that AIBP, in combination with APOA1, had an anticancer effect
on colorectal cancer [43].
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SBSN is a secreted protein and, as such, it is very probable that a glycosylated form
might be responsible for the apparent high MW observed in the 2-DE map. The fact that
the 150 kDa form cannot be detected in our blots may be related to the inability of the
commercial antibodies to recognize the protein when heavily glycosylated.

In conclusion, our results quantified the abundance of SBSN in EC, both in tissue and
serum. Furthermore, our findings indicated that isoform 2, either in tissue or serum, could
be used as a potential novel biomarker in EC. In our opinion, isoform 2 of SBSN should be
combined with other biomarkers to reach the validation phase.

4. Materials and Methods
4.1. Patients

A total of 103 patients (60 non-EC controls and 44 EC patients) were recruited at the
Institute for Maternal and Child Health—IRCCS “Burlo Garofolo” (Trieste, Italy)—from
2018 to 2021. All procedures complied with the Declaration of Helsinki and were approved
by the Institute’s Technical and Scientific Committee. All patients signed informed consent
forms. The median age of patients was 45 years, ranging from 33 to 56 years. As controls,
endometrial tissue samples from 30 patients who underwent hysterectomy for symptomatic
uterine leiomyomas were obtained. For serum analysis, we used another 30 controls with
normal endometrium and whose median age was 42 years, ranging from 32 to 77 years.

The clinical and pathological characteristics of the patients enrolled in this study are de-
scribed in Supplementary Table S1. Controls were chosen by excluding oncologic patients,
Human immunodeficiency virus (HIV), Hepatitis B virus (HBV), Hepatitis C virus (HCV)
seropositive subjects, and patients with leiomyomas or adenomyosis. EC cases were also
selected, ruling out women with other oncologic pathologies, Human immunodeficiency
virus (HIV), Hepatitis B virus (HBV), Hepatitis C virus (HCV) seropositive patients, and
patients with leiomyomas or adenomyosis.

4.2. Serum Sample Collection and Enrichment

To separate serum, blood was centrifugated at 5000× g × 5 min. After centrifugation,
serum was stored at −80 ◦C. Serum enrichment of low abundance proteins was achieved
using a ProteoMiner column (Bio-Rad Laboratories, Inc., Hercules, CA, USA). In brief,
1 mL of serum was incubated for 2 h at room temperature with ProteoMiner beads. After
three cycles of washing with PBS, protein elution was performed from the column with
TUC buffer: 7 M urea, 2 M thiourea, 4% CHAPS, and 50 mM Tris pH = 8.5. Subsequently,
a second elution was conducted with 4% SDS, 100 mM beta-mercaptoethanol, and the
sample was precipitated in methanol and chloroform. The pellets were dissolved in TUC
buffer and reunited with the first fraction, and the protein content was determined using
the Bradford assay.

4.3. Sample Preparation for 2D-DIGE and Gel Image Analysis

For 2D-DIGE analysis, 50 µg of protein of the enriched serum from endometrial cancer
patients and controls were labelled with 400 pmol of either Cy5 or Cy3. For internal
standards, the samples were pooled and labelled with Cy2. The chemical reaction for
protein labelling was carried out by incubating the samples on ice for 30 min in the dark. 1
µL of 10 mM lysine was added to stop the reaction. Following that, proteins were diluted
to a final volume of 320 µL in the rehydration buffer: 7 M urea, 2 M thiourea, 2% (w/v)
CHAPS, 65 mM DTT, and 0.24% Bio-Lyte (3–10) (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). For 2-DE analysis [44], 4–7 18 cm immobilised pH gradient (IPG) strips (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) were rehydrated at 50 V for 12 h at 20 ◦C, and
isoelectric focusing (IEF) was performed in a PROTEAN IEF Cell (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) as detailed in [44]. After IEF, IPG strip equilibration was executed
with two incubations: the first equilibration in 6 M urea, 2% SDS, 50 mM Tris-HCl (pH 8.8),
and 30% glycerol for 5 min, and a second equilibration step performed in 4% iodoacetamide
for 10 min. Proteins were separated by SDS-PAGE at a constant voltage of 100 V for 10 h.
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After electrophoresis, 2-DE gels were scanned with a Molecular Imager PharosFX System
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). Molecular weights were determined by
Precision Plus Protein Prestained Standards (Bio-Rad Laboratories, Inc., Hercules, CA,
USA), covering a molecular weight range from 10 to 250 kDa. Two experimental replicates
were performed. Gel analysis was conducted using the MFA (multi fluorescence analysis)
module of Proteomweaver 4.0 software (both from Bio-Rad Laboratories, Inc., Hercules,
CA, USA) to normalise and quantify protein spots.

4.4. Western Blotting

Western blotting was used for SBSN data validation in enriched serum (i.e., treated
with ProteoMiner beads, as detailed above) and tissue, as previously described [45]. The
control and EC tissues were lysed with 1% NP-40, 50 mM Tris-HCl (pH 8.0), NaCl 150 mM
with Phosphatase Inhibitor Cocktail Set II 1× (Millipore, Burlington, VT, USA), 2 mM
phenylmethylsulphonyl fluoride (PMSF), and 1 mM benzamidine.

In this study, 30 µg of protein from the tissue and the enriched serum were loaded
on a 4–20% precast gel (Bio-Rad) and then transferred to a nitrocellulose membrane. The
membrane was blocked with 5% defatted milk in TBS-tween 20 after protein transfer and
incubated overnight at 4 ◦C with 1:1000 diluted primary rabbit polyclonal antibody against
SBSN (Abcam). After primary antibody incubation, membranes were washed three times
with TBS-Tween 0.05% and incubated with HRP-conjugated anti-rabbit IgG and anti-mouse
IgG (1:3000, Sigma-Aldrich; Merck Kagan, Darmstadt, Germany). The protein band signal
was visualised using SuperSignal West Pico Chemiluminescent (Thermo Fisher Scientific
Inc., Ottawa, ON, Canada). The intensities of the immunostained bands were normalised
with the total protein intensities measured by staining the membranes from the same blot
with a Red Ponceau solution (Sigma-Aldrich, St. Louis, MO, USA).

4.5. Trypsin Digestion and MS Analysis

A preparative 2-DE gel (300 µg of loaded proteins) was run and stained with Coomassie
colloidal blue for protein visualisation. After gel decolouration, the spots of interest from
2-DE were digested and analysed by mass spectrometry, as previously described by Ura
and colleagues [46]. The spots excised from the gel were washed four times with 50 mM
ammonium bicarbonate (AB) and acetonitrile (ACN) (Sigma-Aldrich, St. Louis, MO, USA)
and dried under vacuum in a SpeedVac system. For spot digestion, 3 µL of 12.5 ng/µL
sequencing grade modified trypsin (Promega, Madison, WI, USA) in 50 mM AB were
added. Samples were digested overnight at 37 ◦C. After digestion, peptide extraction was
conducted with three changes in extraction by 50% ACN/0.1% formic acid (FA) (Fluka,
Ammerbuch, Germany), and samples were dried under vacuum and stored at –20 ◦C until
mass spectrometry (MS) analysis was performed. Samples were dissolved in 12 µL of 3%
ACN/0.1% FA and peptides were separated in a 10 cm pico-frit column (75 µm ID, 15 µm
Tip; New Objective) packed in-house with C18 material (Aeris Peptide 3.6 µm XB-C18, Phe-
nomenex) using a nano-HPLC system (Ultimate 3000, Dionex—Thermo Fisher Scientific)
coupled with an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific). H2O/FA
0.1% and ACN/FA 0.1% were used as eluents A and B, respectively, and chromatographic
separation of peptides were performed at a flow rate of 0.25 µL/min using a linear gradient
of eluent B from 3% to 40% in 20 min. A Data Dependent Acquisition (DDA) method
was employed: a full scan between 300 and 1700 Da was conducted at high resolution
(60,000) on the Orbitrap, and the 10 most intense ions were selected for CID fragmentation
and MS/MS data acquisition at low resolution in the linear ion trap. Raw data files were
analysed with the software package Proteome Discoverer 1.4 (Thermo Fisher Scientific)
interfaced with the Mascot Search Engine (version 2.2.4, Matrix Science, London, UK).
MS/MS spectra were searched against the human section of the UniProt database (version
September 2020, 75,074 entries) using the following parameters: enzyme specificity was
set on trypsin with one missed cleavage allowed; precursor and fragment ion tolerance
were 10 ppm and 0.6 Da, respectively. Carbamidomethylcysteine and methionine oxidation
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were formulated as fixed and variable modifications, respectively. The Percolator algorithm
was used to assess the False Discovery Rate (FDR) at the protein and peptide level. Pro-
teins identified with at least three unique peptides with high confidence (FDR < 1%) were
considered positive hits.

4.6. Bioinformatic Analysis

Gene Expression Profiling Interactive Analysis (GEPIA2) was employed to assess
SBSN RNA expression in EC. This tool permits RNA expression analysis from a total of
9736 tumours and 8587 standard samples expunged from the TCGA and GTEx projects.
The TCGA-UCEC (The Cancer Genome Atlas Uterine Corpus Endometrial Carcinoma)
dataset was explored to assess SBSN expression, and the results were compared with those
from the uterus dataset from the GTEx (Genotype-Tissue Expression (GTEx) repository.

Proteins identified by MS were analysed by g: Profiler classification systems and
categorised according to their molecular function involvement, biological processes, and
protein class. For pathway enrichment, the REACTOME tool was used. We employed the
Ingenuity Pathway Analysis (IPA) to generate bio-functions [47]. We considered p < 0.01 a
statistically significant value in IPA. For the filter summary, we only considered associations
where confidence was high (predicted) or that had been observed experimentally.

4.7. Statistical Analysis

Differences were considered significant between patients and controls when spots
showed a fold change ± 1.5 and satisfied the Mann–Whitney sum rank test (p < 0.05). All
analyses were conducted with Stata/IC 16.1 for Windows (StataCorp LP, College Station,
TX, USA).
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Abstract: Endometrial cancer is the most common gynecological cancer worldwide. At present
there is no effective screening test for its early detection and no curative treatment for women
with advanced-stage or recurrent disease. Overexpression of fatty acid synthase is a common
molecular feature of a subgroup of sex steroid-related cancers associated with poor prognoses,
including endometrial cancers. Disruption of this fatty acid synthesis leads to cell apoptosis,
making it a potential therapeutic target. The saturated fatty acid palmitate reportedly induces
lipotoxicity and cell death by inducing oxidative stress in many cell types. Here, we explored the
effects of palmitate combined with doxorubicin or cisplatin in the HEC-1-A and RL95-2 human
endometrial cancer cell lines. The results showed that physiological concentrations of exogenous
palmitate significantly increased cell cycle arrest, DNA damage, autophagy, and apoptosis in both
RL95-2 and HEC-1-A cells. It also increased the chemosensitivity of both cell types. Notably, we
did not observe that palmitate lipotoxicity reflected increased levels of reactive oxygen species,
suggesting palmitate acts via a different mechanism in endometrial cancer. This study thus
provides a potential therapeutic strategy in which palmitate is used as an adjuvant in the treatment
of endometrial cancer.

Keywords: lipotoxicity; palmitate; endometrial cancer; adjuvant chemotherapy

1. Introduction

Cancer of the endometrium is the most frequently occurring gynecological cancer [1].
In recent years, both the incidence of endometrial cancer and its associated mortality
have been increasing rapidly around the world. In Taiwan, for example, the incidence
of endometrial cancer now exceeds that of both cervical and ovarian cancer [2]. Risk
factors for endometrial cancer include endometrial hyperplasia, menopausal estrogen,
obesity, nulliparity, polycystic ovary syndrome, high cumulative doses of tamoxifen,
diabetes, and genetic factors, among others [3]. On the basis of their clinical pathogenic
mechanisms, endometrial cancers have been classified into two major types: type I is
estrogen-dependent and related to hormonal imbalances, while type II is non-estrogen-
dependent [4]. Most patients with endometrial cancer are type I and associated with
excessive use of estrogen, endometrial hyperplasia, or obesity. Type II tumors are usually
more common in obese women who may have endocrine or metabolic disorders, and
they are also related to atrophic endometrium [5]. There are a number of treatments for
endometrial cancer, including surgery, chemotherapy, radiation, and hormone therapy.
Stage, histology, and tumor characteristics are the most important determinants guiding
therapeutic strategy [6]. Statistics indicate that while most patients with low-grade
tumors can be cured through surgery and chemotherapy; the survival rate among
patients with advanced or recurrent endometrial cancers is very low. The main reason
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is resistance of the cancer cells to chemotherapy and the limited treatment methods
currently available. Further research is needed to improve existing therapies to address
this challenge.

Palmitate is the most abundant saturated fatty acid, accounting for 70–80% of total
plasma free fatty acids. It can be supplied in food or synthesized endogenously via de novo
lipogenesis (DNL) [7], which is a tightly controlled process that converts carbohydrates
into the fatty acids used to synthesize triglycerides or other lipid molecules for membrane
biosynthesis and energy storage [8]. Fatty acid synthase (FAS) is the key rate-limiting en-
zyme in DNL and converts malonyl-CoA to palmitic acid, the primary fatty acid product in
DNL. Palmitate is subsequently elongated and desaturated to produce complex fatty acids,
including stearic acid, palmitoleic acid, and oleic acid. In normal tissues, palmitate content
is regulated to within a range of concentrations, and ingestion does not significantly affect
palmitate levels in tissues [9]. The mechanism by which tissue palmitate concentrations are
strictly regulated may be primarily related to maintaining normal homeostasis with tissues,
including maintenance of the physical properties of membranes and the biosynthesis of
palmitoylethanolamide [10]. However, under certain physiological and pathological condi-
tions and nutritional factors, DNL may be strongly induced, increasing tissue palmitate
levels and disrupting its regulation [11].

Reactive oxygen species (ROS) are the intermediates produced during the metabolic
processes of organelles, such as the endoplasmic reticulum, mitochondrial respiratory
complex, peroxisomes, xenobiotic detoxification, and fatty acid oxidation [12]. Mito-
chondria are the primary source of intracellular ROS, including hydrogen peroxide and
hydroxyl radicals, that act as second messengers in cell signal transduction for different
biological processes as growth, differentiation, metabolism, and apoptosis [13,14]. In
normal cells, the concentration of ROS is regulated by many antioxidant systems such as
peroxiredoxins, glutathione peroxidases, and catalase, therefore keeping ROS at a basal
non-toxic level [15]. In cancer cells, disruption of the redox balance has been proven to be
one of the most important causes of cancer occurrence, progression, and metastasis. ROS
activates the cancer cell survival signal cascade, involving MAPK/ERK1/2, p38, JNK,
and PI3K/Akt to activate NF-κB, matrix metalloproteinases, and VEGF to initiate cancer
angiogenesis, metastasis, and survival [16]. However, there are still many controversies
regarding the definition of ROS as a tumor-promoter or tumor-suppressor [17]. Palmitate
exerts adverse effects in part by inducing ROS generation, which leads to lipotoxicity as-
sociated with endoplasmic reticulum stress, mitochondrial dysfunction, and cell death in
a number of cell types, including adipocytes [18], glomerular podocytes [19], pancreatic
β cells [20], cardiomyocytes [21], endothelial cells [22], vascular smooth muscle cells [23],
and hepatocytes [24]. However, contradictory findings from one study indicate that
palmitate-induced pancreatic β cell death is not caused by ROS [25]. Consequently, the
mechanism by which palmitate mediates ROS production remains unclear.

Additionally, recent studies into the role of palmitate in cancer has shown that com-
pared to normal breast and some tumor cells, HER2/neu-positive breast cancer cells show
significantly increased fatty acid synthesis and storage. Moreover, when physiological
doses of exogenous palmitate are added, fatty acid synthesis is disrupted, leading to CHOP
(C/EBP homologous protein)-dependent apoptosis [26]. Palmitate also induces reduc-
tions in the mitochondrial membrane potential (MMP) and release of cytochrome c into
the cytosol in MDA-MB-231 cells [27]. Moreover, it has been observed in patients with
endometrial cancer that, compared to benign endometrial tumors, malignant tumors are
enriched in glycolytic and lipogenic metabolic pathways and depend on this metabolism for
survival [28]. However, the effect of palmitate in endometrial cancer remains incompletely
understood.
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In light of these observations, we tried to explore the relationship between high
dietary fat intake and cancer risk. Our work is based on the premise that assessing the
effects of individual main dietary fatty acids on endometrial cancer cells would help
us understand the mechanism by which palmitate may affect tumor cells. Here, we
applied physiological concentrations (10–200 µM) of exogenous palmitate and used
the RL95-2 and HEC-1-A endometrial cancer cell lines to investigate the mechanism(s)
underlying palmitate cytotoxicity and its effect on the cells’ responsiveness to cisplatin
and doxorubicin. Our findings clarify the lipotoxicity of palmitate in endometrial
cancer and have a synergistic effect with chemotherapy, providing a potential adjuvant
treatment strategy.

2. Results
2.1. Palmitate Cytotoxicity in Human Endometrial Cancer Cell Lines

We first examined the metabolic activity of palmitate toward the RL95-2 (type I) and
HEC-1-A (type II) endometrial cancer cell lines. The two cell lines were incubated for 24
or 48 h with increasing doses of palmitate, and metabolic activity was detected with MTT
conversion assays (Figure 1A,B). Our preliminary data showed that the ED50 for palmitate
toxicity was estimated to be 69.51 µM in RL95-2 treated for 24 h and 56.89 µM for HEC-1-A
cells treated for 48 h.

To better understand the mechanism underlying palmitate cytotoxicity, we exam-
ined its effect on the levels of various proteins. Western blot analysis showed that levels
of FAS, p53, cyclin D1 (a cell cycle G1 biomarker), and the ratio of phosphorylated to
total ACC (fatty acid synthesis biomarker) were all significantly and dose-dependently
decreased in both RL95-2 and HEC-1-A cells (Figure 1C). The H3P/H3 ratio, a cell cycle
G2/M biomarker, was difficult to determine because H3 and H3P proteins were both
dose-dependently elevated in RL95-2 cells. At higher doses, palmitate also induced
expression of γH2A.x (a DNA damage biomarker) and dose-dependently increased
p62 levels and the LC3B II/I ratio (two autophagy biomarkers). The effect of palmitate
on levels of Nrf2 and HO-1 (anti-ROS stress biomarkers) differed between RL95-2 and
HEC-1-A cells; although their levels were dose-dependently increased in RL95-2 cells,
they were decreased in HEC-1-A cells. Overall, responsiveness to palmitate was more
apparent in RL95-2 than HEC-1-A cells.

2.2. Synergistic Effects of Palmitate and Chemotherapeutic Drugs in Human Endometrial Cancer
Cell Lines

To test whether palmitate has synergistic effects with conventional chemotherapeutic
agents, we applied the Chou–Talalay method to calculate the CIs and dosage requirements
of palmitate with cisplatin or doxorubicin in RL95-2 and HEC-1-A cells. When administered
individually in RL95-2, the IC50 values for cisplatin or doxorubicin for 24 h were about 6.0
and 1.5 µM. In HEC-1-A, the IC50 values for cisplatin or doxorubicin for 48 h were about
53.4 and 0.6 µM (Figure 2A,B). In combination with palmitate and cisplatin, the CI was <1
in both RL95-2 and HEC-1-A cells, indicating synergistic effects (Figure 2C,D). On the other
hand, for palmitate with doxorubicin, the CI was <1 only in HEC-1-A cells (Figure 2E,F). A
significant synergistic effect was observed when palmitate was combined with cisplatin at
concentrations ranging from 4.5 µM to 53.4 µM (Figure 2D).
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Figure 1. Responsiveness of human endometrial carcinoma cells to palmitate. (A,B) Metabolic activity measured using the 
MTT method. RL95-2, and HEC-1-A cells were treated for 24 h or 48 h with palmitate (0, 1.953125, 3.90625, 7.8125, 15.625, 
31.25, 62.5, 125, 250, 500 μM). Symbols depict the mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01, and 
*** p < 0.001 (Student’s t-tests). (C) RL95-2, and HEC-1-A cells were treated for 24 h with indicated concentrations of pal-
mitate. Cell lysates were subjected to Western blot analysis using antibodies against the indicated proteins. Alpha actinin 
(ACTN) was the loading control. 

Figure 1. Responsiveness of human endometrial carcinoma cells to palmitate. (A,B) Metabolic activity
measured using the MTT method. RL95-2, and HEC-1-A cells were treated for 24 h or 48 h with
palmitate (0, 1.953125, 3.90625, 7.8125, 15.625, 31.25, 62.5, 125, 250, 500 µM). Symbols depict the mean
± SD of three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001 (Student’s t-tests).
(C) RL95-2, and HEC-1-A cells were treated for 24 h with indicated concentrations of palmitate. Cell
lysates were subjected to Western blot analysis using antibodies against the indicated proteins. Alpha
actinin (ACTN) was the loading control.
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Figure 2. Combination indexes for palmitate with cisplatin or doxorubicin in RL95-2 and HEC-1-A
cells. (A,B) Metabolic activity measured using the MTT method. RL95-2, and HEC-1-A cells were
treated with doxorubicin (0, 0.0625, 0.125, 0.25, 0.5, 1, 2, 4 µM) or cisplatin (0, 0.3125, 0.625, 1.25, 2.5,
5, 10, 20 µM), (0, 1.5625, 3.125, 6.25, 12.5, 25, 50, 100 µM), respectively. Symbols depict the mean ±
SD of three independent experiments. * p < 0.05, ** p < 0.01 (Student’s t-tests). (C,E) RL95-2 cells
were treated for 24 h with palmitate (0, 1.953125, 3.90625, 7.8125, 15.625, 31.25, 62.5, 125, 250, 500 µM)
combined with cisplatin (0, 0.3125, 0.625, 1.25, 2.5, 5, 10, 20 µM) or doxorubicin (0, 0.0625, 0.125, 0.25,
0.5, 1, 2 µM). (D,F) HEC-1-A were treated for 48 h with palmitate (0, 1.953125, 3.90625, 7.8125, 15.625,
31.25, 62.5, 125, 250, 500 µM) combined with cisplatin (0, 1.5625, 3.125, 6.25, 12.5, 25, 50, 100 µM) or
doxorubicin (0, 0.0625, 0.125, 0.25, 0.5, 1, 2 µM). Metabolic activity was measured using the MTT
method. Isobolograms (ED50) were calculated using CalcuSyn 2.0 software.

2.3. Molecular Mechanisms of Palmitate and Chemotherapeutic Drugs in Human Endometrial
Cancer Cell Lines

We next investigated the effects of combination therapy on levels of various proteins in
RL95-2 and HEC-1-A cells. In RL95-2 cells, cisplatin and doxorubicin individually increased
γH2A.x, p53, and H3, and their abilities to increase levels of γH2A.x, p53, LC3B, CHOP,
and cleaved PARP were all enhanced by palmitate (Figure 3A). Conversely, palmitate
downregulated the effects of cisplatin and doxorubicin on FAS, HO-1, and the p-ACC/ACC
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and H3P/H3 ratios in RL95-2 cells. In HEC-1-A cells, palmitate downregulated the effects
of cisplatin and doxorubicin on p53 and the p ACC/ACC and H3P/H3 ratios, whereas
it enhanced their effects on LC3B, CHOP, and cleaved PARP (Figure 3B). These results
indicate that the mechanisms by which palmitate acts in combination with chemotherapy
drugs differ in RL95-2 and HEC-1-A cells.
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Figure 3. Effects of palmitate with cisplatin or doxorubicin on protein expression in RL95-2 and
HEC-1-A cells. (A) RL95-2 cells were incubated for 24 h with 200 µM palmitate plus 5 µM cisplatin or
0.5 µM doxorubicin. (B) HEC-1-A cells were incubated for 24 h with 200 µM palmitate plus 50 µM
cisplatin or 0.5 µM doxorubicin. Cell lysates were subjected to Western blot analysis using antibodies
against the indicated proteins. Beta-actin was the loading control.

2.4. Effects of Palmitate and Chemotherapeutic Drugs on the Cell Cycle Profile, Cellular
Proliferation, and Apoptosis in Human Endometrial Cancer Cell Lines

Because palmitate induced downregulation of cyclin D1, a cell cycle-related protein,
in both RL95-2 and HEC-1-A cells and also significantly induced H3 and H3P (a cell cycle
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G2/M biomarker) in RL95-2 cells (Figure 1B), we used PI staining to test the effect of
palmitate on cell cycle profiles in RL95-2 and HEC-1-A cells. In both RL95-2 and HEC-1-A
cells, palmitate significantly induced cell cycle arrest in the subG1 and G2/M phases and
inhibited the S phase (Figure 4A,B). Moreover, combining cisplatin or doxorubicin with
palmitate enabled us to verify the cell cycle changes they reportedly induce in cancer cells
(Figure 4C,D for cisplatin; Figure 4E,F for doxorubicin). It is well known that cisplatin
works on G1 populations [29], while doxorubicin works on the G2/M population [30]. We
found that in RL95-2 cells, combined treatment with palmitate and cisplatin increased the
population at sub-G1 phase, whereas the combined treatment with doxorubicin decreased
the sub-G1 phase population. In HEC-1-A cells, for palmitate in combination with cisplatin
or doxorubicin, the sub-G1 phase tended to increase, which is consistent with the results
summarized in Figures 2 and 3 and points to a synergistic effect of the combined therapy
in HEC-1-A cells.
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Figure 4. Effect of palmitate alone and in combination with cisplatin or doxorubicin on the cell cycle
profiles in human endometrial cancer cells. (A,C,E) RL95-2 and (B,D,F) HEC-1-A cells were incubated
for 24 h, after which they were treated with the indicated concentrations of doxorubicin or cisplatin
plus 100 µM palmitate for 24 or 48 h. Cell cycle profiles were then analyzed using flow cytometry.
Bars depict the mean ± SD of three independent experiments.
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Given the finding that palmitate significantly reduced the numbers of cells at S-phase
(Figure 4A,B), we used BrdU staining to assess palmitate effects on cell proliferation. Our
results showed that palmitate significantly and dose-dependently reduced cell proliferation
capability in RL95-2 and HEC-1-A cells (Figure 5A,B).
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Figure 5. Effect of palmitate on proliferation of human endometrial cancer cells. (A) RL95-2 and
(B) HEC-1-A cells were incubated for 24 h, after which they were treated for 24 or 48 h with the
indicated concentrations of palmitate. Cell proliferation indicated by BrdU incorporation was
analyzed using flow cytometry. Bars depict the mean ± SD of three independent experiments.
* p < 0.05, ** p < 0.01, and *** p < 0.001 (Student’s t-tests).

To determine whether palmitate-induced cytotoxicity and the elevation in sub-G1
populations leads to increased apoptosis among RL95-2 and HEC-1-A cells, we used
Annexin V-PE and 7-AAD labelling to quantitatively assess cellular apoptosis. After
palmitate treatment, the early and late apoptotic cell populations were increased signifi-
cantly among both RL95-2 and HEC-1-A cells (Figure 6A,B). Cisplatin and doxorubicin
each increased the early and late apoptotic populations among RL95-2 cells, but cisplatin
only increased the early and late apoptotic populations in HEC-1-A cells (Figure 6C,D).
Synergistic effects on total (early plus late) apoptotic populations were observed when
RL95-2 and HEC-1-A cells were treated with palmitate plus cisplatin or doxorubicin. In
RL95-2 cells, the synergistic effect with cisplatin was in the early apoptotic population,
while the synergistic effect with doxorubicin was in both the early and late apoptotic
populations. In HEC-1-A cells, the synergistic effect with cisplatin was in the late apop-
totic population, while the synergistic effect with doxorubicin was in the early and late
apoptotic populations.
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Figure 6. Effect of palmitate alone and in combination with cisplatin or doxorubicin on apoptosis
among human endometrial cancer cells. (A) RL95-2 and (B) HEC-1-A cells were incubated for 24 h,
after which they were treated for 24 or 48 h with palmitate (0, 10, 25, 50, 100, 200 µM). (C) RL95-2
cells treated for 24 h with 5 µM cisplatin or 0.5 µM doxorubicin plus 200 µM palmitate. (D) HEC-1-A
cells treated for 48 h with 50 µM cisplatin or 0.5 µM doxorubicin plus 200 µM palmitate. Apoptosis
markers labeled by PE-Annexin V and 7-AAD were analyzed using flow cytometry.
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2.5. Effects of Palmitate and Chemotherapeutic Drugs on Mitochondrial Function in Human
Endometrial Cancer Cell Lines

Mitochondria play key roles in cellular survival, ROS generation, and stress-induced
programmed cell death. Moreover, recent studies suggest ROS are involved in palmitate-
induced apoptosis [31–33]. We therefore assessed ROS levels in palmitate-treated RL95-2
and HEC-1-A cells. We found that whether using DCFH-DA to measure overall cell
ROS levels or MitoSox to measure mitochondrial superoxide, ROS levels declined as the
palmitate concentration increased in both RL95-2 and HEC-1-A cells (Figure 7A–D). H2O2,
which served as a positive control, significantly increased ROS levels in our two assays.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 11 of 20 
 

 

2.5. Effects of Palmitate and Chemotherapeutic Drugs on Mitochondrial Function in Human 
Endometrial Cancer Cell Lines 

Mitochondria play key roles in cellular survival, ROS generation, and stress-induced 
programmed cell death. Moreover, recent studies suggest ROS are involved in palmitate-
induced apoptosis [31-33]. We therefore assessed ROS levels in palmitate-treated RL95-2 
and HEC-1-A cells. We found that whether using DCFH-DA to measure overall cell ROS 
levels or MitoSox to measure mitochondrial superoxide, ROS levels declined as the pal-
mitate concentration increased in both RL95-2 and HEC-1-A cells (Figure 7A–D). H2O2, 
which served as a positive control, significantly increased ROS levels in our two assays. 

 
Figure 7. Effects of palmitate on ROS levels in human endometrial cancer cells. (A) RL95-2 and (B) HEC-1-A cells were 
incubated for 24 h, after which they were treated for 1.5 h with the indicated concentration of palmitate. Cellular ROS 
levels were monitored using 10 μM DCFH-DA with flow cytometry. (C) RL95-2 and (D) HEC-1-A cells were incubated 
for 24 h, after which they were treated for 1.5 h with the indicated concentration of palmitate. Mitochondrial ROS levels 
were monitored using 5 μM MitoSOX with flow cytometry. H2O2 serves as a positive control in all panels. Bars depict the 
mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01 (Student’s t-tests). 

Because loss of MMP is a hallmark of apoptosis activation [34], we used JC-1 dye to 
measure changes in MMP after palmitate treatment in RL95-2 and HEC-1-A cells (Figure 
8A,B). The results revealed that palmitate dose-dependently reduced MMP in both RL95-
2 and HEC-1-A cells. 

Figure 7. Effects of palmitate on ROS levels in human endometrial cancer cells. (A) RL95-2 and
(B) HEC-1-A cells were incubated for 24 h, after which they were treated for 1.5 h with the indicated
concentration of palmitate. Cellular ROS levels were monitored using 10 µM DCFH-DA with flow
cytometry. (C) RL95-2 and (D) HEC-1-A cells were incubated for 24 h, after which they were treated
for 1.5 h with the indicated concentration of palmitate. Mitochondrial ROS levels were monitored
using 5 µM MitoSOX with flow cytometry. H2O2 serves as a positive control in all panels. Bars depict
the mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01 (Student’s t-tests).

Because loss of MMP is a hallmark of apoptosis activation [34], we used JC-1 dye
to measure changes in MMP after palmitate treatment in RL95-2 and HEC-1-A cells
(Figure 8A,B). The results revealed that palmitate dose-dependently reduced MMP in
both RL95-2 and HEC-1-A cells.
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Figure 8. Effects of palmitate on mitochondrial membrane potential in human endometrial cancer
cells. (A) RL95-2 and (B) HEC-1-A cells were incubated for 24 h, treated for 24 h with the indicated
concentration of palmitate, and stained for 15 min with JC-1 dye. Mitochondrial membrane po-
tential was detected using flow cytometry. Traces shown are representative of three independent
experiments.

Mitochondrial morphology is dynamic, as the organelles continually undergo fission
and fusion in response to their environmental conditions [35]. When cells sense mild stress,
mitochondria form an elongated and interconnected network to increase ATP production.
Under severe cellular stress, however, mitochondria divide into fragments for mitophagy
or apoptosis. MitoView TM Green is a green fluorescent mitochondrial dye, the signal
from which is based on mitochondrial mass rather than mitochondrial membrane potential.
We used immunofluorescent staining with TOM20 and MitoViewTM Green to evaluate
the effect of palmitate on mitochondrial morphology and mass in RL95-2 and HEC-1-A
cells (Figure 9A,B). The results showed that palmitate not only triggered mitochondrial
fragmentation in both RL95-2 and HEC-1-A cells, but they also decreased mitochondrial
mass. These findings suggest that palmitate causes mitochondrial damage in RL95-2 and
HEC-1-A cells.
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oxidation of glucose, glutamine, and palmitate; and DNL from glucose, glutamine, and 
acetate were all higher in RL95-2 than HEC-1-A cells. Notably, RL95-2 cells were the most 
dependent on DNL pathways among the seven endometrial cancer cell lines tested. We 
suggest that this may explain why RL95-2 cells are more sensitive to palmitate than are 
HEC-1-A cells. 

Figure 9. Effects of palmitate on mitochondrial morphology in human endometrial cancer cells.
(A) RL95-2 and (B) HEC-1-A cells were treated for 1.5 h with the indicated concentrations of palmitate,
after which they immunostained for TOM20 (mitochondria, green). Nuclei were stained with 4′,6-
diamidino-2-phenylindole (DAPI, blue). Images were obtained using a Leica THUNDER Imager
microscope (100x oil-immersion objective). Scale bar: 10 µm. Mitochondrial mass was assayed using
MitoViewTM Green with flow cytometry. Traces are representative of three independent experiments.
Bars depict the mean ± SD of three independent experiments. * p < 0.05 (Student’s t-tests).

3. Discussion

In this work, we found that palmitate may increase the sensitivity of endometrial
cancer cells to chemotherapy drugs. Our findings suggest it significantly increased cell
cycle arrest, DNA damage, autophagy, and apoptosis in RL95-2 and HEC-1-A cells, with
RL95-2 cells being more sensitive to palmitate than HEC-1-A cells. An earlier study of the
metabolic profiles of seven endometrial cancer cell lines revealed that RL95-2 and HEC-1-A
cells depend on different metabolic pathways [28]. The extracellular acidification rate;
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oxidation of glucose, glutamine, and palmitate; and DNL from glucose, glutamine, and
acetate were all higher in RL95-2 than HEC-1-A cells. Notably, RL95-2 cells were the most
dependent on DNL pathways among the seven endometrial cancer cell lines tested. We
suggest that this may explain why RL95-2 cells are more sensitive to palmitate than are
HEC-1-A cells.

The overall purpose of this study was to investigate the impact and underlying mech-
anisms of palmitate in two types of endometrial cancer. Known as the “triple endometrial
cancer syndrome,” obesity, diabetes, and hypertension often co-exist in patients with
endometrial cancer [36]. Recent studies indicate that palmitate levels are increased in cere-
brospinal fluid from overweight and obese individuals and correlate positively with body
mass index and abdominal circumference [37]. Elevation of palmitate in cerebrospinal fluid
was also seen in overweight people with diabetes, dyslipidemia, and/or hypertension. One
study reported that enzymes catalyzing glycolysis and DNL, including ACC1, ACC2, and
FAS, are upregulated in most endometrial tumor tissues as compared to adjacent nonmalig-
nant tissues [28]. Overexpression of FAS has been detected during the early stages of cancer
development, is more pronounced in more advanced tumors, and is typically associated
with a poor prognosis [38]. Recent findings have also shown that FAS blockade decreases
cell proliferation and viability by stimulating apoptosis in endometrial carcinoma cells [39].
In addition to FAS, our present findings demonstrate that palmitate directly downregulates
ACC and H3 protein levels. Details of the mechanisms remain to be investigated in the
future.

Results from several studies have led to differing conclusions about the properties
of palmitate. Several studies have reported that palmitate exhibits potential tumorigenic
properties [40–42], although they also reported that it exhibits anticancer activity. In
terms of promoting cancer, evidence suggests that palmitate may increase carcinogen-
esis by regulating DNA damage and inflammation [43], induce invasion of pancreatic
cancer cells through TLR4/ROS/NF-κB/MMP-9 pathway [44], and increase colorectal
cancer cell proliferation in a β2-adrenergic receptor-dependent manner [45]. Regard-
ing anticancer activity, palmitate reduced cell membrane fluidity and limited glucose
metabolism to enhance the anticancer effect of methylseleninic acid in hepatocellular
carcinoma cells [46] and induced cell cycle G2/M arrest and promoted apoptosis in
human neuroblastoma cells and breast cancer cells [47,48]. Moreover, in breast cancer,
it has been observed that palmitate induced a different transcription program, reduc-
ing expression of HER2 and HER3, thereby sensitizing the cells to trastuzumab [26].
Palmitic acid isolated from the red alga Amphiroa zonata has anti-tumor activity both
in vitro and in vivo. Amazingly, palmitic acid showed selective toxicity and induced
apoptosis in leukemia cell lines but showed very low cytotoxicity to normal cell lines
used as controls in the study [49]. Furthermore, in one study, palmitic acid is expected
to become a novel anticancer agent for the treatment of prostate cancer. Their research
showed that palmitic acid may inhibit the tumor metastasis regulator protein in human
prostate cancer cells by inhibiting the PI3K/Akt pathway to induce cell cycle G1 phase
arrest and anti-metastatic efficiency [50]. Due to the diversity of cancer phenotypes,
involving factors are complicated in terms of defining palmitate as a tumor-promoter
or tumor-suppressor. The working model of endometrial cancer in this study is one of
the cancers that has been reported to overexpress FAS, which have developed peculiar
metabolic pathways to gain a greater glucose uptake and to synthetize endogenous fatty
acids. Our results indicated that palmitate plays a role in the inhibition of endometrial
cancer cells. Furthermore, we used palmitate as an adjuvant to increase the sensitivity
of endometrial cancer cells to chemotherapy drugs, cisplatin and doxorubicin, for the
development a potential therapeutic strategy of endometrial cancer treatment.
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Many literatures pointed out that the lipotoxicity induced by palmitate is characterized
by the accumulation of intracellular ROS, which leads to an increase in oxidative stress
and ultimately to cell apoptosis [7,51–53]. The effect of lipo-apoptosis caused by ROS
seems to be cell type-dependent, including adipocytes, glomerular podocytes, pancreatic
β cells, cardiomyocytes, endothelial cells, vascular smooth muscle cells, and hepatocytes.
In contrast, apoptosis of palmitate-treated neonatal cardiomyocytes is independent of
oxidative stress, and ROS is not the primary cause of palmitate-induced pancreatic β cell
death [25]. It has been reported that redox homeostasis appears to be a key factor in
the normal function of mitochondria and organisms. Both high levels of ROS (oxidative
stress) and too low levels of ROS (reductive stress) are harmful and apparently play
a pathogenic role. It has been shown that palmitate stimulated the function of UCP 1
in mitochondria, which can reduce the generation of ROS by mild uncoupling [54,55].
Moreover, the amphiphile nature of free fatty acids promotes their incorporation into
the inner mitochondrial membrane, which leads to changes in membrane fluidity [56].
Consequently, it is necessary to verify whether palmitate-induced superoxide directly
activates the UCP, which leads to negative feedback controlling both ROS production and
their levels.

Autophagy also contributes to the reduction of ROS levels under various stress con-
ditions [57]. The level of ROS may play an important role in regulating the formation of
autophagy through various signaling pathways, including FOXO3–LC3/BNIP3 and NRF2–
P62 pathways [58]. ROS produced by damaged mitochondria may induce mitophagy and
eliminate damaged organelles to reduce ROS levels. The loss of mitochondrial membrane
potential was initially considered to be a clue to mitophagy [59]. While palmitate was
not observed to increase ROS in our study, palmitate treatment demonstrated the loss of
mitochondrial membrane potential, triggered mitochondrial fragmentation, and decreased
mitochondrial mass in both RL95-2 and HEC-1-A cells. Either alone or in combination,
palmitate has been showed to increase the protein levels of p62 and LC3B II. These findings
suggest that mitophagy might be the cause of the decline in ROS levels in RL95-2 and
HEC-1-A cells. The detailed mechanism remains to be investigated in the future.

4. Materials and Methods
4.1. Cell Culture and Reagents

The RL95-2 (ATCC®CRL-1671™) and HEC-1-A (ATCC®HTB-112™) human endome-
trial carcinoma cell lines were purchased from the American Type Culture Collection
(Manassas, VA, USA). RL95-2 cells were cultured in Dulbecco’s modified Eagle’s medium
nutrient mixture F-12 (DMEM/F12) supplemented with 10% fetal bovine serum (FBS),
0.005 mg/mL insulin, and 1% penicillin–streptomycin (Thermo Fisher Scientific, Waltham,
MA, USA). HEC-1-A cells were cultured in McCoy’s 5A medium supplemented with
10% FBS and 1% penicillin–streptomycin. Doxorubicin, cisplatin, sodium palmitate, 2′,7-
dichlorofluorescein diacetate (DCFH-DA), propidium iodide (PI), and thiazolyl blue tetra-
zlium bromide (MTT) were obtained from Sigma Aldrich (St. Louis, MO, USA).

4.2. Analysis of Cell Metabolic Activity

RL95-2 (8 × 103) and HEC-1-A (5 × 103) cells were seeded into 96-well plates and
incubated in their respective media. The next day, they were exposed to the indicated
drugs in fresh DMEM/F12 or McCoy’s 5A medium for the indicated periods. MTT solution
(0.5 mg/mL in phosphate-buffered saline (PBS)) was then added to each well, and the
cells were incubated for 4 h at 37 ◦C. After removing the supernatants, we added dimethyl
sulfoxide (DMSO; 100 µL) to dissolve the precipitate, and the absorbances at 570 nm and
650 nm were then measured using an enzyme-linked immunosorbent assay plate reader
(Multiskan EX, Thermo Fisher Scientific). The relative metabolic activity was calculated
on the basis of the absorbance ratio between cells cultured with the indicated drugs and
the untreated controls, which were assigned a value of 100. A combination index (CI)
was also calculated using CalcuSyn 2.0 software (Biosoft, Cambridge, United Kingdom) to
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produce an isobologram where a CI < 1 indicates a synergistic combination effect and a CI
> 1 indicates an antagonistic combination effect [60].

4.3. Western Blot Analysis

RL95-2 and HEC-1-A cells were lysed in radio-immunoprecipitation assay buffer
(100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.1% SDS, and 1% Triton 100) at 4 ◦C. Proteins
in the resultant lysates were separated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis, after which the resolve proteins were immunoblotted with antibodies against
β-actin, p53, p62, FAS, nuclear factor-erythroid factor 2-related factor 2 (Nrf2) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), phospho-histone H3 (H3P; serine phosphorylation
at residue 10), histone H3 (H3), microtubule-associated proteins 1A/1B light chain 3B
(LC3B), phospho-acetyl-CoA carboxylase (p-ACC; serine phosphorylation at residue 79),
ACC, cleaved poly-ADP-ribose polymerase (cPARP), CHOP (Cell Signaling, Danvers, MA,
USA), phospho-histone H2A.X (γH2A.X; serine phosphorylation at residue 139), Cyclin D1
(Abcam, Cambridge, United Kingdom), and heme oxygenase 1 (HO-1) (Enzo Life Sciences,
Farmingdale, NY, USA).

4.4. Cell Cycle Profiles and Cellular Proliferation Analysis

RL95-2 (6 × 105) and HEC-1-A (3 × 105) cells were seeded into 6-well plates in their
respective media. The next day, the indicated drugs were added in fresh medium, and
the cells were incubated for an additional 24 or 48 h. For cell cycle analysis, the cells were
fixed in 70% ice-cold ethanol and stored at −20 ◦C overnight. The fixed cells were then
centrifuged (1000 rpm, 5 min), washed twice with ice-cold PBS supplemented with 1%
FBS, and stained with PI solution (5 µg/mL PI in PBS, 0.5% Triton X-100, and 0.5 µg/mL
RNase A) for 30 min at 37 ◦C in the dark. For each condition, 10,000 cells were analyzed
using a BD FACScalibur™ flow cytometer and Cell Quest Pro software (version 5.1) (BD
Biosciences, Franklin Lakes, NJ, USA).

For cell proliferation assays, following the incubation protocol described above, the
cells were incubated for an additional 1 h with 10 µM BrdU (BD Pharmingen BrdU Flow
Kit, San Diego, CA, USA). The medium was then discarded, and the cells were fixed at
room temperature for 30 min and treated with FITC-conjugated anti-BrdU antibody (BD
Pharmingen). After washing, the cells were incubated with 7-AAD and analyzed using a
BD FACSCalibur™ flow cytometer and CellQuest Pro software (BD Biosciences).

4.5. Apoptosis Analysis

For apoptosis assays, the cells were stained with Annexin V-PE and 7-AAD and then
detected with flow cytometry using the manufacturer’s protocol (BD PharMingen, San
Diego, CA, USA). Briefly, after treatment with the indicated drugs, cells were washed twice
with ice-cold PBS and stained with 5 µL of Annexin V-PE and 10 µL of 7-AAD (5 µg/mL)
in 1 mL of binding buffer for 15 min at room temperature in the dark. Apoptotic cells were
then counted using a BD FACSCalibur™ flow cytometer and Cell Quest Pro software (BD
Biosciences, Franklin Lakes, NJ, USA).

4.6. ROS Analysis

The DCFH-DA fluorescent marker was used to identify intracellular ROS levels. In
addition, MitoSOX™ Red (Invitrogen, Carlsbad, CA, USA) is a fluorescent dye that reacts
selectively with mitochondrial superoxide in live cells. Cells were incubated for 1.5 h
with selected doses of palmitate and then stained with DCFH-DA (10 µM) or MitoSOX™
Red (10 µM) in serum-free medium for 30 min at 37 ◦C and harvested. Samples were
then evaluated using a FACSCalibur flow cytometer and Cell Quest Pro software (BD
Biosciences, Franklin Lakes, NJ, USA).
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4.7. Mitochondrial Membrane Potential Analysis

RL95-2 (6 × 105) and HEC-1-A (3 × 105) cells were seeded into 6-well plates in their
respective media. The next day, selected doses of palmitate were added in fresh medium,
and the cells were incubated for an additional 24 or 48 h. All dead and viable cells were
then harvested, washed with PBS, and incubated with 1× binding buffer containing the
MMP-sensitive fluorescent dye JC-1 for 30 min at 37 ◦C in the dark. The cells were then
washed twice with PBS, resuspended in 500 µL of 1× binding buffer, and analyzed using a
FACSCalibur flow cytometer and Cell Quest Pro software (BD Biosciences, Franklin Lakes,
NJ, USA). Mitochondrial depolarization was measured on the basis of a decrease in the
red/green fluorescence intensity ratio.

4.8. Immunocytochemistry

Immunocytochemical analysis was carried out with cells adhering to cover slips in
24-well plates. After treatment with selected doses of palmitate for 1.5 h, the cells were
fixed for 10 min in 4% formaldehyde, incubated for 10 min in 0.1% Triton X-100 solution,
washed 3 times in PBS, and treated for 1 h at room temperature with 1% BSA. Thereafter,
the cells were incubated with anti-TOM20 antibody at 4 ◦C overnight. The next day, the
cells were washed with PBS and incubated for 1 h with FITC. Cell nuclei were stained by
DAPI. Mitochondrial morphology was observed using a THUNDER Imager microscope
equipped with a 100× objective (Leica, Wetzlar, Germany).

4.9. Mitochondrial Mass Assay

RL95-2 (6 × 105) and HEC-1-A (3 × 105) cells were seeded into 6-well plates in their
respective media. The next day, the cells were treated with selected doses of palmitate for
1.5 h and stained with 20 µM MitoViewTM Green (Biotium, CA, USA) for 30 min at 37 ◦C
in the dark. Samples were then evaluated using a FACSCalibur flow cytometer and Cell
Quest Pro software (BD Biosciences, Franklin Lakes, NJ, USA).

4.10. Statistical Analysis

Values were expressed as the mean ± SD from at least three independent experiments.
All comparisons between groups were made using Student’s t-tests. Statistical significance:
n.s., not significant, * p < 0.05; ** p < 0.01; *** p < 0.001. The comparison between multiple
groups was conducted using analysis of variance (ANOVA). Statistical significance was set
at p < 0.05.

5. Conclusions

Our findings indicate that palmitate exhibits potential anti-endometrial cancer activity,
especially in HEC-1-A cells, which are type II endometrial cancer cells and therefore less
sensitive to chemotherapy. Palmitate administered as an adjuvant treatment significantly
increased cancer cell sensitivity to cisplatin and doxorubicin. This study thus provides a
potential therapeutic strategy for the treatment of endometrial cancers otherwise resistant
to treatment.
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CHOP C/EBP homologous protein
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cPARP cleaved poly-ADP-ribose polymerase
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DMSO dimethyl sulfoxide
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ED50 median effective dose
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LC3B microtubule-associated proteins 1A/1B light chain 3B
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Abstract: TET3 is a member of the TET (ten-eleven translocation) proteins family that catalyzes
the conversion of the 5-methylcytosine into 5-hydroxymethylcytosine. TET proteins can also affect
chromatin modifications and gene expression independently of their enzymatic activity via interac-
tions with other proteins. O-GlcNAc transferase (OGT), the enzyme responsible for modification
of proteins via binding of N-acetylglucosamine residues, is one of the proteins whose action may
be dependent on TET3. Here, we demonstrated that in endometrial cancer cells both TET3 and
OGT affected the expression of genes involved in epithelial to mesenchymal transition (EMT), i.e.,
FOXC1, TWIST1, and ZEB1. OGT overexpression was caused by an increase in TWIST1 and ZEB1
levels in HEC-1A and Ishikawa cells, which was associated with increased O-GlcNAcylation of
histone H2B and trimethylation of H3K4. The TET3 had the opposite effect on gene expressions
and histone modifications. OGT and TET3 differently affected FOXC1 expression and the migratory
potential of HEC-1A and Ishikawa cells. Analysis of gene expressions in cancer tissue samples
from endometrial cancer patients confirmed the association between OGT or TET3 and EMT genes.
Our results contribute to the knowledge of the role of the TET3/OGT relationship in the complex
mechanism supporting endometrial cancer progression.

Keywords: endometrial cancer; TET proteins; O-GlcNAc transferase; TWIST1; ZEB1; FOXC1; migra-
tion; invasion

1. Introduction

TET family proteins play a significant role in changing the pattern of DNA methylation
through participation in DNA demethylation. In humans, three TET proteins named TET1,
TET2, and TET3 have been identified. These proteins are iron(II)- and 2-ketoglutarate-
dependent dioxygenases, which catalyze the conversion of the 5-methylcytosine (5-mC)
into 5-hydroxymethylcytosine (5-hmC) and further into 5-formylcytosine (5-fC) and 5-
carboxycytosine (5-caC), which initiates the process of DNA demethylation [1–3]. Besides
being involved in DNA demethylation, TET proteins can also affect the epigenetic modifi-
cations, regardless of their enzymatic activity by interacting with other proteins that are
involved in the modification of chromatin, for example, O-GlcNAc transferase (OGT) [4–6].
OGT is an enzyme responsible for the modification (O-GlcNAcylation) of cellular proteins
by linking the single N-acetylglucosamine moieties to serine or threonine residues by the
O-glycosidic bond. This dynamic modification affects the activity and stability of a great
number of proteins, including metabolic enzymes, kinases, phosphatases, transcription
factors, and many others. Increased expression of OGT and hyper-O-GlcNAcylation are
the hallmarks of many tumors [7–9]. It has been found that the O-GlcNAcylation may be
a part of histone code, and OGT modifies H2A, H2B, H3, and H4 histones [10]. Studies
using chromatin immunoprecipitation (ChIP-Seq) showed that TET1, TET2, TET3, and
OGT can colocalize in H3K4me3-rich sites of chromatin in promoters of transcriptionally
active genes [10,11].
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It is suggested that TET proteins play an essential role in the recruitment of OGT
to chromatin so that it can modify histones [4,5,12]. Chen et al. [4] demonstrated that in
murine embryonic stem cells (mESC), Tet2 protein is necessary for OGT to modify histone
H2B at serine 112 (H2BS112GlcNAc). Glycosylation of this serine residue facilitates the
further modification of histone H2B, the monoubiquitination of lysine 120 (H2BK120Ub).
Studies of Ito et al. [5] indicated that TET3 plays the main role in the recruitment of
O-GlcNAc transferase to chromatin and regulates its stability.

The epithelial to mesenchymal transition (EMT) is a biological process in which epithe-
lial cells experience profound changes in motility and their ability to invade surrounding
tissues [13]. Major players in the regulation of EMT are transcription factors, designated
as EMT-TFs, which include, among others, Zinc finger E-box-binding homeobox 1 and 2
(ZEB1 and ZEB2), and Twist-related protein 1 and 2 (TWIST1 and TWIST2). These factors
take part in a complex network that activates a specific molecular program aimed at re-
pressing epithelial markers (e.g., E-cadherin, CDH1) and activating mesenchymal markers
(e.g., vimentin, VIM) [13].

The pioneer factors, a special class of transcription factors that can associate with
compacted chromatin to facilitate the binding of additional transcription factors are also
involved in cancer progression. The function of pioneer factors was originally described
during development. More recently, they have been implicated, especially FOXA1, in
hormone-dependent cancers, such as estrogen receptor-positive breast cancer and androgen
receptor-positive prostate cancer [14]. The role of FOXA1 in human malignancy remains
incompletely defined, as both pro- and antitumorigenic functions have been uncovered.
FOXA1 is strongly associated with metastatic disease in prostatic adenocarcinoma [15].
In breast cancer, high FOXA1 expression positively correlates with the outcome, but
the potential impact of its expression depends on the ERα status and tumor molecular
subtype [15]. The other important factor whose role in cancer development and progression
has begun to emerge is FOXC1 [16]. Although FOXC1 has not been formally confirmed
as a pioneer factor it seems probable it is one since it exhibits conservation of the critical
amino acids which confer pioneer activity in FOXA1. Overexpression of FOXC1 has been
reported in at least 16 types of cancer, often in association with a poor prognosis [16].

Here, we demonstrate that OGT and TET3 affect the expression of genes associated
with epithelial-mesenchymal transition via changes of histones modifications and the
ability of endometrial cancer cells for migration and invasion.

2. Results
2.1. Effect of OGT and TET3 on the Expression of Genes Involved in EMT

The impact of changes in OGT and TET3 amounts on the expression of genes involved
in epithelial-mesenchymal transition (FOXA1, FOXC1, TWIST, ZEB1) in endometrial cancer
cells has been analyzed. Expressions of TET3 and OGT were changed by treating HEC-1A
and Ishikawa cells with plasmid vectors or siRNA (Figure 1A–D). In endometrial cancer
cells with TET3 and OGT dysregulation, the expressions of FOXA1, FOXC1, TWIST, ZEB1
were analyzed and the results are shown for HEC-1A and Ishikawa cells in Figure 1E,F,
respectively. The expressions were analyzed in cells with unchanged OGT and TET3 (con-
trol), cells with overexpression of TET3 (pTET3), cells with overexpression OGT (pOGT),
and cells with overexpression both OGT and TET3 (pTET3/pOGT), and cells cotransfected
with pOGT and siTET3. Changes in expression of TET3 and OGT affected the expression
of FOXC1, TWIST1, and ZEB1 but did not significantly influence the expression of FOXA1.
Overexpression of TET3 and OGT caused decreased expression of FOXC1 in HEC1A cells
and increased expression of this gene in Ishikawa cells. TET3 and OGT seem to have the
opposite effect on TWIST1 expressions both in HEC1A and Ishikawa cells, i.e., TET3 causes
decreased expression and OGT causes increased expression. Expression of ZEB1 was af-
fected mostly by OGT, especially in Ishikawa cells. When TET3 and OGT were coexpressed,
the most interesting results were found for TWIST1. TET3 seems to counteract the TWIST1
expression increase caused by OGT. In the case of ZEB1, co-overexpression of OGT and

156



Int. J. Mol. Sci. 2021, 22, 13239

TET3 give the same results as overexpression of OGT alone. To confirm the results of the
TET3 and OGT impact on these genes, we also analyzed the expression of genes in cells
treated with siRNAs specific for TET3 or OGT. The results are shown in Supplementary
Figure S1. These results support the findings from overexpression experiments.
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Figure 1. Gene expressions in cells with TET3 and OGT dysregulation. In HEC-1A and Ishikawa
cells, TET3 (A) and OGT (C) expression were decreased by transfection of cells with specific siRNA or
increased via transfection with plasmid DNA (B,D) respectively). The mRNA levels were analyzed
by real-time PCR methods (for details see Methods). The mRNA expression of FOXA1, FOXC1,
TWIST1, and ZEB1 were evaluated in HEC-1A (E) and Ishikawa (F) cells with increased expression
of TET3 (pTET3), OGT (pOGT), co-expression of OGT and TET3 (pOGT + pTET3), and increased
expression of OGT and reduced expression of TET3 (pOGT + siTET3). The expressions of genes in
each kind of sample were compared to appropriate controls, i.e., cells treated with empty vectors or
nonsilent siRNA duplexes in which expression was assumed to be 1. Data show mean ± SE (n = 5),
* p < 0.01, ** p < 0.001, *** p < 0.0001.
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2.2. Amount and Localization of OGT in Endometrial Cancer Cells with TET3 Overexpression

It has been suggested that interactions between TET3 and OGT may impact the
stability and intracellular localization of OGT [5]. Thus, the impact of TET3 dysregulation
on the expression and localization of OGT in chromatin fraction in endometrial cells was
analyzed. In HEC-1A and Ishikawa cells treated with TET3 siRNA or plasmid DNA, the
OGT expression was analyzed. The mRNA and protein levels of OGT in cells with TET3
down- and up-regulation did not change (Figure 2A,B). TET3 overexpression did not affect
the localization of OGT as well. There was no difference in the global cytoplasmic and
nuclear amount of OGT between control cells and cells overexpressing TET3 (Figure 2C).
Control cells and cells treated with transcription vector were also fractionated to obtain
the chromatin fraction. The results showed enrichment of OGT in chromatin fraction, but
TET3 overexpression did not impact OGT localization in chromatin fraction (Figure 2D).
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Figure 2. OGT expression and localization in cells with TET3 deregulation. OGT expression was
analyzed at mRNA and protein levels in HEC-1A and Ishikawa cells with TET3 reduced (A) or
increased (B) expression using the real-time PCR method or Western blot method. (C,D) are the
results of OGT identification by Western blot method in cellular fractions in control cells and cells
with TET3 overexpression. CL—whole cell lysate; NF—nuclear fraction; CF—cytoplasmic fraction.
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2.3. Impact of TET3 and OGT on Each Other Binding to Chromatin and Histones Modifications

Since both TET3 and OGT deregulation had a significant impact on FOXC1, TWIST,
and ZEB1 expressions, the binding of TET3 and OGT proteins to chromatin associated with
these genes were analyzed. The results showed that both TET3 and OGT bound to chro-
matin in regions of EMT genes in HEC-1A and Ishikawa cells (Figure 3A,B, respectively).
Overexpression of TET3 or OGT in both cells caused increased and siRNA decreased
binding to chromatin compared to appropriate control cells. The effect of overexpression or
downregulation of OGT and TET3 on each other’s amounts in chromatin associated with
FOXC1, TWIST1, and ZEB1 was analyzed. In HEC-1A cells, the OGT changed significantly
the anti-TET3 antibody binding only in the case of ZEB1, but TET3 overexpression reduced
the anti-OGT antibody binding to chromatin in regions of all three genes. TET3 overexpres-
sion in Ishikawa cells was associated with increased binding of the anti-OGT antibody to
the region of FOXC1 and TWIST1.
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Figure 3. OGT and TET3 binding to chromatin in FOXC1, TWIST1, and ZEB1 regions. Chromatin immunoprecipitation
(ChIP) analysis was performed for HEC-1A (A) and Ishikawa (B) endometrial cancer cells treated with plasmid DNA or
siRNA with specific antibodies. Differential chromatin enrichment was quantified using real-time quantitative PCR. The
results were calculated as % input (% input = % input of specific antibodies probes—% input mock IgG) and are presented
as a log2fold change (Fold change = % input of treated cells sample/% input of control cells sample). Data show mean ± SE,
(n = 4) * p < 0.01, ** p < 0.001, *** p < 0.0001.

The modifications of histones were analyzed in cells with overexpression of OGT or
TET3 (Figure 4). Generally, overexpression of OGT caused increased O-GlcNAcylation of
histone H2B and trimethylation of lysine 4 of histone H3 (Figure 4A,D). The only exception
was the FOXC1 region where methylation was decreased after OGT overexpression. The
overexpression of TET3 caused generally decreased O-GlcNAcylation and ubiquitination of
histone H2B and methylation of histone H3 in the case of all analyzed genes (Figure 4B,F).
However, there was also an exception. In Ishikawa cells overexpression of TET3 caused
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increased O-GlcNAcylation, methylation, and ubiquitination of histones in chromatin in
the FOXC1 region. Thus, OGT and TET3 had a similar effect on the methylation of H3K4 in
HEC-1A and Ishikawa cells. Increased methylation of H3K4 was associated with increased
expression of FOXC1.
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Figure 4. OGT and TET3 dysregulation affect histone modifications. The O-GlcNAcylation of serine
112 of histone H2B (H2BS112GlcNAc), ubiquitination of lysine 120 of histone H2B (H2BK120Ub),
and trimethylation of lysine 4 of histone H3 (H3K4me3) have been analyzed using the ChiP method
in cells with OGT (A,C,E) or TET3 (B,D,F) overexpression. Differential chromatin enrichment was
quantified using Real-time quantitative PCR. The results were calculated as % input (% input = %
input of specific antibodies probes—% input mock IgG) and are presented as a log2fold change (Fold
change = % input of treated cells sample/% input of control cells sample). Data show mean ± SE,
(n = 5) * p < 0.01, ** p < 0.001.
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2.4. OGT and TET3 Affect Migration and Invasion of Endometrial Cancer Cells

Wound healing and Boyden chamber assays were conducted to evaluate the migration
and invasion capacity of endometrial cancer cells with overexpression of OGT and TET3
(Figure 5). Interestingly, the effect of TET3 and OGT overexpression was opposite in HEC-
1A and Ishikawa cells. In HEC-1A cells, the overexpression of TET3 and OGT caused
decreased migration and invasion. The migration potential of Ishikawa control cells was
very small, and it was slightly increased after OGT or TET3 expression. The results of
Boyden chamber assays showed that both migration and invasion of cells were significantly
increased after coexpression of OGT and TET3.
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Figure 5. Effect of OGT and TET3 on migration and invasion of cells. The wound-healing assay was
performed to examine the migration rate of HEC-1A (A) and Ishikawa cells (B) transduced with
OGT and TET3 plasmid vectors. Photographs were taken at 0, 24 h, and 48 h following the initial
scratch. Migration rates were quantified by measuring three different wound areas. Three separate
experiments were performed. Cell migration assays using Transwell chambers and invasion assays
using Transwell chambers with Matrigel were performed for HEC-1A (C) and Ishikawa cells (D).
Representative images of migrating cells stained with Giemsa are displayed (left) for HEC-1A (C) and
Ishikawa cells (D). Quantitative data of migration and invasion assay are expressed relative to the
migration and invasion abilities of control cells. Plots show average counts from three independent
testings * p < 0.01; ** p < 0.001; *** p < 0.0001.
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2.5. Correlations between Expression of EMT Genes and OGT or TET3 in Endometrial Cancer

To further investigate whether OGT and TET3 were associated with the expression
of EMT genes in endometrial cancer, we analyzed the correlations between these gene
expressions in 131 samples of endometrial cancer tissues using quantitative PCR. The
results showed a significant moderate correlation between OGT expression and TWIST1
(r = 0.427) or ZEB1 (r = 0.479) (Figure 6). There was also a weak correlation between TET3
and FOXC1 (r = 0.229) and TWIST1 (r = 0.247) (Figure 6).
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Figure 6. Correlations between gene expressions in endometrial cancer samples. Expression levels of TET3, OGT, FOXC1,
TWIST1, and ZEB1 in samples of endometrial cancers were evaluated by real-time quantitative PCR analysis with the
HPRT1 gene applied as a reference. Spearman rank correlation analysis was performed to analyze the association of TET3
(A) or OGT (B) expression with FOXC1, TWIST1, and ZEB1. The correlations were considered significant when p < 0.05.

3. Discussion

Most earlier studies of TET proteins focused on their ability to facilitate DNA demethy-
lation through the production of 5-hmC. It has only recently been recognized that TET
proteins can also affect chromatin modifications and gene expressions independently of
their enzymatic activity. It is suggested that individual TET proteins via interactions with
other proteins may indirectly change the expressions of specific genes [17]. Moreover, the
individual TET proteins may have a different impact on cancer onset and progression.
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TET1 decreased expression and low 5-hmC levels are frequently observed in many different
types of cancers, including gastric, prostate, liver, lung, and breast cancer as well as glioblas-
toma and melanoma [18]. The TET2 gene is subjected to frequent somatic mutations in an
extensive range of hematopoietic cancers, including myeloid and lymphoid cancers and
several solid cancers [19]. In contrast to decreased expression of TET1/2 in cancers, it was
found that TET3 expression was upregulated in ovarian cancer, and its high expression was
correlated with poor clinicopathological features [20]. Our previous studies showed that
TET1 and TET2 messenger RNA expression was lower and TET3 expression was higher
in endometrial cancers compared to normal tissues [21]. A positive correlation between
5-hmC and the relative expression of TET1 and TET2 was found, but no correlation was
observed in the case of TET3 [21]. Thus, the role of TET3 in endometrial cancer seems to be
different than TET1 or TET2, and this protein may be involved in modifications of histones
by targeting other proteins to chromatin. It has been suggested that O-GlcNAc transferase
is one of the TET3 partners [5].

In this study, we analyzed the impact of TET3 and OGT on migration and invasion of
endometrial cancer cells via regulation of EMT genes expression. Our results show that
both TET3 and OGT affect cell migration and invasion of endometrial cancer cells; however,
unexpectedly, their effects are different in HEC-1A and Ishikawa cells. Ishikawa cells are
well-differentiated and their migratory potential is low. TET3 and OGT overexpression
caused an increase in the migratory potential of Ishikawa cells, which was especially seen
when both proteins were coexpressed. Increased expression of TET3 and OGT caused a sig-
nificant increase of FOXC1 expression. Interestingly, increased expression of TET3 caused
increased binding of OGT to chromatin in the region of FOXC1 and increased histone H2B
O-GlcNAcylation and H3K4 trimethylation. This may suggest that TET3 plays a role in the
targeting of OGT to chromatin in Ishikawa cells. Although our results did not show general
enrichment of OGT in chromatin fraction after TET3 overexpression, that did not exclude
the possibility that TET3 is involved in the targeting of OGT to specific chromatin sites.
HEC-1A cells, contrary to Ishikawa, showed decreased migratory potential after TET3 and
OGT overexpression. Interestingly, in these cells, FOXC1 expression was decreased after
TET3 or OGT overexpression. We cannot explain the reason for different TET and OGT
impacts on FOXC1 in the two cell lines. Both cell types represent type I endometrial cancer.
Traditionally, endometrial cancer has been divided into two subtypes with distinct clinical,
pathological, histological, and molecular behavior. Type I endometrial carcinomas account
for 85% of all endometrial cancers, and they are mainly low grade, estrogen-dependent,
hormone-receptor-positive adenocarcinomas with endometrioid morphology [22]. How-
ever, despite many similarities, these two types of cells differ in many ways. For example,
Ishikawa cells do not express PTEN, and HEC-1A cells are PTEN-wild-type. On the other
hand, Ishikawa cells expressed all estrogen receptors, and HEC-1A cells lack expression
of ESR1. Ishikawa cells form more estradiol from estrone than HEC-1A cells [23]. The
relationship between ER α and the expression of EMT genes is well established for breast
cancer [24]. Thus, we think that the different molecular background lies behind the differ-
ent effects of TET3 and OGT on FOXC1. Future studies are necessary to identify all TET
and OGT partners involved in FOXC1 regulation. Although the impact of TET3 and OGT
on FOXC1 expression in HEC-1A and Ishikawa are opposite, it seems that endometrial
cell migration and invasion are correlated with this factor expression. Several studies have
linked FOXC1 activity to the aggressive phenotype in cancer cells, especially in basal-like
breast cancer and hepatocellular carcinoma [25]. Although studies of FOXC1 in endome-
trial cancer are not advanced, it is suggested that FOXC1 may be a potential oncogene
also in endometrial carcinoma [25]. In endometrial cancer, the downregulation of FOXC1
by miRNA—specifically miRNA 204 and miRNA 495—caused inhibition of cancer cell
growth and migration [26,27]. The results of our research seem to confirm the significance
of FOXC1 in the aggressive phenotype of endometrial cancer cells. However, the analysis
of mRNA expression of FOXC1 in endometrial cancer tissues did not show any association
of FOXC1 expression with clinicopathological characteristics (Supplemental Figure S2).
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The findings of this study suggest that OGT and TET have the opposite effect on
TWIST1 and ZEB1 expressions and histone modifications, both in HEC-1A and Ishikawa
cells. OGT increases of O-GlcNAcylation of H4S112 and methylation of H3K4 in the
ZEB1 region, which results in the increased expression of ZEB1. On the contrary, TET3
overexpression was associated with decreased O-GlcNAcylation and methylation. OGT
overexpression also significantly increased H3K4 methylation and expression of TWIST1,
while TET3 reduced both methylation and expression. However, the migratory potential
of HEC-1A cells was not correlated with the increased expression of ZEB1 or TWIST1.
The previous studies of Feng et al. [28] showed that ZEB1 was related to the metastasis
of endometrial cancer. ZEB1 expression was significantly associated with subtype, grade,
myometrial invasion, and lymph node metastases in endometrial cancer [28]. Similarly,
Shen et al. [29] also showed significantly higher TWIST1 expression in patients with type
I endometrial cancer compared to normal endometrium, and aberrant TWIST1 expres-
sion was significantly associated with clinical parameters, indicating poor prognosis and
shorter patient survival. However, Sadłecki et al. [30] did not find significant associations
between the clinicopathological characteristics of endometrial cancer patients and the
expressions of TWIST1, TWIST2, ZEB1, and SNAIL. Our results also did not show any
correlation between TWIST1 expression and clinicopathological parameters and ZEB1
expression was even lower in more advanced cancers compared to less aggressive cancers
(Supplementary Figures S3 and S4).

Thus, the function of EMT inducers in endometrial cancers needs further explanation.
The expression and function of EMT inducers may vary considerably across different
cancer types or even cell types depending on the molecular context [31]. For example,
TWIST1 was found to promote metastasis in the breast cancer model but was shown to be
dispensable for metastasis in a pancreatic cancer model. Sometimes, factors may have even
opposite effects in different tumors. ZEB2 is associated with metastasis in ovarian, gastric
and pancreatic tumors but reduces aggressiveness in melanoma [31].

In conclusion, our results showed that both TET3 and OGT are involved in the regula-
tion of FOXC1, TWIST1, and ZEB1 in endometrial cancer and affect cancer cell migration
and invasion. These results contribute to the knowledge of the complex mechanism sup-
porting endometrial cancer progression; however, further studies are needed to elucidate
the significance of particular EMT inducers in endometrial cancer progression.

4. Materials and Methods
4.1. Patients and Tissue Samples

Samples of endometrial cancer were obtained from 131 patients who underwent
surgery in the Department of Gynecological Oncology Copernicus Memorial Hospital
(Łódź, Poland). Tissue samples after tumor resection were immediately placed in RNAlater
(Ambion®, Carlsbad, CA, USA). Samples were subsequently stored at −80 ◦C until RNA
and DNA extraction. All cancer samples were characterized in terms of tumor stage
according to the International Federation of Gynecology and Obstetrics (FIGO) criteria,
histological grade, and type, according to WHO classification, and the ability of cancer
cells to metastasize to lymph nodes. The investigations were approved by the Bioethical
Commissions of the University of Lodz (6/KBBN-UŁ/III/2014).

4.2. Cell Culture and Treatment

Endometrial cancer cell line HEC-1A was obtained from the American Type Culture
Collection (Manassas, VA, USA) and Ishikawa cells were obtained from the European
Collection of Authenticated Cell Cultures (Wiltshire, UK). Cells were cultured in DMEM:
F12 media (Lonza, Basel, Switzerland) containing 10% (HEC-1A) or 5% (Ishikawa) (v/v)
FBS at 37 ◦C and 5% CO2.

Overexpression of TET3 and OGT was established by transfection of FH-TET3-pEF
(#49446, Addgene, Watertown, MA, USA) or pCMV6-OGT-myc (#RC224481, OriGene,
Rockville, MD, USA) into cells with Lipofectamine™2000 (InvitrogenTM, ThermoFisher
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Scientific, Grand Island, NY, USA). For controls, empty vectors were used. Knockdown ex-
periments were performed using Silencer Select siRNA (ID: s47238 ID: s16093) (Ambion®,
Carlsbad, CA, USA). To knockdown TET3 or OGT siRNA targeting both genes were
complexed to Lipofectamine RNAiMAX (InvitrogenTM, ThermoFisher Scientific, Grand
Island, NY, USA) following the manufacturer’s specifications. The siRNAs were used
at a concentration of 30 nM. Cotransfection was performed with Lipofectamine™ 2000
(InvitrogenTM, ThermoFisher Scientific, Grand Island, NY, USA). Similar to single transfec-
tion in co-transfection experiments, the concentration of siRNA was 30 nM and the ratio of
DNA to Lipofectamine was 1:2. The effect was analyzed 24 h after transfection.

4.3. RNA Isolation and RT-PCR

Total RNA from cancer tissue samples was isolated using Trizol® Reagent (Sigma
Aldrich, Saint Louis, MO, USA) and from cells using the ExtractMe Total RNA Kit (Blirt,
Gdańsk, Poland) according to the manufacturer’s instructions. First-strand cDNAs were
obtained by reverse transcription of 2 µg of total RNA using High Capacity cDNA Reverse
Transcription Kit (ThermoFisher Scientific, Waltham, MA, USA) following the manufac-
turer’s protocol. Real-time amplification of the cDNA was performed using TaqMan®

Gene Expression Assay (ThermoFisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. The fluorogenic, FAM-labeled probes, and the sequence-
specific primers for TET3, OGT, FOXA1, FOXC1, TWIST1, and ZEB1, and the internal
control HPRT1 were obtained as inventoried assays: Hs00379125_m1, Hs01023894_m1,
Hs00559473_s1, Hs01379963_m1, Hs01379963_m1, and Hs02800695_m1 (Applied Biosys-
tems, ThermoFisher Scientific, Waltham, MA, USA). PCR reactions were carried out using
the Mastercycler ep realplex (Eppendorf, Hamburg, Germany). The equation 1000∗2−∆Ct

was applied to calculate the expression of studied genes in tissue samples, where ∆Ct = Ct
of the target gene − Ct the reference gene (HPRT1). Results are expressed as a number
of target gene mRNA copies per 1000 copies of HPRT1 mRNA. Fold differences in genes
expression in cells normalized to HPRT1 levels were calculated using the formula 2∆∆Ct.

4.4. Isolation of Cytoplasmic, Nucleoplasmic, and Chromatin Fractions

Cytoplasmic, nucleoplasmic, and chromatin fractions were prepared from a pellet of
cultured cells according to Yu et al. [32]. Cells were resuspended in lysing buffer (10 mM
HEPES (ang. (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)) pH 7.4, 10 mM KCl,
0.05% Triton X-100). After centrifugation at 14,000 rpm (4C), 10 min supernatant containing
cytoplasmic proteins was moved to new Eppendorf probes and pellet containing nuclear
proteins after washing with lysing buffer was resuspended in a low salt buffer (10 mM
TrisHCl pH 7.4, 0.2 mM MgCl2, 1% Triton X100). After centrifugation at 14,000 rpm for
10 min, supernatant containing nucleoplasmic proteins was moved to new Eppendorf
probes and pellet with chromatin proteins was resuspended in 0.2 M HCl. Supernatant
obtained after centrifugation contained chromatin proteins.

4.5. Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) analysis was performed for HEC-1A and
Ishikawa endometrial cancer cells treated with plasmid DNA or siRNA. Following treat-
ment, cells were cross-linked for 10 min with formaldehyde at room temperature; the
cross-linking was stopped by adding glycine at a final concentration of 125 mM. Cells
were washed and lysed in lysing buffer (10 mM HEPES, 85 mM KCL, 0.5% Triton X-100,
1 mM PMSF). After centrifugation (700 rpm, 4 ◦C, 2 min), nuclei in pellet were resuspended
in high salt buffer and sonicated on ice using Vibra Cell TM model VCX-130 (Sonics &
Materials Inc. Newtown, CT, USA). The chromatin fragments were then immunoprecipi-
tated with specific antibodies. The following antibodies were used: anti-OGT (#5368; Cell
Signaling Technology), anti-TET3 [C3] C-term (GTX121453, GeneTex Irvine, CA, USA), anti-
Histone H2B (glcnac S112) (ab130951; Abcam, Cambridge, UK), anti-Ubiquityl-Histone
H2B (Lys120) (D11) XP® (#5546, Cell Signaling Technology, Danvers, MA, USA), and
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anti-Tri-Methyl-Histone H3 (Lys4) (C42D8) (#9751, Cell Signaling Technology, Danvers,
MA, USA). A control immunoprecipitation using IgG was set up in parallel to distinguish
nonspecific precipitation. The anti-Normal Rabbit IgG (#2729, Cell Signaling Technology,
Danvers, MA, USA) antibody was used. Protein A/G Plus agarose beads were used
to bind protein–antibody complexes. Differential chromatin enrichment was quantified
using real-time quantitative PCR. The primer pairs were: for FOXC1 forward ATGGC-
GATTTGATTACAGAC and reverse ATTACTGCTTAAGTGTTGCC, for TWIST1 forward
CTAGATGTCATTGTTTCCAGAG and reverse CCCTGTTTCTTTGAATTTGG, for ZEB1
forward AAAGATGATGAATGCGAGTC and reverse TCCATTTTCATCATGACCAC. The
results were calculated as % input (% input = % input of specific antibodies probes − %
input mock IgG) and are presented as a fold change (FC = % input of treated cells sample/%
input of control cells sample).

4.6. Western Blotting

Endometrial cancer cells were lysed in a RIPA buffer (50 mM Tris HCl pH 8, 150 mM
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM PMSF).
Concentrations of protein were determined using the Lowry method. Proteins of the
cell lysates were resolved by 8% SDS-PAGE and transferred to Immobilon P membranes.
The blots were incubated for two hours at room temperature with the following primary
antibodies: anti-OGT (#5368) (diluted 1:2000, Cell Signaling Technology, Danvers, MA,
USA), anti-lamin A/C (sc-376248) (diluted 1:2000; Santa Cruz Biotechnology, Dallas, TX,
USA), anti-Histone H3 (ab1791) (diluted 1:2500; Abcam), and anti-β-actin (sc-4778) (diluted
1:5000; Santa Cruz Biotechnology, Dallas, TX, USA). After washing with TBST (Tris buffered
saline with Tween-20), immunoblots were incubated 1h at room temperature with goat
anti-mouse or anti-rabbit secondary antibodies conjugated with horseradish peroxidase
(diluted 1:5000, Cell Signaling Technology, Danvers, MA, USA).

4.7. Migration/Invasion Assay

The Transwell assay was performed to assess the rate of migration or invasion of
HEC-1A and Ishikawa cells after treatment. Cell culture inserts Millicell™ (polyethylene
terephthalate PET membranes with 8 µm pores) (Merck Millipore, Burlington, MA, USA)
were used. Cells were plated in serum-free medium 24 h after treatment and placed in
the upper chamber. The lower chamber was filled with serum-containing medium. Cells
were cultured for 24 h. After that, cells in the upper chamber were removed, and migrated
cells at the bottom of the inserts were fixed in 4% paraformaldehyde and stained with
Giemsa. In case of invasion, assay chambers were coated with Matrigel® Matrix Basement
Membrane (Corning, New York, NY, USA).

4.8. Statistical Analysis

Differences between the expression levels of genes among the studied tissue sample
groups were analyzed using the nonparametric Kruskal-Wallis test with the post-hoc Dunn
test. Correlations between different gene expressions were analyzed using the Spearman
test. The Student’s paired t-test was used to compare the differences between treated and
control cells. A p-value < 0.05 was considered to indicate a statistically significant difference.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms222413239/s1.
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