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Abstract: Type II endometrial carcinomas (ECs) are responsible for most endometrial cancer-related
deaths due to their aggressive nature, late stage detection and high tolerance for standard therapies.
However, there are no targeted therapies for type II ECs, and they are still treated the same way
as the clinically indolent and easily treatable type I ECs. Therefore, type II ECs are in need
of new treatment options. More recently, molecular analysis of endometrial cancer revealed
phosphorylation-dependent oncogenic signalling in the phosphatidylinositol-4,5-bisphosphate
3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways to be most frequently altered
in type II ECs. Consequently, clinical trials tested pharmacologic kinase inhibitors targeting these
pathways, although mostly with rather disappointing results. In this review, we highlight the most
common genetic alterations in type II ECs. Additionally, we reason why most clinical trials for ECs
using targeted kinase inhibitors had unsatisfying results and what should be changed in future clinical
trial setups. Furthermore, we argue that, besides kinases, phosphatases should no longer be ignored
in clinical trials, particularly in type II ECs, where the tumour suppressive phosphatase protein
phosphatase type 2A (PP2A) is frequently mutated. Lastly, we discuss the therapeutic potential of
targeting PP2A for (re)activation, possibly in combination with pharmacologic kinase inhibitors.

Keywords: endometrial cancer; type II endometrial carcinoma; targeted therapy; kinase inhibitor;
molecular marker; protein kinase; protein phosphatase; PP2A; PPP2R1A; SMAP

1. Introduction

Cancer is responsible for 1 in 6 deaths worldwide, and is thereby the second leading cause of
mortality [1]. In 2012, there were on estimation 6.6 million new cancer cases and 3.5 million cancer
deaths, specifically for women. Endometrial cancer accounted for 2.1% of these cancer deaths, and 5%
of these cancer cases, making it the fourth most common cancer in women. Moreover, global incidence
rates for endometrial cancer are still rising each year. In the USA for example, incidence rates have risen
about 24% over a period of 23 years and are expected to rise another 35% by 2030 [2]. Additionally,
even though technological advancements have improved standard therapies, mortality rates for
endometrial cancer are still increasing. Over the last 15 years, there has been an increase in endometrial
cancer related deaths of about 15% [1–5], supporting the notion that therapies for endometrial cancer
need to be urgently revised and improved. Recent advances in the understanding of the molecular
mechanisms of gynaecological cancers and the discovery of potential molecular markers through
large-scale genomics studies have paved the way to implementing targeted therapeutics, an approach
already successfully used in other cancers.

In this review, we discuss the therapeutic potential of targeting phosphorylation-dependent
oncogenic signalling, particularly in type II endometrial cancers. The initial focus is on the use of
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pharmacologic kinase inhibitors as targeted therapeutics. However, the biochemical antagonists of
protein kinases, the protein phosphatases, have more recently also come into the limelight as potential
targets in cancer, particularly in type II endometrial carcinomas, where the tumour suppressive
phosphatase protein phosphatase type 2A (PP2A) is frequently mutated. Moreover, PP2A (re)activation
therapies may be of significant relevance to improve kinase inhibitor treatments. Therefore, we argue
that targeted therapies, that take the tumour type and molecular profile of endometrial cancers into
account, should be implemented on a more rational basis in clinical trials.

2. Endometrial Carcinomas: Histologic Classification and Diagnosis

Most endometrial cancers (97%) are epithelial lesions arising from the lining of the uterus, known
as endometrial carcinomas (ECs) [2]. In 1983, Bokhman classified ECs into two types, based on the
histopathology of the tumour [6]. Type I EC is composed of oestrogen-dependent, mostly low-grade
endometrioid tumours and represents up to 80% of all ECs [6,7]. Endometrioid EC generally has a
favourable prognosis with a five-year-survival rate of more than 80% due to its indolent clinical course
and early stage detection [8]. On the other hand, type II ECs are high-grade by definition, with a poor
prognosis, and mainly include three distinct histologies: Serous adenocarcinomas (10–20%), clear cell
adenocarcinomas (<5%) and carcinosarcomas (<5%) [9–16]. Carcinosarcomas consist of a sarcoma as
well as a carcinoma component. This carcinomatous component can display serous or endometrioid
histology. However, most carcinosarcomas develop from a serous precursor and consequently have
more similarities with high-grade serous tumours [17]. Hence, carcinosarcomas are treated like type II
ECs [18]. Here, we will mainly focus on the serous ECs, which are most common within the type II
ECs. Generally, type II ECs are oestrogen-independent and have an aggressive clinical course with late
stage detection and a high tendency for early metastasis and extra-uterine spread. For example, several
studies reported extra-uterine disease at the time of diagnosis in over 65% of patients with serous
EC compared to only 4% of patients with type I endometrioid EC [9,19–21]. Serous EC was found to
spread most often to the pelvic and paraaortic lymph nodes (in more than 40% of cases) but also to the
cervix, ovaries and lungs [16,21–23]. Owing to these aggressive characteristics, serous EC has a high
recurrence rate and a very poor five-year survival rate of less than 30% [9,12,19,24]. Consequently,
serous ECs are responsible for almost half of the EC-related deaths, even though they represent only
10–20% of all ECs [9]. This indicates more effort has to be made in terms of treatment for patients with
type II EC.

To date, standard treatment for all endometrial cancers is surgery, followed by adjuvant therapy
based on grade and stage of the tumour [23]. Therefore, it is important to diagnose patients with the
correct type of EC, in order to avoid over- or undertreatment. Several tools are used for diagnosing
patients with endometrial cancer. Ideally, an accurate diagnosis is made without the need for surgery.
In these pre-operative analyses, tools like the Papanicolaou (Pap) test can be used. However, the
sensitivity of Pap tests in the detection of suspicious glandular cells is very low [25]. Additionally,
transvaginal ultrasound (TVU), magnetic resonance imaging (MRI) and computed tomography (CT)
scans can help with pre-operatively diagnosing tumour stage. However, the results from these tests are
not always conclusive, resulting in incorrect clinical estimations in over 20% of cases [26–28]. Therefore,
the golden standard technique for diagnosing endometrial cancer consists of two procedures. First,
an endometrial biopsy tissue is taken, and histological analysis of this tissue is used to decide on
tumour grade and subtype based on Bokhman’s classification. Second, surgical staging is performed
to accurately determine the extent of the disease according to the staging system developed by the
International Federation of Obstetrics and Gynaecology (FIGO) [23,29]. Determining tumour subtype
solely based on histological information is, however, rather subjective and prone to error, resulting
in poor reproducibility. This was demonstrated in a study by Gilks et al., in which 3 independent
reviewers disagreed about the grade of the tumour (low-grade versus high-grade) in 36% of the
cases [30]. Moreover, also serous versus endometrioid histology was found to be a frequent point of
disagreement. This means that patients with high-grade serous EC could be diagnosed as low-grade
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endometrioid EC and consequently receive inadequate surgery and treatment. Hence, there is a clear
need for a more objective classification of the tumours, which recently became feasible through analysis
of the genomic profiles of endometrial cancers. For example, Ratner et al. proposed the use of miRNA
signatures to differentiate between EC subtypes [31]. However, mutational analyses of cancers made
an even more elaborate classification possible, based on the molecular gene profiles of the tumours.

3. Genomic Classification of Endometrial Carcinomas

Since the human genome project in 1990 and the emergence of next-generation sequencing,
the focus of cancer research has shifted towards the molecular level [32]. This led to the identification
and characterisation of many molecular alterations associated with different cancers. In turn, these
molecular alterations helped us to understand the underlying mechanisms of tumorigenesis.

One of the pioneering initiatives investigating the molecular profile of several cancers was
The Cancer Genome Atlas (TCGA). Initially, they analysed 3281 tumours from twelve cancer types,
among which endometrial carcinoma [33]. TCGA objectively classified endometrial tumours based on
their molecular profiles, revealing four major genomic groups: Polymerase ε (POLE) ultra-mutated,
microsatellite instability (MSI), copy number low and copy number high [34]. The first three groups
display endometrioid histology while the last group mostly involves serous histology. Based on this
classification, Kommoss et al. designed the molecular classification tool ProMisE (Proactive Molecular
Risk Classifier for Endometrial Cancer) [35]. This tool can be applied to endometrial biopsies and
consistently identifies four prognostic genomic groups. ProMisE was successfully validated in a
retrospective cohort and is now being clinically evaluated. Correct genomic classification of the
tumour can help to form a more objective and accurate diagnosis of the tumour type, consequently
leading to the right therapy. Nevertheless, high-grade tumours like serous ECs are always treated
with adjuvant therapy (e.g., chemotherapy and/or radiation therapy), even though they show low
response rates [36–41]. This emphasises the need for new predictive biomarkers and improved targeted
therapies within this fourth EC subgroup, in particular for patients with resistant and recurrent type
II ECs.

4. Molecular Markers in Endometrial Carcinomas

Molecular analysis of endometrial tumours allowed for the identification of mutations in
oncogenes and tumour suppressor genes, thereby exposing the oncogenic signalling pathways for
these cancers. ECs revealed to be most frequently mutated in TP53, PPP2R1A, FBXW7, PIK3CA, PTEN,
ARID1A, CTNNB1 and KRAS. Additionally, type II ECs also frequently have HER2 gene amplifications.
An overview of the frequency of these mutations in type I and II ECs can be found in Table 1.

Table 1. Most common genetic alterations in type I and type II endometrial carcinomas (EC). Percentages
in the header refer to all EC cases; percentages in the table refer to each EC subtype.

Common Genetic
Alterations

Type II
Serous Carcinoma

(10–20%)

Type II
Clear Cell Carcinoma

(<5%)

Type II
Carcinosarcoma

(<5%)

Type I
Endometrioid

Carcinoma
(±80%)

TP53 57.7–92% [34,42–46] 29–46% [47–50] 64.3–91% [17,42] 10.1–14% [34,42,51]
PPP2R1A 15.4–43.2% [34,42–46,52–54] 15.9–36% [47–50,55] 0–28.1% [17,42,54,56,57] 2.5–6.9% [34,42,52–54]
FBXW7 17.3–29% [34,43–45] 7.9–25% [43,48–50,55] 39% [17] 10–12% [42,51]
PTEN 2.7–22.5% [34,42,45,46] 11–21% [50,55,58] 19–33.3% [17,42] 67–84% [34,42]

ARID1A 0–10.8% [34,42] 15–21% [48–50,55] 12–23.8% [17,42] 40–46.7% [42,59]
PIK3CA 10–47% [34,42–46] 23.8–36% [48–50,55] 17–35% [17,42,60] 38–55% [42,51]
CTNNB1 2.7% [42] 0% [47,48] 4.8% [42] 23.8–52% [34,42,48,51]

KRAS 2–8% [42,51] 12–16.7% [17,42] 14% [17] 16.6–26% [42,51]
HER2 17–44% [34,45,61–63] 12–50% [61–64] 0–20% [61,65] 1.4–30% [62,66]

TP53 encodes the transcription factor and tumour suppressor p53, and is the most commonly
mutated gene in human cancers [67]. However, TP53 mutations occur at a much lower frequency in
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type I ECs (<15%) (Table 1). Remarkably, high-grade endometrioid ECs have more frequent mutations
in TP53 (up to 30%) [34]. This indicates TP53 mutations are associated with a poor prognosis in
endometrial cancer, which is also demonstrated by cBioportal survival data [56,57]. These survival
data report a five-year overall survival rate of 60% for patients with TP53 mutations compared to
up to 90% for patients without TP53 mutations. So far, therapeutic targeting of p53 has mostly been
limited to pre-clinical studies testing small molecules, but toxicity towards healthy cells was a frequent
problem [68].

The second most mutated gene in type II ECs turned out to be PPP2R1A, encoding the Aα
subunit of the Ser/Thr-specific PP2A phosphatase, a known tumour suppressor [69]. PP2A phosphatases,
for instance, regulate growth factor-induced Raf/Extracellular signal-Regulated Kinase (ERK)
signalling, phosphatidylinositol-4,5-bisphosphate 3-Kinase (PI3K)/Akt signalling, mammalian target
of rapamycin (mTOR) signalling, and WNT signalling [70–72]. Remarkably, somatic mutations in
PPP2R1A occur at high frequencies in type II ECs (up to 40%), while only a low percentage is found
in type I endometrioid ECs (<7%) (Table 1). Additionally, the few PPP2R1A mutations found in
endometrioid ECs are mostly correlated with high-grade endometrioid EC, suggesting PPP2R1A
mutations are associated with aggressiveness of the tumour and poor patient outcome [73]. Moreover,
cBioportal survival data indicate a five-year survival rate of 50% for patients with serous EC harbouring
PPP2R1A mutations compared to 80% for patients without PPP2R1A mutations [56,57]. However,
these data only include 12 patients. Therefore, a larger group of patients with type II ECs will need
to be investigated in order to get more conclusive results about the prognostic marker potential of
PPP2R1A. Interestingly, PPP2R1A mutations occur early during progression in the precursor lesions
and are able to distinguish serous EC from the clinicopathological similar ovarian high-grade serous
carcinomas, which rarely harbour PPP2R1A mutations [44,52].

FBXW7 encodes the tumour suppressive FBOX protein, a component of the Skp, Cullin, F-box
(SCF)-ubiquitin ligase complex [74]. This complex targets phosphoprotein substrates for ubiquitination
and subsequent proteasomal degradation. FBXW7 mutations are most frequently reported in type II
ECs (Table 1) and mainly affect the substrate binding WD repeats of the FBOX protein resulting in loss
of function of the SCF-complex and hence (onco)protein accumulation. Interestingly, mTOR is one of
the substrates of this SCF-complex. Consequently, inactivating mutations in FBXW7 can result in PI3K
pathway activation through mTOR stabilisation [75].

The PI3K pathway in type II ECs is also often affected by recurrent mutations in PIK3CA and
PTEN (Table 1). PIK3CA encodes the p110α catalytic subunit of the class IA PI3Ks, which catalyse
phosphorylation of phosphatidylinositol 4,5-bisphosphate (PIP2) resulting in phosphatidylinositol
3,4,5-trisphosphate (PIP3). Thus, PIK3CA mutations lead to the constitutive activation of PI3K
signalling [76]. PTEN encodes the phosphatase and tensin homolog (PTEN), a lipid as well as a protein
phosphatase. As a lipid phosphatase, PTEN is the functional antagonist of PI3K, and specifically
dephosphorylates PIP3. Hence, inactivating mutations in PTEN mostly result in overactivation of
PI3K signalling. PTEN is mutated at low frequencies in type II ECs while mutated at very high
frequencies (up to 84%) in type I endometrioid ECs (Table 1). The higher frequency of PTEN mutations
reported in type II carcinosarcomas compared to the other type II ECs could be explained by its
biphasic nature, containing carcinoma and sarcoma elements. Specifically, PTEN mutations were
reported in the carcinoma component resembling endometrioid histology and not in the component
resembling serous histology [77]. However, here we made no distinction between the mutational
profiles of the serous-like and endometrioid-like carcinomatous component within the carcinosarcomas.
Nevertheless, most carcinosarcomas resemble type II serous tumours. This is also indicated by
their general mutational profile, which is more closely related to type II serous ECs than to type
I endometrioid ECs (Table 1) [17,78].

ARID1A encodes the BAF250A tumour suppressor and is functionally involved in the SWI/SNF
chromatin-remodelling complex [79]. ARID1A mutations are less common in type II ECs than
in type I ECs (Table 1). Interestingly, ARID1A mutations can result in PI3K pathway activation
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via downregulation of PI3K interacting protein 1 (PIK3IP1). Furthermore, inhibition of the EZ2H
methylesterase in ARID1A mutated ovarian cancer cells results in synthetic lethality, suggesting EZ2H
as a potential new therapeutic target for ARID1A mutated tumours [80–83].

CTNNB1 encodes β-catenin and is mutated at lower frequencies in type II ECs compared to
type I ECs (Table 1). β-catenin is an important component of the canonical WNT signalling pathway
and stimulates transcription of genes associated with proliferation and cell survival [84]. β-catenin is
negatively regulated by glycogen synthase kinase 3β (GSK-3β) which phosphorylatesβ-catenin leading
to its degradation. Most CTNNB1 mutations result in evasion of GSK-3β-mediated phosphorylation
resulting in nuclear accumulation and consequently, increased cell proliferation [85].

Furthermore, KRAS mutations have been reported in ECs, although at low frequencies for both
EC types (Table 1). KRAS encodes the small GTPase K-Ras, which is an oncoprotein involved in the
activation of several signalling pathways, including the PI3K and mitogen-activated protein kinase
(MAPK) pathways, and in the activation of other small GTPases, such as RalA [86]. KRAS mutations
result in Ras proteins with constitutively bound GTP, consequently activating these downstream
oncogenic pathways.

Lastly, also HER2 gene amplification was identified as a common genetic alteration in ECs, with a
higher frequency in type II ECs compared to type I ECs (Table 1). HER2 encodes the human epidermal
growth factor receptor 2 (HER2), which belongs to the Epidermal Growth Factor Receptor (EGFR)
family of Receptor Tyrosine Kinases (RTKs) and stimulates signal transduction via the PI3K and MAPK
pathways [87]. Consequently, HER2 amplification/overexpression can lead to oncogenic overactivation
of the PI3K and MAPK pathways. Furthermore, HER2 amplification/overexpression was found to be
correlated with a worse prognosis for patients with EC [88].

In summary, the identification of these nine most altered genes and related signalling pathways
involved in tumorigenesis of type II ECs, opens opportunities for the rational development of targeted
therapies in the clinical management of these tumours. Remarkably, seven out of nine (PPP2R1A,
FBXW7, PIK3CA, PTEN, ARID1A, KRAS, HER2) of the type II EC-associated genes encode proteins
involved in regulation of the PI3K pathway. Furthermore, some of these genetic alterations (PPP2R1A,
KRAS and HER2) can also lead to activation of the MAPK pathway. Thus, the logical next step would
be to test therapeutics targeting the affected PI3K and/or MAPK pathways in patients with type II
ECs. Specifically, based on the specific nature of the most recurrent molecular alterations found in
type II ECs, the therapeutic targeting of phosphorylation-dependent oncogenic signalling seems a
particularly promising strategy to improve current treatments—especially, since a large variety of
pharmacologic kinase inhibitors, targeting activated PI3K or MAPK signalling, have already been
developed. In addition, targeting of the counteracting protein phosphatases has recently moved into
the limelight as novel promising cancer therapeutics, and may also be applied to specific molecular
subsets of type II ECs.

5. Therapeutic Potential of Targeting Kinases and Phosphatases in Endometrial Carcinomas

5.1. Successes of Kinase Inhibitors as Targeted Cancer Therapies

During the last three decades, protein kinases have gained enormous interest as potential
therapeutic targets in many common cancer types. A well-known example is the use of the US Food
and Drug Administration (FDA)-approved Tyrosine Kinase Inhibitor (TKI) imatinib in treatment of
patients with chronic myeloid leukaemia (CML) [89]. More than 90% of these patients are characterised
by the presence of the Philadelphia chromosome and its oncogenic product, the constitutively
active BCR-ABL tyrosine kinase. Imatinib inhibits this kinase and significantly improves outcome of
patients with Philadelphia chromosome-positive CML. Another example can be found in treatment
of non-small cell lung cancer (NSCLC), where two main targeted therapies affecting protein kinases
are currently clinically applied. The first ones are the FDA approved EGFR tyrosine kinase inhibitors
(e.g., erlotinib and gefitinib), which show high response rates in patients with NSCLC harbouring
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EGFR mutations [90,91]. The second ones are the FDA approved anaplastic lymphoma kinase (ALK)
inhibitors (e.g., crizotinib and ceritinib), which show positive effects in tumours harbouring ALK gene
rearrangements [92,93]. Lastly, also breast cancer therapy has successfully implemented targeted
therapies in a molecularly stratified group. For example, patients with breast cancer tumours
overexpressing the HER2 receptor (in up to 30% of cases) showed favourable response to the
FDA-approved anti-HER2 monoclonal antibody Trastuzumab [94–96]. A list of other FDA-approved
drugs targeting cancers with specific mutations can be found on the online tool OncoKB [97]. Therefore,
from these examples, the overall image has emerged that by stratifying patients based on the affected
gene/pathway, targeted therapies can prove to be much more effective. However, despite these
positive results, this strategy is still not applied for treatment of endometrial cancers.

5.2. Targeted Therapies in Endometrial Carcinomas: Mainly Geared towards PI3K Signalling

Therapies for endometrial cancer still tremendously lag behind. So far, the only FDA-approved
targeted therapies for ECs are hormonal intervention (for hormone-dependent endometrioid ECs)
and the immune checkpoint inhibitor pembrolizumab [98]. However, for type II ECs, there are no
approved targeted therapies, even though these patients need it the most. Molecular analysis revealed
the PI3K pathway to be most frequently involved in tumorigenesis of ECs (Table 1) [99]. This led to the
clinical evaluation of targeted therapies against this pathway, which can be affected at different levels
via multiple kinase inhibitors (Figure 1) [100]. Initially, clinical trials mainly tested derivatives from
rapamycin (e.g., everolimus, temsirolimus), single mTOR kinase inhibitors primarily targeting the
mTORC1 complex, in unstratified groups. However, the outcome with these single agent inhibitors
turned out to be rather disappointing as reviewed by several research groups [101–104].

Two main biochemical mechanisms inherent to the PI3K pathway could explain for these
disappointing results. The first mechanism is the presence, as in many signalling pathways,
of negative feedback loops preventing overactivation of the PI3K pathway under normal conditions
(Figure 1). Briefly, stimulation of the PI3K pathway leads to mTORC1 activation and, consequently,
to phosphorylation and activation of its downstream substrate p70S6 kinase. In turn, p70S6 kinase
inhibits PI3K signalling via two feedback loops [105]. The first one acts via phosphorylation and
inhibition of the insulin receptor substrate (IRS)-1, a docking protein for PI3K. The second one acts via
phosphorylation of mTORC2, leading to its inhibition. mTORC2 is located upstream of mTORC1 and
is involved in Akt phosphorylation and activation. Pharmacologic mTORC1 inhibitors disrupt these
negative feedback loops, resulting in constitutive activation of the PI3K pathway, thereby abolishing
the effect of mTOR inhibition [106]. Furthermore, mTOR independent targets of Akt (e.g., Forkhead
box (FOXO), GSK-3β) can also contribute to increased cell proliferation and survival [107].

Therefore, additional blocking of the PI3K pathway via dual mTORC1/2 inhibitors or PI3K/mTOR
inhibitors was thought to be able to circumvent these problems associated with single mTORC1
inhibition. Indeed, pre-clinical studies testing mTORC1/2 and PI3K/mTOR inhibitors demonstrated
improved anti-tumour activity compared to single agent mTOR inhibitors, although Shoji et al.
reported no persistent effect of the PI3K/mTOR inhibitor in vitro and in vivo [108,109]. Furthermore,
a phase II clinical trial where a dual PI3K/mTOR inhibitor was used had limited success due to its
poor tolerability [110]. Nevertheless, patients with confirmed response all had mutations in the PI3K
pathway. Additionally, Weigelt et al. showed endometrioid EC cell lines with mutations in the PI3K
pathway to be more sensitive to PI3K and mTOR inhibitors [111], while KRAS mutant ECs did not
react to mTORC1 treatment in a phase II clinical trial [112]. This all suggests that PI3K/mTOR pathway
inhibitors are more efficient in tumours with activated PI3K signalling.
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be targeted at several levels using pharmacologic kinase inhibitors. However, single agent inhibitors 
targeting mTORC1 (e.g., everolimus) will deactivate the negative feedback loops from p70S6K to 
mTORC2 and PI3K. The use of a dual PI3K/mTOR inhibitor could circumvent this problem. There is 
also cross-talk between the PI3K and MAPK pathway, which could be evaded by using the 
combination of a PI3K and MAPK (e.g., MEK inhibitor) pathway inhibitor. Anti-RTKs (e.g., 
Trastuzumab) target the extracellular domain of the RTKs. TK inhibitors (e.g., Lapatinib) target the 
intracellular tyrosine kinase activity of the RTKs. Furthermore, PP2A acts as a tumour suppressor on 
many components of both pathways and should therefore be considered when targeting kinases. 
Additionally, it is an attractive target for activation, and hence PI3K and MAPK pathway 
downregulation, potentially in combination with kinase inhibitors. The PI3K and MAPK pathways 
have several substrates in common (GSK-3β, FOXO, Bad and c-Myc), which are involved in cell 
proliferation and cell survival. Some substrates, like FOXO and GSK-3β, are activated by Akt, 
independently of mTORC1. 4EBP1: eukaryotic translation initiation factor 4E-binding protein 1, Bad: 
Bcl-2-associated death promoter, FOXO: forkhead box protein, GSK-3β: glycogen synthase kinase 3β, 
IRS-1: insulin receptor substrate 1, mTOR: mammalian target of rapamycin, PI3K: phosphatidyl-4,5-
bisphosphate 3-kinase, PP2A: protein phosphatase 2A, RTK: receptor tyrosine kinase, S6: ribosomal 
protein S6, TK: tyrosine kinase, MAPK: mitogen-activated protein kinase; ERK: extracellular signal-
regulated kinase; MEK: mitogen-activated protein kinase kinase. 

This view was further sustained by several pre-clinical trials in which serous EC cell lines with 
and without HER2 amplifications were used, and three PI3K pathway inhibitors were tested 
(mTORC1/2, PI3K and a dual PI3K/mTOR inhibitor) [113–115]. In all of these studies, the HER2 
amplified cells (with activated PI3K pathway) were more sensitive towards the PI3K pathway 
inhibitors than the wildtype HER2 cell lines. Furthermore, some of these cell lines had additional 

Figure 1. Schematic overview of the PI3K and MAPK pathways and important substrates. Black arrows
represent activation. Red lines represent endogenous inhibition through feedback/cross-talk. Dotted
red lines represent inhibition with pharmacologic kinase inhibitors. The heterotrimeric PP2A complex
is represented in red (A subunit), blue (B subunit) and green (C subunit). Both pathways can be
targeted at several levels using pharmacologic kinase inhibitors. However, single agent inhibitors
targeting mTORC1 (e.g., everolimus) will deactivate the negative feedback loops from p70S6K to
mTORC2 and PI3K. The use of a dual PI3K/mTOR inhibitor could circumvent this problem. There is
also cross-talk between the PI3K and MAPK pathway, which could be evaded by using the combination
of a PI3K and MAPK (e.g., MEK inhibitor) pathway inhibitor. Anti-RTKs (e.g., Trastuzumab) target
the extracellular domain of the RTKs. TK inhibitors (e.g., Lapatinib) target the intracellular tyrosine
kinase activity of the RTKs. Furthermore, PP2A acts as a tumour suppressor on many components
of both pathways and should therefore be considered when targeting kinases. Additionally, it is
an attractive target for activation, and hence PI3K and MAPK pathway downregulation, potentially
in combination with kinase inhibitors. The PI3K and MAPK pathways have several substrates in
common (GSK-3β, FOXO, Bad and c-Myc), which are involved in cell proliferation and cell survival.
Some substrates, like FOXO and GSK-3β, are activated by Akt, independently of mTORC1. 4EBP1:
eukaryotic translation initiation factor 4E-binding protein 1, Bad: Bcl-2-associated death promoter,
FOXO: forkhead box protein, GSK-3β: glycogen synthase kinase 3β, IRS-1: insulin receptor substrate 1,
mTOR: mammalian target of rapamycin, PI3K: phosphatidyl-4,5-bisphosphate 3-kinase, PP2A: protein
phosphatase 2A, RTK: receptor tyrosine kinase, S6: ribosomal protein S6, TK: tyrosine kinase, MAPK:
mitogen-activated protein kinase; ERK: extracellular signal-regulated kinase; MEK: mitogen-activated
protein kinase kinase.

This view was further sustained by several pre-clinical trials in which serous EC cell lines
with and without HER2 amplifications were used, and three PI3K pathway inhibitors were tested
(mTORC1/2, PI3K and a dual PI3K/mTOR inhibitor) [113–115]. In all of these studies, the HER2
amplified cells (with activated PI3K pathway) were more sensitive towards the PI3K pathway inhibitors
than the wildtype HER2 cell lines. Furthermore, some of these cell lines had additional mutations in
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PIK3CA, which rendered them even more sensitive in case of dual PI3K-mTORC1/2 inhibition [113].
This certainly advocates for the implementation of genotype-dependent patient stratification in clinical
trials, so that kinase inhibitors could be tested on a more rational basis. Nevertheless, in two phase
II studies of mTORC1 inhibitors, PIK3CA and PTEN mutations in EC tumours could not predict
patient outcome [112,116], but this could be due to the use of an agent targeting just a single kinase
(as explained above). Until now, however, most clinical trials for endometrial cancers had no biomarker
restrictions [101], likely also explaining the poor results.

The second mechanism, likely to be responsible for the poor response rates to mTOR inhibitors
involves the phenomenon of “cross-talk”, in which there is (altered) signalling to other pathways—here,
most often, the MAPK pathway. Cross-talk between the PI3K and MAPK pathways is well-established
and elaborately reviewed by Mendoza et al. [107]. Briefly, both PI3K and MAPK pathways can regulate
each other positively as well as negatively (Figure 1). For example, Akt (PI3K pathway) phosphorylates
and inhibits Raf (MAPK pathway), thereby blocking MAPK signalling. On the other hand, ERK (MAPK
pathway) negatively regulates PI3K and stimulates mTORC1. Therefore, in case of PI3K pathway
inhibition, cross-inhibition from Akt to Raf is relieved, resulting in activation of the MAPK pathway
and hence, treatment resistance. Furthermore, since the PI3K and MAPK pathways often target
the same substrates (e.g., FOXO, c-Myc, Bad, GSK-3β), cross-activation will ensure these substrates
remain activated even after PI3K pathway inhibition. Such cross-activation due to PI3K pathway
inhibition is also reported in other cancers. For example, inhibition of the PI3K pathway resulted
in MAPK pathway activation in NSCLC cell lines [117]. Additionally, also breast cancer studies
reported this inhibitor-induced activation of the MAPK pathway after administration of a single
mTOR inhibitor [118]. Furthermore, the authors of this study observed that a Mitogen-activated
protein kinase kinase (MEK) inhibitor was able to reduce MAPK activation and reduce cell growth.
Remarkably, the combination of the mTOR and MEK inhibitor had an additive effect, resulting in
stronger cell growth reduction. Furthermore, in EC cell lines, PI3K/mTOR inhibition resulted in
MAPK pathway activation [109], and the combination of a MEK inhibitor and PI3K/mTOR inhibitor
improved anti-proliferative effects.

Furthermore, pharmacologic targeting of HER2 has also gained interest as a potential therapeutic
strategy for patients with type II ECs, especially since positive results were obtained for patients
with HER2 positive breast cancer as mentioned in Section 5.1. Therefore, anti-HER2 compounds
like Trastuzumab (anti-HER2 antibody) and Lapatinib (small molecule TKI) were also tested in ECs.
However, single agent targeting of HER2 with Trastuzumab or Lapatinib had no effect in vitro (serous
EC cell lines) and in vivo (xenografts) [119]. In contrast, dual inhibition with Trastuzumab and
Lapatinib in serous EC xenografts showed significant anti-tumour activity and resulted in decreased
phosphorylation of downstream PI3K and MAPK signalling proteins. Remarkably, this effect was only
observed in the HER2-amplified serous EC cell lines, indicating the importance of patient stratification
based on HER2 status of the tumour. This important paradigm was further underscored in several
publications of Santin et al., in which the responses of serous EC cell lines with or without HER2
amplification to HER2 inhibitors were assessed [120–124]. They consistently observed that the HER2
amplified cell lines showed a higher sensitivity for these targeted inhibitors than the cell lines without
HER2 amplification. Furthermore, HER2 amplified cells with additional PIK3CA mutations showed
resistance to the anti-HER2 monoclonal antibody Trastuzumab, while HER2 amplified cells with
wildtype PIK3CA were sensitive towards Trastuzumab [120]. This clearly indicates the benefit of
molecular stratification and advocates the implementation of such stratification in clinical trials.
Not surprisingly, clinical trials testing the efficacy of Trastuzumab and Lapatinib in unstratified patient
populations had poor response rates [125,126]. Furthermore, these trials tested single agent inhibitors
of the PI3K pathway, probably activating several resistance mechanisms (as mentioned above).

Ongoing or recently completed clinical trials for type II serous ECs registered in ClinicalTrials.gov
were searched using the keyword “serous endometrial adenocarcinoma”. Strikingly, out of 36 matching
clinical trials, only 16 focussed on targeted therapies with or without combination with adjuvant
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therapy. The other 20 trials solely used adjuvant therapies. Remarkably, only three out of 16 trials
using targeted therapies (NCT02491099, NCT00506779, NCT01367002) specifically recruited type II
serous ECs and had biomarker restrictions. Currently, two of these clinical trials (NCT02491099 and
NCT01367002) are ongoing and promising results in favour of molecular stratification have already
been obtained in NCT01367002 [127]. The other 13 trials testing targeted therapies, unfortunately,
included both type I and type II ECs in their study and did not select patients based on their mutational
profiles. Once more, this clearly illustrates that, even up to date, with molecular data of type II ECs
at hand, and despite the proven clinical successes of targeted therapies in molecularly well-defined
tumours, a change in mind-set among clinical oncologists is definitely still needed to improve the
setup, and thereby (hopefully) the outcome, of novel clinical trials in (type II) EC.

Summarised, several (pre-)clinical results have indicated that dual pathway inhibition could
evade the problem of cross-talk and improve treatment efficacy in PI3K or MAPK pathway driven
endometrial cancers. Furthermore, these studies have illustrated that molecular stratification of
ECs is critical in efficient testing of kinase inhibitor therapies. On the other hand, it is also known
that the clinical success of kinase inhibitors in cancer therapy is often of limited duration, as over
time, many patients develop therapy resistance, for example by acquiring mutations in the drug
target [128]. However, based on the biochemical logic that not just a kinase, but both kinases and
phosphatases regulate the phosphorylation of any phosphoprotein under normal conditions, there is
an emerging view that inhibition of phosphorylation-dependent oncogenic signalling may only be
efficiently achieved by targeting both kinases and phosphatases [129,130]. Specifically, one cannot
expect to efficiently revert hyperphosphorylation of an oncoprotein just by inhibiting the oncogenic
kinase involved, if the counteracting tumour suppressive phosphatase is no longer active. In terms
of avoiding acquired kinase inhibitor resistance, a combination therapy of a kinase inhibitor and a
phosphatase activator may indeed be much more effective [130]. Particularly for type II ECs, where
PPP2R1A is mutated at high frequencies, opportunities may be ahead to exploit the phosphatase PP2A
for therapeutic purposes.

5.3. Targeting the Phosphatase PP2A in Type II Endometrial Carcinomas

The tumour suppressive nature of PP2A was first established through the observation that
the tumour promotor okadaic acid (OA), which specifically inhibits PP2A, resulted in cellular
transformation in mouse skin [69]. Later on, functional studies in several human epithelial cells
have underscored that inhibition of PP2A (typically achieved by expression of SV40 small T antigen) is
an absolute requirement to fully transform an immortalised human cell, despite the overt activation
of oncogenic kinases (e.g., typically downstream of an established oncogene, such as RAS) [131].
PP2A phosphatases are heterotrimers composed of a catalytic C subunit, a scaffolding A subunit,
and a regulatory B subunit (Figure 2) [132]. SV40 small T antigen was shown to inhibit PP2A
through displacement of the PP2A B subunits [69]. The A and C subunit each have two isoforms,
α and β, of which the α isoform is the most common. The A subunit forms a scaffold for the
catalytic C and regulatory B subunits and is composed of 15 HEAT repeats, each consisting of two
anti-parallel α-helices connected by an intra-repeat loop (Figure 2) [132]. These intra-repeat loops allow
protein-protein interactions with the catalytic C subunit and regulatory B subunits. More precisely,
the B subunits are known to bind to HEAT repeats 1–10 while the C subunit binds to HEAT repeats
11–15. [133]. The regulatory B subunits are divided into four families (B/PR55/B55, B′/PR61/B56,
B′ ′/PR72, B′ ′ ′/Striatins), each containing several isoforms, and thereby resulting in a vast array of
PP2A holoenzymes [132]. The B subunits are responsible for subcellular localisation and determine
substrate specificity of the PP2A complexes. This way, PP2A complexes negatively regulate a variety
of signalling pathways involved in carcinogenesis (Figure 1) [71,72,134]. Consequently, inactivation of
PP2A has been associated with several human cancers [135–137], and increased rates of spontaneous
or carcinogen-induced oncogenesis in mice [138–141]. Therefore, therapeutic targeting of PP2A has
gained interest and has been focussing on the direct or indirect (re)activation of PP2A (reviewed
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in [142]). How exactly this should be achieved, might in part be determined by the mechanism(s),
if any, by which PP2A is inactivated in the tumour.

Strikingly, most type II EC-associated heterozygous missense mutations in PPP2R1A, encoding
the Aα subunit isoform of PP2A, cluster in HEAT repeats 5 and 7, encoded by exon 5 and 6,
respectively. These PPP2R1A mutations frequently recurred at the same positions (P179, R183 and
S256) across different cancer types, as indicated by several comprehensive studies [143–145]. In type
II ECs, these so-called PPP2R1A hotspot mutations were recurrently found in codons: P179, R182,
R183 (HEAT repeat 5) and S256, W257 (HEAT repeat 7) (Figure 2) [17,44,45,48,52,54,144,146,147].
Remarkably, based on structural studies, the same residues or neighbouring residues were predicted
to be important for interaction with the B subunits [133,148]. However, experimental evidence for
this hypothesis revealed a much more sophisticated image, in that mutations at these positions
indeed resulted in binding deficiencies of Aα mutants with several regulatory B subunit types,
but specifically preserved binding to others, most notably to B56δ and B56γ [149,150]. Some mutations,
e.g., p.(P179R), also diminished binding to the catalytic C subunit [149]. Moreover, Haesen et al.
suggested a dominant negative mechanism for these mutants, as the PP2A trimers that could still be
formed proved catalytically impaired through the increased recruitment of a cellular PP2A inhibitor,
TIPRL1 [149]. Accordingly, ectopic expression of the Aαmutants increased anchorage-independent
cell growth in vitro, xenografted tumour growth in vivo, and resulted in hyperactivation of, again,
the PI3K/Akt/mTOR pathway. Interestingly, downregulation of the MAPK pathway was seen in
these conditions, suggesting cross-activation might not be an issue. Thus, type II ECs with PPP2R1A
driver mutations might be sensitive towards single pathway (PI3K/mTOR) inhibitors. Hence, these
results open a window of opportunity for the use of kinase inhibitors targeting the PI3K/mTOR
pathway in type II ECs, harbouring an oncogenic mutation in PPP2R1A, potentially in combination
with pharmacologic PP2A activators.

5.3.1. Direct Targeting of PP2A

Recently, a lot of interest has gone into the discovery of Small Molecule Activators of PP2A
(so-called SMAPs) that appear to be able to allosterically activate PP2A. In 2014, the FDA-approved
tricyclic neuroleptic drug perphenazine was found to have anti-proliferative effects in T-cell
acute lymphoblastic leukaemia (T-ALL) through binding and activation of PP2A, and subsequent
downregulation of both the PI3K and MAPK pathways [151]. At first, the extrapyramidal side effects
and high concentrations necessary for PP2A activation made the perphenazines not appealing as
anticancer drugs. However, Kastrinsky et al. reengineered these drugs to abrogate the CNS activity
and enhance the anti-proliferative effects, resulting in the new molecular class of “small molecule
activators of PP2A” (SMAPs) [152]. SMAPs were able to increase PP2A activity in KRAS mutant lung
cancer cells, resulting in significantly decreased cell survival [153]. This was further established in
lung cancer cell xenografts in mice, where SMAP treatment significantly inhibited tumour growth.
Moreover, single agent SMAP treatment was as efficient as the combination treatment of an Akt (PI3K
pathway) and MEK (MAPK pathway) inhibitor. This indicates SMAPs are able to inhibit both PI3K
and MAPK pathway simultaneously, hence eliminating the problem of cross-activation of oncogenic
pathways when using a single kinase (pathway) inhibitor, as well as avoiding potential tolerance
problems of combinations of more than one kinase inhibitor. Furthermore, castration-resistant prostate
cancer cells showed sensitivity towards SMAP treatment in vitro, as well as in xenografts [154].
The exact mechanism by which SMAPs are able to activate PP2A is not known yet, although
Sangodkar et al. convincingly reported direct binding of SMAPs to the Aα subunit of PP2A (Figure 2).
More precisely, residues K194 and L198 within HEAT-repeat 5 were necessary for the interaction with
these compounds [153].

These pre-clinical data indicate it might be interesting to test SMAPs as treatment for ECs, which
are mainly MAPK and PI3K pathway driven. Moreover, SMAPs might be able to re-activate PP2A in
type II ECs which have frequent PPP2R1A mutations. However, SMAPs bind in close proximity (K194,
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L198) to the residues of the Aα subunit that are most frequently mutated (P179, R182, R183) in type II
ECs [153]. Therefore, these mutations might influence SMAP binding to the Aα subunit and result
in resistance to SMAPs. Future research into this potential issue should eventually allow to clarify
whether PPP2R1A could be used as a predictive marker for SMAP treatment in type II ECs.Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  11 of 22 
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Figure 2. The heterotrimeric PP2A complex with activating and inactivating mechanisms. Heat repeat
(HR) 5 and 7 are represented with their intra-repeat loops in subunit A. These intra-repeat loops harbour
the most recurrent PPP2R1A hotspot mutations identified in type II ECs. Endogenous inhibition of
PP2A can occur via SET, CIP2A and PME-1, which act on the C subunit. TPDYFL is the conserved
motif in the C-terminal tail of the catalytic C subunit. Phosphorylation of the tyrosine (Y) is thought to
cause inactivation, while methylation of the carboxyterminal leucine (L) of the C subunit promotes
binding of specific B subunits, and thereby assembly of active trimers. PME-1 demethylates this
leucine, and stabilises inactive PP2A complexes. PTPA is necessary for endogenous activation of
inactive PP2A complexes. SMAP is a small molecule activator of PP2A, which binds at heat repeat
5 in close proximity to the hotspot mutations in PPP2R1A. The vast array of regulatory B subunits
allows for the targeting of PP2A to many different substrates. A: Scaffolding A subunit; B, B′, B′ ′,
B′ ′ ′: The four families of regulatory B subunits, each containing several isoforms; C: catalytic C subunit;
CH3: methyl group; CIP2A: cancerous inhibitor of PP2A; HR: heat repeat; P: phosphate group (PO4

3−);
PME-1: PP2A methylesterase 1; PTPA: phosphatase 2A phosphatase activator; SET: Suvar/Enhancer of
zeste/Trithorax; SMAP: small molecule activator of PP2A.

5.3.2. Indirect Targeting of PP2A

Besides PPP2R1A mutations, other mechanisms of PP2A dysfunction in endometrial cancers
have been described (Figure 2). Very commonly, PP2A inactivation in cancer occurs through
overexpression of the endogenous PP2A inhibitors SET (Suvar/Enhancer of zeste/Trithorax) and
CIP2A (cancerous inhibitor of PP2A), for example in chronic myeloid leukaemia and in many solid
tumour types [136]. Therefore, many therapeutic strategies to target PP2A focus on the inhibition of
these inhibitors, thereby indirectly re-activating PP2A. For example, FTY720 is a compound that
is able to inhibit SET, resulting in increased PP2A activity [142]. In endometrial cancer, CIP2A
overexpression is observed in endometrioid ECs, and siRNA mediated knockdown resulted in a
decreased oncogenic phenotype [155]. However, to our knowledge no studies have investigated
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CIP2A or SET overexpression in type II ECs yet. cBioportal data reveal CIP2A gene amplification in
4.65% of serous ECs, albeit in a total of just 43 cases [56]. Therefore, involvement of CIP2A or SET in
carcinogenesis of type II ECs needs to be further explored, potentially leading to more therapeutic
options for this disease.

PP2A inactivation can also occur through aberrant post-translational modifications of the
C-terminal tail of the catalytic C subunit (Figure 2). These modifications occur on the conserved
C-terminal motif (TPDYFL), where phosphorylation of the tyrosine (Y) results in PP2A inactivation,
and methylation of the carboxyterminal leucine (L) is required for binding select B-type subunits
and assembly of active PP2A trimers [156]. Consequently, components inhibiting phosphorylation or
promoting methylation generally lead to activation of PP2A.

PP2A demethylation is catalysed by the PP2A methylesterase PME-1, and increased PME-1
expression has been associated with tumour progression in human malignant gliomas [157]. Notably,
PME-1 overexpression was also observed in 83% (24/29) of tumours from patients with type I
endometrioid ECs [158], and PME-1 overexpression in endometrioid EC cell lines resulted in increased
cell proliferation and anchorage-independent growth. Xenograft experiments confirmed these in vitro
data, showing increased tumour growth in case of PME-1 overexpression. PME-1 overexpression
was associated with a strong reduction in PP2A activity, consequently leading to increased ERK and
Akt phosphorylation. As expected, PME-1 knockdown increased PP2A activity leading to decreased
phosphorylation and hence, decreased activation of ERK and Akt. This indicates that targeting PME-1
could be feasible for re-activation of PP2A. Furthermore, addition of an Akt inhibitor further decreased
Akt phosphorylation, suggesting combination therapy of a PME-1 and an Akt inhibitor could enhance
anti-tumour activity even more [158]. Recently, another study confirmed the potential of PME-1
inhibition as an anti-cancer treatment in EC. They reported decreased tumour growth in xenografts
after PME-1 depletion using shRNA [159]. Furthermore, they tested two pharmacologic inhibitors
of PME-1, ABL-127 and AMZ-30, in type I EC cell lines. ABL-127 was the most potent inhibitor,
increasing PP2A activity by 45%. However, pilot studies testing ABL-127 did not reduce tumour
growth. Altogether, these date indicate the potential of PME-1 inhibition as treatment for type I ECs,
while not tested for type II ECs. cBioportal reports PPME1 (encoding PME-1) amplification in 2.33%
of type II serous ECs on a total of 43 cases [56]. Despite apparent low frequencies, it is definitely
worthwhile to further explore PME-1 inhibition in type II ECs, which could lead to new therapies for
this disease.

Another important recurrent mechanism for genomic PP2A inactivation found in several
human cancers, involves haploinsufficiency of PPP2R4, caused by heterozygous loss or mono-allelic
loss-of-function mutations. Heterozygous loss of PPP2R4 was found in about 20% of all endometrial
cancers with up to 70% for specifically the type II endometrial carcinosarcomas [56,57,139]. PPP2R4
encodes the phosphatase 2A phosphatase activator (PTPA), an essential cellular PP2A activator,
necessary for the generation of active PP2A complexes. Sents et al. demonstrated loss-of function
in five cancer-associated PTPA mutants [139]. These mutants had decreased PP2A-C binding
and a reduced ability to reactivate PP2A in vitro. Furthermore, ectopic expression of these PTPA
mutants in PTPA depleted HEK-TER cells could not rescue the oncogenic phenotype in vitro
(anchorage-independent growth) and in vivo (xenograft growth), while ectopic expression of WT PTPA
could. Moreover, PTPA-deficient mice had significantly impaired PP2A activity, decreased methylation,
and spontaneously developed tumours [139]. These data further indicate PP2A could be a new
therapeutic target, in this case especially for type II endometrial carcinosarcomas, where heterozygous
loss of PPP2R4 occurs in up to 70% of cases. In particular, it would be of interest to investigate whether
SMAPs might be able to activate the inactive PP2A complexes thereby compensating for the lack of
functional PTPA.
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6. Conclusions and Future Perspectives

Molecular alterations in type II ECs hold major potential for the development of targeted
therapies which, according to the most recurrent alterations, should be focused on the inhibition
of phosphorylation-dependent oncogenic signalling in the PI3K and MAPK pathways. To date, there
are still too few clinical trials specifically for type II ECs. Additionally, most of these trials mainly
focus on kinase inhibitors without stratifying patients based on the affected pathway, even though
this is successfully done in other cancers. Consequently, clinical trial results for ECs have been rather
disappointing. Furthermore, there is emerging evidence that the enzymes counteracting the protein
kinases, the protein phosphatases, also need to be considered in order to efficiently inhibit these
oncogenic pathways. This seems particularly important for type II ECs, which harbour frequent
mutations in the tumour suppressive phosphatase PP2A.

In order to improve clinical trials, we propose the implementation of a dual stratification
system based on the molecular profile of the tumours. Firstly, patients need to be stratified based on
tumour type, in which tools like ProMisE could help to make a more objective stratification possible.
To date, most clinical trials do not distinguish between endometrial cancer types. This is particularly
disadvantageous for type II ECs, since they account for only 10–20% of ECs. Accordingly, results
are biased towards the more common type I ECs and no conclusive results can be obtained for
patients with type II EC even though they need targeted therapies the most. Since type II ECs are
less common, the number of available patients may be a problem. Therefore, the implementation of
multi-institutional clinical trials should be encouraged. Secondly, patients need to be stratified based on
their molecular alterations and, hence, affected pathways. Accordingly, kinase inhibitors can be tested
on a more rational basis, targeting the pathway that indeed shows oncogenic alterations. Furthermore,
it will also be important to take the status of the tumour suppressive phosphatase PP2A into account,
whose inactivation in fact also results in upregulation of the PI3K/Akt/mTOR pathway. Additionally,
direct or indirect targeting of PP2A for (re)activation could be a potential new therapy for type II ECs.
In particular, the new molecular class of PP2A activators, SMAPs, seem promising to achieve direct
activation of PP2A, and consequently, suppression of oncogenic signalling. The combination of both
a kinase inhibitor and a phosphatase activator is emerging as the most promising novel therapeutic
approach, which could help to circumvent problems like pathway cross-talk and acquired kinase
resistance, thereby improving treatment efficacy.

Therefore, therapeutic approaches for type II ECs, so far, have benefited too little from the
available molecular data, but it is definitely not too late to improve future clinical trials in order to
obtain effective targeted therapies for type II ECs.
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Abbreviations

4EBP1 Eukaryotic translation initiation factor 4E-binding protein 1
ALK Anaplastic lymphoma kinase
Bad Bcl-2-associated death promotor
CIP2A Cancerous inhibitor of PP2A
CML Chronic myeloid leukaemia
CT Computed tomography
EC Endometrial carcinoma
EGFR Epidermal growth factor receptor
ERK Extracellular signal-regulated kinase
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FDA US Food and Drug Administration
FIGO International Federation of Obstetrics and Gynaecology
FOXO Forkhead box
GSK-3β Glycogen synthase kinase 3β
HER-2 Human epidermal growth factor receptor 2
IRS-1 Insulin receptor substrate 1
MAPK Mitogen-activated protein kinase
MEK Mitogen-activated protein kinase kinase
MRI Magnetic resonance imaging
MSI Microsatellite instability
mTOR Mammalian target of rapamycin
NSCLC Non-small cell lung cancer
OA Okadaic acid
Pap Papanicolaou
PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase
PIK3IP1 PI3K interacting protein 1
PIP2 Phosphatidylinositol 4,5-bisphosphate
PIP3 Phosphatidylinositol 3,4,5-trisphosphate
PME-1 PP2A methylesterase 1
POLE Polymerase ε
PP2A Protein phosphatase 2A
ProMisE Proactive Molecular Risk Classifier for Endometrial Cancer
PTEN Phosphatase and tensin homolog
PTPA Phosphatase 2A phosphatase activator
RTK Receptor tyrosine kinase
S6 Ribosomal protein S6
SCF Skp, Cullin, F-box
SET Suvar/Enhancer of zeste/Trithorax
SMAP Small molecular activator of PP2A
SV40 Simian virus 40
T-ALL T-cell acute lymphoblastic leukaemia
TCGA The Cancer Genome Atlas
TVU Transvaginal ultrasound

References

1. World Health Organization. Global Health Estimates 2015: Deaths by Cause, Age, Sex, by Country and by Region,
2000–2015; World Health Organization: Geneva, Switzerland, 2016.

2. Sheikh, M.A.; Althouse, A.D.; Freese, K.E.; Soisson, S.; Edwards, R.P.; Welburn, S.; Sukumvanich, P.;
Comerci, J.; Kelley, J.; LaPorte, R.E.; et al. USA Endometrial Cancer Projections to 2030: Should we be
concerned? Future Oncol. 2014, 10, 2561–2568. [CrossRef] [PubMed]

3. Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F.
Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012.
Int. J. Cancer 2015, 136, E359–E386. [CrossRef] [PubMed]

4. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer Statistics, 2017. CA Cancer J. Clin. 2017, 67, 7–30. [CrossRef]
[PubMed]

5. McAlpine, J.N.; Temkin, S.M.; Mackay, H.J. Endometrial cancer: Not your grandmother’s cancer. Cancer
2016, 122, 2787–2798. [CrossRef] [PubMed]

6. Bokhman, J.V. Two pathogenetic types of endometrial carcinoma. Gynecol. Oncol. 1983, 15, 10–17. [CrossRef]
7. Lax, S.F. Pathology of Endometrial Carcinoma. Adv. Exp. Med. Biol. 2017, 943, 75–96. [CrossRef] [PubMed]
8. Creasman, W. Carcinoma of the Corpus Uteri. Int. J. Gynaecol. Obstet. 2006, 95, S105–S143. [CrossRef]
9. Hamilton, C.A.; Cheung, M.K.; Osann, K.; Chen, L.; Teng, N.N.; Longacre, T.A.; Powell, M.A.; Hendrickson, M.R.;

Kapp, D.S.; Chan, J.K. Uterine papillary serous and clear cell carcinomas predict for poorer survival compared
to grade 3 endometrioid corpus cancers. Br. J. Cancer 2006, 94, 642–646. [CrossRef] [PubMed]

http://dx.doi.org/10.2217/fon.14.192
http://www.ncbi.nlm.nih.gov/pubmed/25531045
http://dx.doi.org/10.1002/ijc.29210
http://www.ncbi.nlm.nih.gov/pubmed/25220842
http://dx.doi.org/10.3322/caac.21387
http://www.ncbi.nlm.nih.gov/pubmed/28055103
http://dx.doi.org/10.1002/cncr.30094
http://www.ncbi.nlm.nih.gov/pubmed/27308732
http://dx.doi.org/10.1016/0090-8258(83)90111-7
http://dx.doi.org/10.1007/978-3-319-43139-0_3
http://www.ncbi.nlm.nih.gov/pubmed/27910065
http://dx.doi.org/10.1016/S0020-7292(06)60031-3
http://dx.doi.org/10.1038/sj.bjc.6603012
http://www.ncbi.nlm.nih.gov/pubmed/16495918


Int. J. Mol. Sci. 2018, 19, 2380 15 of 22

10. Christopherson, W.M.; Alberhasky, R.C.; Connelly, P.J. Carcinoma of the endometrium: I. A clinicopathologic
study of clear-cell carcinoma and secretory carcinoma. Cancer 1982, 49, 1511–1523. [CrossRef]

11. Abeler, V.M.; Kjørstad, K.E. Clear cell carcinoma of the endometrium: A histopathological and clinical study
of 97 cases. Gynecol. Oncol. 1991, 40, 207–217. [CrossRef]

12. Cirisano, F.D.; Robboy, S.J.; Dodge, R.K.; Bentley, R.C.; Krigman, H.R.; Synan, I.S.; Soper, J.T.; Clarke-Pearson, D.L.
The outcome of stage I-II clinically and surgically staged papillary serous and clear cell endometrial cancers
when compared with endometrioid carcinoma. Gynecol. Oncol. 2000, 77, 55–65. [CrossRef] [PubMed]

13. Cantrell, L.A.; Blank, S.V.; Duska, L.R. Uterine carcinosarcoma: A review of the literature. Gynecol. Oncol.
2015, 137, 581–588. [CrossRef] [PubMed]

14. Matsuo, K.; Ross, M.S.; Machida, H.; Blake, E.A.; Roman, L.D. Trends of uterine carcinosarcoma in the United
States. J. Gynecol. Oncol. 2018, 29, e22. [CrossRef] [PubMed]

15. Hendrickson, M.; Ross, J.; Eifel, P.; Martinez, A.; Kempson, R. Uterine papillary serous carcinoma: A highly
malignant form of endometrial adenocarcinoma. Am. J. Surg. Pathol. 1982, 6, 93–108. [CrossRef] [PubMed]

16. Slomovitz, B.M.; Burke, T.W.; Eifel, P.J.; Ramondetta, L.M.; Silva, E.G.; Jhingran, A.; Oh, J.C.; Atkinson, E.N.;
Broaddus, R.R.; Gershenson, D.M.; et al. Uterine papillary serous carcinoma (UPSC): A single institution
review of 129 cases. Gynecol. Oncol. 2003, 91, 463–469. [CrossRef] [PubMed]

17. Cherniack, A.D.; Shen, H.; Walter, V.; Stewart, C.; Murray, B.A.; Bowlby, R.; Hu, X.; Ling, S.; Soslow, R.A.;
Broaddus, R.R.; et al. Integrated Molecular Characterization of Uterine Carcinosarcoma. Cancer Cell 2017, 31,
411–423. [CrossRef] [PubMed]

18. Artioli, G.; Wabersich, J.; Ludwig, K.; Gardiman, M.P.; Borgato, L.; Garbin, F. Rare uterine cancer: Carcinosarcomas.
Review from histology to treatment. Crit. Rev. Oncol. Hematol. 2015, 94, 98–104. [CrossRef] [PubMed]

19. Kato, D.T.; Ferry, J.A.; Goodman, A.; Sullinger, J.; Scully, R.E.; Goff, B.A.; Fuller, A.F.; Rice, L.W. Uterine
Papillary Serous Carcinoma (UPSC): A Clinicopathologic Study of 30 Cases 1. Gynecol. Oncol. 1995, 59,
384–389. [CrossRef] [PubMed]

20. Black, J.D.; English, D.P.; Roque, D.M.; Santin, A.D. Targeted therapy in uterine serous carcinoma: An
aggressive variant of endometrial cancer. Womens Health 2014, 10, 45–57. [CrossRef] [PubMed]

21. Goff, B.A.; Kato, D.; Schmidt, R.A.; Ek, M.; Ferry, J.A.; Muntz, H.G.; Cain, J.M.; Tamimi, H.K.; Figge, D.C.;
Greer, B.E. Uterine papillary serous carcinoma: Patterns of metastatic spread. Gynecol. Oncol. 1994, 54,
264–268. [CrossRef] [PubMed]

22. Cirisano, F.D.; Robboy, S.J.; Dodge, R.K.; Bentley, R.C.; Krigman, H.R.; Synan, I.S.; Soper, J.T.; Clarke-Pearson, D.L.
Epidemiologic and surgicopathologic findings of papillary serous and clear cell endometrial cancers when
compared to endometrioid carcinoma. Gynecol. Oncol. 1999, 74, 385–394. [CrossRef] [PubMed]

23. Amant, F.; Mirza, M.R.; Koskas, M.; Creutzberg, C.L. Cancer of the corpus uteri. Int. J. Gynaecol. Obstet. 2015,
131, S96–S104. [CrossRef] [PubMed]

24. Acharya, S.; Hensley, M.L.; Montag, A.C.; Fleming, G.F. Rare uterine cancers. Lancet Oncol. 2005, 6, 961–971.
[CrossRef]

25. Sams, S.B.; Currens, H.S.; Raab, S.S. Liquid-based Papanicolaou tests in endometrial carcinoma diagnosis.
Performance, error root cause analysis, and quality improvement. Am. J. Clin. Pathol. 2012, 137, 248–254.
[CrossRef] [PubMed]

26. Haldorsen, I.S.; Salvesen, H.B. What Is the Best Preoperative Imaging for Endometrial Cancer? Curr. Oncol. Rep.
2016, 18, 25. [CrossRef] [PubMed]

27. Amant, F.; Moerman, P.; Neven, P.; Timmerman, D.; Van Limbergen, E.; Vergote, I. Endometrial cancer. Lancet
2005, 366, 491–505. [CrossRef]

28. Epstein, E.; Blomqvist, L. Imaging in endometrial cancer. Best Pract. Res. Clin. Obstet. Gynaecol. 2014, 28,
721–739. [CrossRef] [PubMed]

29. Mutch, D.G. The new FIGO staging system for cancers of the vulva, cervix, endometrium and sarcomas.
Gynecol. Oncol. 2009, 115, 325–328. [CrossRef]

30. Gilks, C.B.; Oliva, E.; Soslow, R.A. Poor interobserver reproducibility in the diagnosis of high-grade
endometrial carcinoma. Am. J. Surg. Pathol. 2013, 37, 874–881. [CrossRef] [PubMed]

31. Ratner, E.S.; Tuck, D.; Richter, C.; Nallur, S.; Patel, R.M.; Schultz, V.; Hui, P.; Schwartz, P.E.; Rutherford, T.J.;
Weidhaas, J.B. MicroRNA signatures differentiate uterine cancer tumor subtypes. Gynecol. Oncol. 2010, 118,
251–257. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/1097-0142(19820415)49:8&lt;1511::AID-CNCR2820490802&gt;3.0.CO;2-6
http://dx.doi.org/10.1016/0090-8258(90)90279-T
http://dx.doi.org/10.1006/gyno.2000.5737
http://www.ncbi.nlm.nih.gov/pubmed/10739691
http://dx.doi.org/10.1016/j.ygyno.2015.03.041
http://www.ncbi.nlm.nih.gov/pubmed/25805398
http://dx.doi.org/10.3802/jgo.2018.29.e22
http://www.ncbi.nlm.nih.gov/pubmed/29400015
http://dx.doi.org/10.1097/00000478-198203000-00002
http://www.ncbi.nlm.nih.gov/pubmed/7102898
http://dx.doi.org/10.1016/j.ygyno.2003.08.018
http://www.ncbi.nlm.nih.gov/pubmed/14675663
http://dx.doi.org/10.1016/j.ccell.2017.02.010
http://www.ncbi.nlm.nih.gov/pubmed/28292439
http://dx.doi.org/10.1016/j.critrevonc.2014.10.013
http://www.ncbi.nlm.nih.gov/pubmed/25468677
http://dx.doi.org/10.1006/gyno.1995.9957
http://www.ncbi.nlm.nih.gov/pubmed/8522260
http://dx.doi.org/10.2217/WHE.13.72
http://www.ncbi.nlm.nih.gov/pubmed/24328598
http://dx.doi.org/10.1006/gyno.1994.1208
http://www.ncbi.nlm.nih.gov/pubmed/8088602
http://dx.doi.org/10.1006/gyno.1999.5505
http://www.ncbi.nlm.nih.gov/pubmed/10479498
http://dx.doi.org/10.1016/j.ijgo.2015.06.005
http://www.ncbi.nlm.nih.gov/pubmed/26433681
http://dx.doi.org/10.1016/S1470-2045(05)70463-0
http://dx.doi.org/10.1309/AJCPLFBK1A2XJDQI
http://www.ncbi.nlm.nih.gov/pubmed/22261450
http://dx.doi.org/10.1007/s11912-016-0506-0
http://www.ncbi.nlm.nih.gov/pubmed/26922331
http://dx.doi.org/10.1016/S0140-6736(05)67063-8
http://dx.doi.org/10.1016/j.bpobgyn.2014.04.007
http://www.ncbi.nlm.nih.gov/pubmed/24852891
http://dx.doi.org/10.1016/j.ygyno.2009.10.050
http://dx.doi.org/10.1097/PAS.0b013e31827f576a
http://www.ncbi.nlm.nih.gov/pubmed/23629444
http://dx.doi.org/10.1016/j.ygyno.2010.05.010
http://www.ncbi.nlm.nih.gov/pubmed/20542546


Int. J. Mol. Sci. 2018, 19, 2380 16 of 22

32. Hood, L.; Rowen, L. The Human Genome Project: Big science transforms biology and medicine. Genome Med.
2013, 5, 79. [CrossRef] [PubMed]

33. Kandoth, C.; McLellan, M.D.; Vandin, F.; Ye, K.; Niu, B.; Lu, C.; Xie, M.; Zhang, Q.; McMichael, J.F.;
Wyczalkowski, M.A.; et al. Mutational landscape and significance across 12 major cancer types. Nature 2013,
502, 333–339. [CrossRef] [PubMed]

34. Kandoth, C.; Schultz, N.; Cherniack, A.D.; Akbani, R.; Liu, Y.; Shen, H.; Robertson, A.G.; Pashtan, I.; Shen, R.;
Benz, C.C.; et al. Integrated genomic characterization of endometrial carcinoma. Nature 2013, 497, 67–73.
[CrossRef] [PubMed]

35. Kommoss, S.; McConechy, M.K.; Kommoss, F.; Leung, S.; Bunz, A.; Magrill, J.; Britton, H.; Grevenkamp, F.;
Karnezis, A.; Yang, W.; et al. Final validation of the ProMisE molecular classifier for endometrial carcinoma
in a large population-based case series. Ann. Oncol. 2018, 29, 1180–1188. [CrossRef] [PubMed]

36. Eritja, N.; Yeramian, A.; Chen, B.J.; Llobet-Navas, D.; Ortega, E.; Colas, E.; Abal, M.; Dolcet, X.; Reventos, J.;
Matias-Guiu, X. Endometrial Carcinoma: Specific Targeted Pathways. Adv. Exp. Med. Biol. 2017, 943, 149–207.
[CrossRef] [PubMed]

37. Levenback, C.; Burke, T.W.; Silva, E.; Morris, M.; Gershenson, D.M.; Kavanagh, J.J.; Wharton, J.T. Uterine
papillary serous carcinoma (UPSC) treated with cisplatin, doxorubicin, and cyclophosphamide (PAC).
Gynecol. Oncol. 1992, 46, 317–321. [CrossRef]

38. Smith, M.R.; Peters, W.A.; Drescher, C.W. Cisplatin, doxorubicin hydrochloride, and cyclophosphamide
followed by radiotherapy in high-risk endometrial carcinoma. Am. J. Obstet. Gynecol. 1994, 170, 1677–1681;
discussion 1681–1682. [CrossRef]

39. Buhtoiarova, T.N.; Brenner, C.A.; Singh, M. Endometrial Carcinoma: Role of Current and Emerging
Biomarkers in Resolving Persistent Clinical Dilemmas. Am. J. Clin. Pathol. 2016, 145, 8–21. [CrossRef]
[PubMed]

40. Morgan, J.; Hoekstra, A.V.; Chapman-Davis, E.; Hardt, J.L.; Kim, J.J.; Buttin, B.M. Synuclein-γ (SNCG) may
be a novel prognostic biomarker in uterine papillary serous carcinoma. Gynecol. Oncol. 2009, 114, 293–298.
[CrossRef] [PubMed]

41. El-Sahwi, K.S.; Schwartz, P.E.; Santin, A.D. Development of targeted therapy in uterine serous carcinoma,
a biologically aggressive variant of endometrial cancer. Expert Rev. Anticancer Ther. 2012, 12, 41–49. [CrossRef]
[PubMed]

42. McConechy, M.K.; Ding, J.; Cheang, M.C.; Wiegand, K.; Senz, J.; Tone, A.; Yang, W.; Prentice, L.; Tse, K.;
Zeng, T.; et al. Use of mutation profiles to refine the classification of endometrial carcinomas. J. Pathol. 2012,
228, 20–30. [CrossRef] [PubMed]

43. Le Gallo, M.; O’Hara, A.J.; Rudd, M.L.; Urick, M.E.; Hansen, N.F.; O’Neil, N.J.; Price, J.C.; Zhang, S.;
England, B.M.; Godwin, A.K.; et al. Exome sequencing of serous endometrial tumors identifies recurrent
somatic mutations in chromatin-remodeling and ubiquitin ligase complex genes. Nat. Genet. 2012, 44,
1310–1315. [CrossRef] [PubMed]

44. Kuhn, E.; Wu, R.C.; Guan, B.; Wu, G.; Zhang, J.; Wang, Y.; Song, L.; Yuan, X.; Wei, L.; Roden, R.B.; et al.
Identification of molecular pathway aberrations in uterine serous carcinoma by genome-wide analyses.
J. Natl. Cancer Inst. 2012, 104, 1503–1513. [CrossRef] [PubMed]

45. Zhao, S.; Choi, M.; Overton, J.D.; Bellone, S.; Roque, D.M.; Cocco, E.; Guzzo, F.; English, D.P.; Varughese, J.;
Gasparrini, S.; et al. Landscape of somatic single-nucleotide and copy-number mutations in uterine serous
carcinoma. Proc. Natl. Acad. Sci. USA 2013, 110, 2916–2921. [CrossRef] [PubMed]

46. Kogan, L.; Octeau, D.; Amajoud, Z.; Abitbol, J.; Laskov, I.; Ferenczy, A.; Pelmus, M.; Eisenberg, N.; Kessous, R.;
Lau, S.; et al. Impact of lower uterine segment involvement in type II endometrial cancer and the unique
mutational profile of serous tumors. Gynecol. Oncol. Rep. 2018, 24, 43–47. [CrossRef] [PubMed]

47. Hoang, L.N.; McConechy, M.K.; Meng, B.; McIntyre, J.B.; Ewanowich, C.; Gilks, C.B.; Huntsman, D.G.;
Köbel, M.; Lee, C.H. Targeted mutation analysis of endometrial clear cell carcinoma. Histopathology 2015, 66,
664–674. [CrossRef] [PubMed]

48. DeLair Deborah, F.; Burke Kathleen, A.; Selenica, P.; Lim Raymond, S.; Scott Sasinya, N.; Middha, S.; Mohanty
Abhinita, S.; Cheng Donavan, T.; Berger Michael, F.; Soslow Robert, A.; et al. The genetic landscape of
endometrial clear cell carcinomas. J. Pathol. 2017, 243, 230–241. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/gm483
http://www.ncbi.nlm.nih.gov/pubmed/24040834
http://dx.doi.org/10.1038/nature12634
http://www.ncbi.nlm.nih.gov/pubmed/24132290
http://dx.doi.org/10.1038/nature12113
http://www.ncbi.nlm.nih.gov/pubmed/23636398
http://dx.doi.org/10.1093/annonc/mdy058
http://www.ncbi.nlm.nih.gov/pubmed/29432521
http://dx.doi.org/10.1007/978-3-319-43139-0_6
http://www.ncbi.nlm.nih.gov/pubmed/27910068
http://dx.doi.org/10.1016/0090-8258(92)90224-7
http://dx.doi.org/10.1016/S0002-9378(12)91834-7
http://dx.doi.org/10.1093/ajcp/aqv014
http://www.ncbi.nlm.nih.gov/pubmed/26712866
http://dx.doi.org/10.1016/j.ygyno.2009.04.036
http://www.ncbi.nlm.nih.gov/pubmed/19476987
http://dx.doi.org/10.1586/era.11.192
http://www.ncbi.nlm.nih.gov/pubmed/22149431
http://dx.doi.org/10.1002/path.4056
http://www.ncbi.nlm.nih.gov/pubmed/22653804
http://dx.doi.org/10.1038/ng.2455
http://www.ncbi.nlm.nih.gov/pubmed/23104009
http://dx.doi.org/10.1093/jnci/djs345
http://www.ncbi.nlm.nih.gov/pubmed/22923510
http://dx.doi.org/10.1073/pnas.1222577110
http://www.ncbi.nlm.nih.gov/pubmed/23359684
http://dx.doi.org/10.1016/j.gore.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29915797
http://dx.doi.org/10.1111/his.12581
http://www.ncbi.nlm.nih.gov/pubmed/25308272
http://dx.doi.org/10.1002/path.4947
http://www.ncbi.nlm.nih.gov/pubmed/28718916


Int. J. Mol. Sci. 2018, 19, 2380 17 of 22

49. Le Gallo, M.; Rudd Meghan, L.; Urick Mary, E.; Hansen Nancy, F.; Zhang, S.; Lozy, F.; Sgroi Dennis, C.;
Vidal Bel, A.; Matias-Guiu, X.; Broaddus Russell, R.; et al. Somatic mutation profiles of clear cell endometrial
tumors revealed by whole exome and targeted gene sequencing. Cancer 2017, 123, 3261–3268. [CrossRef]
[PubMed]

50. Forbes, S.A.; Beare, D.; Boutselakis, H.; Bamford, S.; Bindal, N.; Tate, J.; Cole, C.G.; Ward, S.; Dawson, E.;
Ponting, L.; et al. COSMIC: Somatic cancer genetics at high-resolution. Nucleic Acids Res. 2017, 45, D777–D783.
[CrossRef] [PubMed]

51. Kuhn, E.; Ayhan, A.; Bahadirli-Talbott, A.; Zhao, C.; Shih, I.-M. Molecular Characterization of Undifferentiated
Carcinoma Associated With Endometrioid Carcinoma. Am. J. Surg. Pathol. 2014, 38, 660–665. [CrossRef]
[PubMed]

52. McConechy, M.K.; Anglesio, M.S.; Kalloger, S.E.; Yang, W.; Senz, J.; Chow, C.; Heravi-Moussavi, A.;
Morin, G.B.; Mes-Masson, A.M.; Carey, M.S.; et al. Subtype-specific mutation of PPP2R1A in endometrial
and ovarian carcinomas. J. Pathol. 2011, 223, 567–573. [CrossRef] [PubMed]

53. Shih, I.M.; Panuganti, P.K.; Kuo, K.T.; Mao, T.L.; Kuhn, E.; Jones, S.; Velculescu, V.E.; Kurman, R.J.; Wang, T.L.
Somatic mutations of PPP2R1A in ovarian and uterine carcinomas. Am. J. Pathol. 2011, 178, 1442–1447.
[CrossRef] [PubMed]

54. Nagendra, D.C.; Burke, J.; Maxwell, G.L.; Risinger, J.I. PPP2R1A mutations are common in the serous type of
endometrial cancer. Mol. Carcinog. 2012, 51, 826–831. [CrossRef] [PubMed]

55. COSMIC: Catalogue of Somatic Mutations in Cancer. Available online: http://cancer.sanger.ac.uk/cosmic
(accessed on 25 June 2018).

56. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.;
Larsson, E.; et al. Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using the
cBioPortal. Sci. Signal. 2013, 6. [CrossRef] [PubMed]

57. cBioPortal for Cancer Genomics. Available online: http://www.cbioportal.org/ (accessed on 25 June 2018).
58. An, H.-J.; Logani, S.; Isacson, C.; Ellenson, L.H. Molecular characterization of uterine clear cell carcinoma.

Mod. Pathol. 2004, 17, 530. [CrossRef] [PubMed]
59. Guan, B.; Mao, T.-L.; Panuganti, P.K.; Kuhn, E.; Kurman, R.J.; Maeda, D.; Chen, E.; Jeng, Y.-M.; Wang, T.-L.;

Shih, I.-M. Mutation and Loss of Expression of ARID1A in Uterine Low-grade Endometrioid Carcinoma.
Am. J. Surg. Pathol. 2011, 35, 625–632. [CrossRef] [PubMed]

60. Biscuola, M.; Van de Vijver, K.; Castilla, M.Á.; Romero-Pérez, L.; López-García, M.Á.; Díaz-Martín, J.;
Matias-Guiu, X.; Oliva, E.; Calvo, J.P. Oncogene alterations in endometrial carcinosarcomas. Hum. Pathol.
2013, 44, 852–859. [CrossRef] [PubMed]

61. Jones, N.L.; Xiu, J.; Chatterjee-Paer, S.; Buckley de Meritens, A.; Burke William, M.; Tergas Ana, I.; Wright
Jason, D.; Hou June, Y. Distinct molecular landscapes between endometrioid and nonendometrioid uterine
carcinomas. Int. J. Cancer 2016, 140, 1396–1404. [CrossRef] [PubMed]

62. Konecny, G.E.; Santos, L.; Winterhoff, B.; Hatmal, M.; Keeney, G.L.; Mariani, A.; Jones, M.; Neuper, C.;
Thomas, B.; Muderspach, L.; et al. HER2 gene amplification and EGFR expression in a large cohort of
surgically staged patients with nonendometrioid (type II) endometrial cancer. Br. J. Cancer 2008, 100, 89–95.
[CrossRef] [PubMed]

63. Grushko, T.A.; Filiaci, V.L.; Mundt, A.J.; Ridderstråle, K.; Olopade, O.I.; Fleming, G.F. An exploratory analysis
of HER-2 amplification and overexpression in advanced endometrial carcinoma: A gynecologic oncology
group study. Gynecol. Oncol. 2008, 108, 3–9. [CrossRef] [PubMed]

64. Zhou, J.; Sukov, W.R.; Carter, J.M.; Schoolmeester, J.K. HER2 gene amplification and protein overexpression
in uterine clear cell carcinoma and its implications in targeted immunotherapy. J. Clin. Oncol. 2017, 35, S29.
[CrossRef]

65. Livasy, C.A.; Reading, F.C.; Moore, D.T.; Boggess, J.F.; Lininger, R.A. EGFR expression and HER2/neu
overexpression/amplification in endometrial carcinosarcoma. Gynecol. Oncol. 2006, 100, 101–106. [CrossRef]
[PubMed]

66. Bansal, N.; Yendluri, V.; Wenham, R.M. The Molecular Biology of Endometrial Cancers and the Implications
for Pathogenesis, Classification, and Targeted Therapies. Cancer Control 2009, 16, 8–13. [CrossRef] [PubMed]

67. Liu, J.; Zhang, C.; Feng, Z. Tumor suppressor p53 and its gain-of-function mutants in cancer. Acta Biochim.
Biophys. Sin. 2014, 46, 170–179. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/cncr.30745
http://www.ncbi.nlm.nih.gov/pubmed/28485815
http://dx.doi.org/10.1093/nar/gkw1121
http://www.ncbi.nlm.nih.gov/pubmed/27899578
http://dx.doi.org/10.1097/PAS.0000000000000166
http://www.ncbi.nlm.nih.gov/pubmed/24451280
http://dx.doi.org/10.1002/path.2848
http://www.ncbi.nlm.nih.gov/pubmed/21381030
http://dx.doi.org/10.1016/j.ajpath.2011.01.009
http://www.ncbi.nlm.nih.gov/pubmed/21435433
http://dx.doi.org/10.1002/mc.20850
http://www.ncbi.nlm.nih.gov/pubmed/21882256
http://cancer.sanger.ac.uk/cosmic
http://dx.doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210
http://www.cbioportal.org/
http://dx.doi.org/10.1038/modpathol.3800057
http://www.ncbi.nlm.nih.gov/pubmed/14976538
http://dx.doi.org/10.1097/PAS.0b013e318212782a
http://www.ncbi.nlm.nih.gov/pubmed/21412130
http://dx.doi.org/10.1016/j.humpath.2012.07.027
http://www.ncbi.nlm.nih.gov/pubmed/23199529
http://dx.doi.org/10.1002/ijc.30537
http://www.ncbi.nlm.nih.gov/pubmed/27905110
http://dx.doi.org/10.1038/sj.bjc.6604814
http://www.ncbi.nlm.nih.gov/pubmed/19088718
http://dx.doi.org/10.1016/j.ygyno.2007.09.007
http://www.ncbi.nlm.nih.gov/pubmed/17945336
http://dx.doi.org/10.1200/JCO.2017.35.7_suppl.29
http://dx.doi.org/10.1016/j.ygyno.2005.07.124
http://www.ncbi.nlm.nih.gov/pubmed/16157366
http://dx.doi.org/10.1177/107327480901600102
http://www.ncbi.nlm.nih.gov/pubmed/19078924
http://dx.doi.org/10.1093/abbs/gmt144
http://www.ncbi.nlm.nih.gov/pubmed/24374774


Int. J. Mol. Sci. 2018, 19, 2380 18 of 22

68. Yu, X.; Narayanan, S.; Vazquez, A.; Carpizo, D.R. Small molecule compounds targeting the p53 pathway:
Are we finally making progress? Apoptosis 2014, 19, 1055–1068. [CrossRef] [PubMed]

69. Janssens, V.; Goris, J.; Van Hoof, C. PP2A: The expected tumor suppressor. Curr. Opin. Genet. Dev. 2005, 15,
34–41. [CrossRef] [PubMed]

70. Eichhorn, P.J.; Creyghton, M.P.; Bernards, R. Protein phosphatase 2A regulatory subunits and cancer.
Biochim. Biophys. Acta 2009, 1795, 1–15. [CrossRef] [PubMed]

71. Janssens, V.; Rebollo, A. The role and therapeutic potential of Ser/Thr phosphatase PP2A in apoptotic
signalling networks in human cancer cells. Curr. Mol. Med. 2012, 12, 268–287. [CrossRef] [PubMed]

72. Wlodarchak, N.; Xing, Y. PP2A as a master regulator of the cell cycle. Crit. Rev. Biochem. Mol. Biol. 2016, 51,
162–184. [CrossRef] [PubMed]

73. Talhouk, A.; McConechy, M.K.; Leung, S.; Yang, W.; Lum, A.; Senz, J.; Boyd, N.; Pike, J.; Anglesio, M.;
Kwon, J.S.; et al. Confirmation of ProMisE: A simple, genomics-based clinical classifier for endometrial
cancer. Cancer 2017, 123, 802–813. [CrossRef] [PubMed]

74. Welcker, M.; Clurman, B.E. FBW7 ubiquitin ligase: A tumour suppressor at the crossroads of cell division,
growth and differentiation. Nat. Rev. Cancer 2008, 8, 83–93. [CrossRef] [PubMed]

75. Cao, J.; Ge, M.-H.; Ling, Z.-Q. Fbxw7 Tumor Suppressor: A Vital Regulator Contributes to Human
Tumorigenesis. Medicine 2016, 95, e2496. [CrossRef] [PubMed]

76. Samuels, Y.; Diaz, L.A.; Schmidt-Kittler, O.; Cummins, J.M.; Delong, L.; Cheong, I.; Rago, C.; Huso, D.L.;
Lengauer, C.; Kinzler, K.W.; et al. Mutant PIK3CA promotes cell growth and invasion of human cancer cells.
Cancer Cell 2005, 7, 561–573. [CrossRef] [PubMed]

77. McConechy, M.K.; Hoang, L.N.; Chui, M.H.; Senz, J.; Yang, W.; Rozenberg, N.; Mackenzie, R.; McAlpine, J.N.;
Huntsman, D.G.; Clarke, B.A.; et al. In-depth molecular profiling of the biphasic components of uterine
carcinosarcomas. J. Pathol. Clin. Res. 2015, 1, 173–185. [CrossRef] [PubMed]

78. Zhao, S.; Bellone, S.; Lopez, S.; Thakral, D.; Schwab, C.; English, D.P.; Black, J.; Cocco, E.; Choi, J.;
Zammataro, L.; et al. Mutational landscape of uterine and ovarian carcinosarcomas implicates histone
genes in epithelial-mesenchymal transition. Proc. Natl. Acad. Sci. USA 2016, 113, 12238–12243. [CrossRef]
[PubMed]

79. O’Hara, A.J.; Bell, D.W. The genomics and genetics of endometrial cancer. Adv. Genom. Genet. 2012, 2012,
33–47. [CrossRef]

80. Bitler, B.G.; Aird, K.M.; Garipov, A.; Li, H.; Amatangelo, M.; Kossenkov, A.V.; Schultz, D.C.; Liu, Q.;
Shih, I.-M.; Conejo-Garcia, J.R.; et al. Synthetic lethality by targeting EZH2 methyltransferase activity in
ARID1A-mutated cancers. Nat. Med. 2015, 21, 231–238. [CrossRef] [PubMed]

81. Bhattacharjee, S.; Nandi, S. Synthetic lethality in DNA repair network: A novel avenue in targeted cancer
therapy and combination therapeutics. IUBMB Life 2017, 69, 929–937. [CrossRef] [PubMed]

82. Bhattacharjee, S.; Nandi, S. Choices have consequences: The nexus between DNA repair pathways and
genomic instability in cancer. Clin. Transl. Med. 2016, 5, 45. [CrossRef] [PubMed]

83. Bhattacharjee, S.; Nandi, S. DNA damage response and cancer therapeutics through the lens of the Fanconi
Anemia DNA repair pathway. Cell Commun. Signal. 2017, 15, 41. [CrossRef] [PubMed]

84. Komiya, Y.; Habas, R. Wnt signal transduction pathways. Organogenesis 2008, 4, 68–75. [CrossRef] [PubMed]
85. Liu, Y.; Patel, L.; Mills, G.B.; Lu, K.H.; Sood, A.K.; Ding, L.; Kucherlapati, R.; Mardis, E.R.; Levine, D.A.;

Shmulevich, I.; et al. Clinical Significance of CTNNB1 Mutation and Wnt Pathway Activation in
Endometrioid Endometrial Carcinoma. J. Natl. Cancer Inst. 2014, 106, 1–8. [CrossRef] [PubMed]

86. Feinstein, E. Ral-GTPases: Good chances for a long-lasting fame. Oncogene 2004, 24, 326–328. [CrossRef]
[PubMed]

87. Diver, E.J.; Foster, R.; Rueda, B.R.; Growdon, W.B. The Therapeutic Challenge of Targeting HER2 in
Endometrial Cancer. Oncologist 2015, 20, 1058–1068. [CrossRef] [PubMed]

88. Morrison, C.; Zanagnolo, V.; Ramirez, N.; Cohn, D.E.; Kelbick, N.; Copeland, L.; Maxwell, G.L.; Fowler, J.M.
HER-2 is an independent prognostic factor in endometrial cancer: Association with outcome in a large cohort
of surgically staged patients. J. Clin. Oncol. 2006, 24, 2376–2385. [CrossRef] [PubMed]

89. An, X.; Tiwari, A.K.; Sun, Y.; Ding, P.-R.; Ashby, C.R., Jr.; Chen, Z.-S. BCR-ABL tyrosine kinase inhibitors in
the treatment of Philadelphia chromosome positive chronic myeloid leukemia: A review. Leuk. Res. 2010, 34,
1255–1268. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s10495-014-0990-3
http://www.ncbi.nlm.nih.gov/pubmed/24756955
http://dx.doi.org/10.1016/j.gde.2004.12.004
http://www.ncbi.nlm.nih.gov/pubmed/15661531
http://dx.doi.org/10.1016/j.bbcan.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18588945
http://dx.doi.org/10.2174/156652412799218930
http://www.ncbi.nlm.nih.gov/pubmed/22300139
http://dx.doi.org/10.3109/10409238.2016.1143913
http://www.ncbi.nlm.nih.gov/pubmed/26906453
http://dx.doi.org/10.1002/cncr.30496
http://www.ncbi.nlm.nih.gov/pubmed/28061006
http://dx.doi.org/10.1038/nrc2290
http://www.ncbi.nlm.nih.gov/pubmed/18094723
http://dx.doi.org/10.1097/MD.0000000000002496
http://www.ncbi.nlm.nih.gov/pubmed/26886596
http://dx.doi.org/10.1016/j.ccr.2005.05.014
http://www.ncbi.nlm.nih.gov/pubmed/15950905
http://dx.doi.org/10.1002/cjp2.18
http://www.ncbi.nlm.nih.gov/pubmed/27499902
http://dx.doi.org/10.1073/pnas.1614120113
http://www.ncbi.nlm.nih.gov/pubmed/27791010
http://dx.doi.org/10.2147/AGG.S28953
http://dx.doi.org/10.1038/nm.3799
http://www.ncbi.nlm.nih.gov/pubmed/25686104
http://dx.doi.org/10.1002/iub.1696
http://www.ncbi.nlm.nih.gov/pubmed/29171189
http://dx.doi.org/10.1186/s40169-016-0128-z
http://www.ncbi.nlm.nih.gov/pubmed/27921283
http://dx.doi.org/10.1186/s12964-017-0195-9
http://www.ncbi.nlm.nih.gov/pubmed/29017571
http://dx.doi.org/10.4161/org.4.2.5851
http://www.ncbi.nlm.nih.gov/pubmed/19279717
http://dx.doi.org/10.1093/jnci/dju245
http://www.ncbi.nlm.nih.gov/pubmed/25214561
http://dx.doi.org/10.1038/sj.onc.1208252
http://www.ncbi.nlm.nih.gov/pubmed/15531910
http://dx.doi.org/10.1634/theoncologist.2015-0149
http://www.ncbi.nlm.nih.gov/pubmed/26099744
http://dx.doi.org/10.1200/JCO.2005.03.4827
http://www.ncbi.nlm.nih.gov/pubmed/16710036
http://dx.doi.org/10.1016/j.leukres.2010.04.016
http://www.ncbi.nlm.nih.gov/pubmed/20537386


Int. J. Mol. Sci. 2018, 19, 2380 19 of 22

90. Paz-Ares, L.; Sanchez, J.M.; Garcia-Velasco, A.; Massuti, B.; Lopez-Vivanco, G.; Provencio, M.; Montes, A.;
Isla, D.; Amador, M.L.; Rosell, R. A prospective phase II trial of erlotinib in advanced non-small cell lung
cancer (NSCLC) patients (p) with mutations in the tyrosine kinase (TK) domain of the epidermal growth
factor receptor (EGFR). J. Clin. Oncol. 2006, 24, 7020. [CrossRef]

91. Paz-Ares, L.; Soulières, D.; Melezínek, I.; Moecks, J.; Keil, L.; Mok, T.; Rosell, R.; Klughammer, B. Clinical
outcomes in non-small-cell lung cancer patients with EGFR mutations: Pooled analysis. J. Cell. Mol. Med.
2010, 14, 51–69. [CrossRef] [PubMed]

92. Shaw, A.T.; Engelman, J.A. Ceritinib in ALK-rearranged non-small-cell lung cancer. N. Engl. J. Med. 2014,
370, 2537–2539. [CrossRef] [PubMed]

93. Kwak, E.L.; Bang, Y.-J.; Camidge, D.R.; Shaw, A.T.; Solomon, B.; Maki, R.G.; Ou, S.-H.I.; Dezube, B.J.;
Jänne, P.A.; Costa, D.B.; et al. Anaplastic Lymphoma Kinase Inhibition in Non–Small-Cell Lung Cancer.
N. Engl. J. Med. 2010, 363, 1693–1703. [CrossRef] [PubMed]

94. Slamon, D.J.; Clark, G.M.; Wong, S.G.; Levin, W.J.; Ullrich, A.; McGuire, W.L. Human breast cancer:
Correlation of relapse and survival with amplification of the HER-2/neu oncogene. Science 1987, 235,
177–182. [CrossRef] [PubMed]

95. Arteaga, C.L.; Engelman, J.A. ERBB receptors: From oncogene discovery to basic science to mechanism-based
cancer therapeutics. Cancer Cell 2014, 25, 282–303. [CrossRef] [PubMed]

96. Vogel, C.L.; Cobleigh, M.A.; Tripathy, D.; Gutheil, J.C.; Harris, L.N.; Fehrenbacher, L.; Slamon, D.J.;
Murphy, M.; Novotny, W.F.; Burchmore, M.; et al. Efficacy and safety of trastuzumab as a single agent
in first-line treatment of HER2-overexpressing metastatic breast cancer. J. Clin. Oncol. 2002, 20, 719–726.
[CrossRef] [PubMed]

97. Chakravarty, D.; Gao, J.; Phillips, S.; Kundra, R.; Zhang, H.; Wang, J.; Rudolph, J.E.; Yaeger, R.; Soumerai, T.;
Nissan, M.H.; et al. OncoKB: A Precision Oncology Knowledge Base. JCO Precis. Oncol. 2017, 2017, 1–16.
[CrossRef] [PubMed]

98. Lheureux, S.; McCourt, C.; Rimel, B.J.; Duska, L.; Fleming, G.; Mackay, H.; Mutch, D.; Temkin, S.M.; Lynn, J.;
Kohn, E.C. Moving forward with actionable therapeutic targets and opportunities in endometrial cancer:
A NCI clinical trials planning meeting report. Gynecol. Oncol. 2018, 149, 442–446. [CrossRef] [PubMed]

99. Sanchez-Vega, F.; Mina, M.; Armenia, J.; Chatila, W.K.; Luna, A.; La, K.C.; Dimitriadoy, S.; Liu, D.L.;
Kantheti, H.S.; Saghafinia, S.; et al. Oncogenic Signaling Pathways in The Cancer Genome Atlas. Cell 2018,
173, 321–337. [CrossRef] [PubMed]

100. Chen, J.; Zhao, K.-N.; Li, R.; Shao, R.; Chen, C. Activation of PI3K/Akt/mTOR pathway and dual inhibitors
of PI3K and mTOR in endometrial cancer. Curr. Med. Chem. 2014, 21, 3070–3080. [CrossRef] [PubMed]

101. Dedes, K.J.; Wetterskog, D.; Ashworth, A.; Kaye, S.B.; Reis-Filho, J.S. Emerging therapeutic targets in
endometrial cancer. Nat. Rev. Clin. Oncol. 2011, 8, 261–271. [CrossRef] [PubMed]

102. Pavlidou, A.; Vlahos, N.F. Molecular alterations of PI3K/Akt/mTOR pathway: A therapeutic target in
endometrial cancer. Sci. World J. 2014, 2014, 709736. [CrossRef] [PubMed]

103. Myers, A.P. New strategies in endometrial cancer: Targeting the PI3K/mTOR pathway–The devil is in the
details. Clin. Cancer Res. 2013, 19, 5264–5274. [CrossRef] [PubMed]

104. Kassem, L.; Abdel-Rahman, O. Targeting mTOR pathway in gynecological malignancies: Biological rationale
and systematic review of published data. Crit. Rev. Oncol. Hematol. 2016, 108, 1–12. [CrossRef] [PubMed]

105. Kim, L.C.; Cook, R.S.; Chen, J. mTORC1 and mTORC2 in cancer and the tumor microenvironment. Oncogene
2017, 36, 2191–2201. [CrossRef] [PubMed]

106. Reilly, K.E.; Rojo, F.; She, Q.-B.; Solit, D.; Mills, G.B.; Smith, D.; Lane, H.; Hofmann, F.; Hicklin, D.J.;
Ludwig, D.L.; et al. mTOR Inhibition Induces Upstream Receptor Tyrosine Kinase Signaling and Activates
Akt. Cancer Res. 2006, 66, 1500–1508. [CrossRef] [PubMed]

107. Mendoza, M.C.; Er, E.E.; Blenis, J. The Ras-ERK and PI3K-mTOR pathways: Cross-talk and compensation.
Trends Biochem. Sci. 2011, 36, 320–328. [CrossRef] [PubMed]

108. Korets, S.B.; Musa, F.; Curtin, J.; Blank, S.V.; Schneider, R.J. Dual mTORC1/2 inhibition in a preclinical
xenograft tumor model of endometrial cancer. Gynecol. Oncol. 2014, 132, 468–473. [CrossRef] [PubMed]

109. Shoji, K.; Oda, K.; Kashiyama, T.; Ikeda, Y.; Nakagawa, S.; Sone, K.; Miyamoto, Y.; Hiraike, H.; Tanikawa, M.;
Miyasaka, A.; et al. Genotype-Dependent Efficacy of a Dual PI3K/mTOR Inhibitor, NVP-BEZ235, and an
mTOR Inhibitor, RAD001, in Endometrial Carcinomas. PLoS ONE 2012, 7, e37431. [CrossRef] [PubMed]

http://dx.doi.org/10.1200/jco.2006.24.18_suppl.7020
http://dx.doi.org/10.1111/j.1582-4934.2009.00991.x
http://www.ncbi.nlm.nih.gov/pubmed/20015198
http://dx.doi.org/10.1056/NEJMoa1311107
http://www.ncbi.nlm.nih.gov/pubmed/24963575
http://dx.doi.org/10.1056/NEJMoa1006448
http://www.ncbi.nlm.nih.gov/pubmed/20979469
http://dx.doi.org/10.1126/science.3798106
http://www.ncbi.nlm.nih.gov/pubmed/3798106
http://dx.doi.org/10.1016/j.ccr.2014.02.025
http://www.ncbi.nlm.nih.gov/pubmed/24651011
http://dx.doi.org/10.1200/JCO.2002.20.3.719
http://www.ncbi.nlm.nih.gov/pubmed/11821453
http://dx.doi.org/10.1200/PO.17.00011
http://www.ncbi.nlm.nih.gov/pubmed/28890946
http://dx.doi.org/10.1016/j.ygyno.2018.02.005
http://www.ncbi.nlm.nih.gov/pubmed/29477660
http://dx.doi.org/10.1016/j.cell.2018.03.035
http://www.ncbi.nlm.nih.gov/pubmed/29625050
http://dx.doi.org/10.2174/0929867321666140414095605
http://www.ncbi.nlm.nih.gov/pubmed/24735369
http://dx.doi.org/10.1038/nrclinonc.2010.216
http://www.ncbi.nlm.nih.gov/pubmed/21221135
http://dx.doi.org/10.1155/2014/709736
http://www.ncbi.nlm.nih.gov/pubmed/24526917
http://dx.doi.org/10.1158/1078-0432.CCR-13-0615
http://www.ncbi.nlm.nih.gov/pubmed/24089439
http://dx.doi.org/10.1016/j.critrevonc.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27931828
http://dx.doi.org/10.1038/onc.2016.363
http://www.ncbi.nlm.nih.gov/pubmed/27748764
http://dx.doi.org/10.1158/0008-5472.CAN-05-2925
http://www.ncbi.nlm.nih.gov/pubmed/16452206
http://dx.doi.org/10.1016/j.tibs.2011.03.006
http://www.ncbi.nlm.nih.gov/pubmed/21531565
http://dx.doi.org/10.1016/j.ygyno.2013.11.027
http://www.ncbi.nlm.nih.gov/pubmed/24316308
http://dx.doi.org/10.1371/journal.pone.0037431
http://www.ncbi.nlm.nih.gov/pubmed/22662154


Int. J. Mol. Sci. 2018, 19, 2380 20 of 22

110. Makker, V.; Recio Fernando, O.; Ma, L.; Matulonis Ursula, A.; Lauchle Jennifer, O.; Parmar, H.; Gilbert
Houston, N.; Ware Joseph, A.; Zhu, R.; Lu, S.; et al. A multicenter, single-arm, open-label, phase 2 study of
apitolisib (GDC-0980) for the treatment of recurrent or persistent endometrial carcinoma (MAGGIE study).
Cancer 2016, 122, 3519–3528. [CrossRef] [PubMed]

111. Weigelt, B.; Warne, P.H.; Lambros, M.B.; Reis-Filho, J.S.; Downward, J. PI3K Pathway Dependencies in
Endometrioid Endometrial Cancer Cell Lines. Clin. Cancer Res. 2013, 19, 3533–3544. [CrossRef] [PubMed]

112. Trédan, O.; Treilleux, I.; Wang, Q.; Gane, N.; Pissaloux, D.; Bonnin, N.; Petit, T.; Cretin, J.;
Bonichon-Lamichhane, N.; Priou, F.; et al. Predicting everolimus treatment efficacy in patients with advanced
endometrial carcinoma: A GINECO group study. Target. Oncol. 2013, 8, 243–251. [CrossRef] [PubMed]

113. English, D.P.; Bellone, S.; Cocco, E.; Bortolomai, I.; Pecorelli, S.; Lopez, S.; Silasi, D.-A.; Schwartz, P.E.;
Rutherford, T.; Santin, A.D. Oncogenic PIK3CA gene mutations and HER2/neu gene amplifications
determine the sensitivity of uterine serous carcinoma cell lines to GDC-0980, a selective inhibitor of Class
I PI3 kinase and mTOR kinase (TORC1/2). Am. J. Obstet. Gynecol. 2013, 209, 465.e1–465.e9. [CrossRef]
[PubMed]

114. English, D.P.; Roque, D.M.; Carrara, L.; Lopez, S.; Bellone, S.; Cocco, E.; Bortolomai, I.; Schwartz, P.E.;
Rutherford, T.; Santin, A.D. HER2/neu gene amplification determines the sensitivity of uterine serous
carcinoma cell lines to AZD8055, a novel dual mTORC1/2 inhibitor. Gynecol. Oncol. 2013, 131, 753–758.
[CrossRef] [PubMed]

115. Lopez, S.; Schwab, C.L.; Cocco, E.; Bellone, S.; Bonazzoli, E.; English, D.P.; Schwartz, P.E.; Rutherford, T.;
Angioli, R.; Santin, A.D. Taselisib, a selective inhibitor of PIK3CA, is highly effective on PIK3CA-mutated
and HER2/neu amplified uterine serous carcinoma in vitro and in vivo. Gynecol. Oncol. 2014, 135, 312–317.
[CrossRef] [PubMed]

116. Oza, A.M.; Elit, L.; Tsao, M.S.; Kamel-Reid, S.; Biagi, J.; Provencher, D.M.; Gotlieb, W.H.; Hoskins, P.J.;
Ghatage, P.; Tonkin, K.S.; et al. Phase II study of temsirolimus in women with recurrent or metastatic
endometrial cancer: A trial of the NCIC Clinical Trials Group. J. Clin. Oncol. 2011, 29, 3278–3285. [CrossRef]
[PubMed]

117. Sos, M.L.; Fischer, S.; Ullrich, R.; Peifer, M.; Heuckmann, J.M.; Koker, M.; Heynck, S.; Stückrath, I.; Weiss, J.;
Fischer, F.; et al. Identifying genotype-dependent efficacy of single and combined PI3K- and MAPK-pathway
inhibition in cancer. Proc. Natl. Acad. Sci. USA 2009, 106, 18351–18356. [CrossRef] [PubMed]

118. Carracedo, A.; Ma, L.; Teruya-Feldstein, J.; Rojo, F.; Salmena, L.; Alimonti, A.; Egia, A.; Sasaki, A.T.;
Thomas, G.; Kozma, S.C.; et al. Inhibition of mTORC1 leads to MAPK pathway activation through a
PI3K-dependent feedback loop in human cancer. J. Clin. Investig. 2008, 118, 3065–3074. [CrossRef] [PubMed]

119. Groeneweg, J.W.; Hernandez, S.F.; Byron, V.F.; DiGloria, C.M.; Lopez, H.; Scialabba, V.; Kim, M.; Zhang, L.;
Borger, D.R.; Tambouret, R.; et al. Dual HER2 targeting impedes growth of HER2 gene-amplified uterine
serous carcinoma xenografts. Clin. Cancer Res. 2014, 20, 6517–6528. [CrossRef] [PubMed]

120. Black, J.D.; Lopez, S.; Cocco, E.; Bellone, S.; Altwerger, G.; Schwab, C.L.; English, D.P.; Bonazzoli, E.;
Predolini, F.; Ferrari, F.; et al. PIK3CA oncogenic mutations represent a major mechanism of resistance to
trastuzumab in HER2/neu overexpressing uterine serous carcinomas. Br. J. Cancer 2015, 113, 1020–1026.
[CrossRef] [PubMed]

121. Zhu, L.; Lopez, S.; Bellone, S.; Black, J.; Cocco, E.; Zigras, T.; Predolini, F.; Bonazzoli, E.; Bussi, B.;
Stuhmer, Z.; et al. Dacomitinib (PF-00299804), a second-generation irreversible pan-erbB receptor tyrosine
kinase inhibitor, demonstrates remarkable activity against HER2-amplified uterine serous endometrial
cancer in vitro. Tumour Biol. 2015, 36, 5505–5513. [CrossRef] [PubMed]

122. Schwab, C.L.; Bellone, S.; English, D.P.; Roque, D.M.; Lopez, S.; Cocco, E.; Nicoletti, R.; Bortolomai, I.;
Bonazzoli, E.; Ratner, E.; et al. Afatinib demonstrates remarkable activity against HER2-amplified uterine
serous endometrial cancer in vitro and in vivo. Br. J. Cancer 2014, 111, 1750–1756. [CrossRef] [PubMed]

123. Schwab, C.L.; English, D.P.; Roque, D.M.; Bellone, S.; Lopez, S.; Cocco, E.; Nicoletti, R.; Rutherford, T.J.;
Schwartz, P.E.; Santin, A.D. Neratinib shows efficacy in the treatment of HER2/neu amplified uterine serous
carcinoma in vitro and in vivo. Gynecol. Oncol. 2014, 135, 142–148. [CrossRef] [PubMed]

124. Lopez, S.; Cocco, E.; Black, J.; Bellone, S.; Bonazzoli, E.; Predolini, F.; Ferrari, F.; Schwab, C.L.;
English, D.P.; Ratner, E.; et al. Dual HER2/PIK3CA Targeting Overcomes Single-Agent Acquired Resistance
in HER2-Amplified Uterine Serous Carcinoma Cell Lines In Vitro and In Vivo. Mol. Cancer Ther. 2015, 14,
2519–2526. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/cncr.30286
http://www.ncbi.nlm.nih.gov/pubmed/27603005
http://dx.doi.org/10.1158/1078-0432.CCR-12-3815
http://www.ncbi.nlm.nih.gov/pubmed/23674493
http://dx.doi.org/10.1007/s11523-012-0242-9
http://www.ncbi.nlm.nih.gov/pubmed/23238879
http://dx.doi.org/10.1016/j.ajog.2013.07.020
http://www.ncbi.nlm.nih.gov/pubmed/23891627
http://dx.doi.org/10.1016/j.ygyno.2013.08.033
http://www.ncbi.nlm.nih.gov/pubmed/24012800
http://dx.doi.org/10.1016/j.ygyno.2014.08.024
http://www.ncbi.nlm.nih.gov/pubmed/25172762
http://dx.doi.org/10.1200/JCO.2010.34.1578
http://www.ncbi.nlm.nih.gov/pubmed/21788564
http://dx.doi.org/10.1073/pnas.0907325106
http://www.ncbi.nlm.nih.gov/pubmed/19805051
http://dx.doi.org/10.1172/JCI34739
http://www.ncbi.nlm.nih.gov/pubmed/18725988
http://dx.doi.org/10.1158/1078-0432.CCR-14-1647
http://www.ncbi.nlm.nih.gov/pubmed/25294905
http://dx.doi.org/10.1038/bjc.2015.306
http://www.ncbi.nlm.nih.gov/pubmed/26325104
http://dx.doi.org/10.1007/s13277-015-3218-4
http://www.ncbi.nlm.nih.gov/pubmed/25669172
http://dx.doi.org/10.1038/bjc.2014.519
http://www.ncbi.nlm.nih.gov/pubmed/25268372
http://dx.doi.org/10.1016/j.ygyno.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/25124161
http://dx.doi.org/10.1158/1535-7163.MCT-15-0383
http://www.ncbi.nlm.nih.gov/pubmed/26333383


Int. J. Mol. Sci. 2018, 19, 2380 21 of 22

125. Leslie, K.K.; Sill, M.W.; Lankes, H.A.; Fischer, E.G.; Godwin, A.K.; Gray, H.; Schilder, R.J.; Walker, J.L.;
Tewari, K.; Hanjani, P.; et al. Lapatinib and potential prognostic value of EGFR mutations in a Gynecologic
Oncology Group phase II trial of persistent or recurrent endometrial cancer. Gynecol. Oncol. 2012, 127,
345–350. [CrossRef] [PubMed]

126. Fleming, G.F.; Sill, M.W.; Darcy, K.M.; McMeekin, D.S.; Thigpen, J.T.; Adler, L.M.; Berek, J.S.; Chapman, J.A.;
DiSilvestro, P.A.; Horowitz, I.R.; et al. Phase II trial of trastuzumab in women with advanced or recurrent,
HER2-positive endometrial carcinoma: A Gynecologic Oncology Group study. Gynecol. Oncol. 2010, 116,
15–20. [CrossRef] [PubMed]

127. Fader, A.N.; Roque, D.M.; Siegel, E.; Buza, N.; Hui, P.; Abdelghany, O.; Chambers, S.K.; Secord, A.A.;
Havrilesky, L.; O’Malley, D.M.; et al. Randomized Phase II Trial of Carboplatin-Paclitaxel Versus
Carboplatin-Paclitaxel-Trastuzumab in Uterine Serous Carcinomas That Overexpress Human Epidermal
Growth Factor Receptor 2/neu. J. Clin. Oncol. 2018, 36, 2044–2051. [CrossRef] [PubMed]

128. Alexander, P.B.; Wang, X.-F. Resistance to receptor tyrosine kinase inhibition in cancer: Molecular mechanisms
and therapeutic strategies. Front. Med. 2015, 9, 134–138. [CrossRef] [PubMed]

129. Westermarck, J. Targeted therapies don’t work for a reason; neglected phosphatases strike back. FEBS J. 2018.
[CrossRef] [PubMed]

130. Kauko, O.; O’Connor, C.M.; Kulesskiy, E.; Sangodkar, J.; Aakula, A.; Yetukuri, L.; Yadav, B.; Padzik, A.;
Laajala, T.D.; Haapaniemi, P.; et al. PP2A inhibition is a druggable MEK inhibitor resistance mechanism in
KRAS mutant lung cancer cells. Sci. Transl. Med. 2018, 10. [CrossRef] [PubMed]

131. Hahn, W.C.; Dessain, S.K.; Brooks, M.W.; King, J.E.; Elenbaas, B.; Sabatini, D.M.; DeCaprio, J.A.;
Weinberg, R.A. Enumeration of the simian virus 40 early region elements necessary for human cell
transformation. Mol. Cell. Biol. 2002, 22, 2111–2123. [CrossRef] [PubMed]

132. Janssens, V.; Goris, J. Protein phosphatase 2A: A highly regulated family of serine/threonine phosphatases
implicated in cell growth and signalling. Biochem. J. 2001, 353, 417–439. [CrossRef] [PubMed]

133. Groves, M.R.; Hanlon, N.; Turowski, P.; Hemmings, B.A.; Barford, D. The structure of the protein phosphatase
2A PR65/A subunit reveals the conformation of its 15 tandemly repeated HEAT motifs. Cell 1999, 96, 99–110.
[CrossRef]

134. Meeusen, B.; Janssens, V. Tumor suppressive protein phosphatases in human cancer: Emerging targets for
therapeutic intervention and tumor stratification. Int. J. Biochem. Cell Biol. 2018, 96, 98–134. [CrossRef]
[PubMed]

135. Haesen, D.; Sents, W.; Lemaire, K.; Hoorne, Y.; Janssens, V. The Basic Biology of PP2A in Hematologic Cells
and Malignancies. Front. Oncol. 2014, 4, 347. [CrossRef] [PubMed]

136. Haesen, D.; Sents, W.; Ivanova, E.; Lambrecht, C.; Janssens, V. Cellular inhibitors of Protein Phosphatase
PP2A in cancer. Biomed. Res. 2012, 23, 197–211.

137. Seshacharyulu, P.; Pandey, P.; Datta, K.; Batra, S.K. Phosphatase: PP2A structural importance, regulation and
its aberrant expression in cancer. Cancer Lett. 2013, 335, 9–18. [CrossRef] [PubMed]

138. Ruediger, R.; Ruiz, J.; Walter, G. Human cancer-associated mutations in the Aα subunit of protein
phosphatase 2A increase lung cancer incidence in Aα knock-in and knockout mice. Mol. Cell. Biol. 2011, 31,
3832–3844. [CrossRef] [PubMed]

139. Sents, W.; Meeusen, B.; Kalev, P.; Radaelli, E.; Sagaert, X.; Miermans, E.; Haesen, D.; Lambrecht, C.;
Dewerchin, M.; Carmeliet, P.; et al. PP2A Inactivation Mediated by PPP2R4 Haploinsufficiency Promotes
Cancer Development. Cancer Res. 2017, 77, 6825–6837. [CrossRef] [PubMed]

140. Lambrecht, C.; Libbrecht, L.; Sagaert, X.; Pauwels, P.; Hoorne, Y.; Crowther, J.; Louis, J.V.; Sents, W.;
Sablina, A.; Janssens, V. Loss of protein phosphatase 2A regulatory subunit B56δ promotes spontaneous
tumorigenesis in vivo. Oncogene 2018, 37, 544–552. [CrossRef] [PubMed]

141. Janghorban, M.; Langer, E.M.; Wang, X.; Zachman, D.; Daniel, C.J.; Hooper, J.; Fleming, W.H.; Agarwal, A.;
Sears, R.C. The tumor suppressor phosphatase PP2A-B56α regulates stemness and promotes the initiation of
malignancies in a novel murine model. PLoS ONE 2017, 12, e0188910. [CrossRef] [PubMed]

142. O’Connor, C.M.; Perl, A.; Leonard, D.; Sangodkar, J.; Narla, G. Therapeutic targeting of PP2A. Int. J. Biochem.
Cell Biol. 2018, 96, 182–193. [CrossRef] [PubMed]

143. Gao, J.; Chang, M.T.; Johnsen, H.C.; Gao, S.P.; Sylvester, B.E.; Sumer, S.O.; Zhang, H.; Solit, D.B.; Taylor, B.S.;
Schultz, N.; et al. 3D clusters of somatic mutations in cancer reveal numerous rare mutations as functional
targets. Genome Med. 2017, 9, 1–13. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ygyno.2012.07.127
http://www.ncbi.nlm.nih.gov/pubmed/22885469
http://dx.doi.org/10.1016/j.ygyno.2009.09.025
http://www.ncbi.nlm.nih.gov/pubmed/19840887
http://dx.doi.org/10.1200/JCO.2017.76.5966
http://www.ncbi.nlm.nih.gov/pubmed/29584549
http://dx.doi.org/10.1007/s11684-015-0396-9
http://www.ncbi.nlm.nih.gov/pubmed/25957263
http://dx.doi.org/10.1111/febs.14617
http://www.ncbi.nlm.nih.gov/pubmed/30055114
http://dx.doi.org/10.1126/scitranslmed.aaq1093
http://www.ncbi.nlm.nih.gov/pubmed/30021885
http://dx.doi.org/10.1128/MCB.22.7.2111-2123.2002
http://www.ncbi.nlm.nih.gov/pubmed/11884599
http://dx.doi.org/10.1042/bj3530417
http://www.ncbi.nlm.nih.gov/pubmed/11171037
http://dx.doi.org/10.1016/S0092-8674(00)80963-0
http://dx.doi.org/10.1016/j.biocel.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/29031806
http://dx.doi.org/10.3389/fonc.2014.00347
http://www.ncbi.nlm.nih.gov/pubmed/25566494
http://dx.doi.org/10.1016/j.canlet.2013.02.036
http://www.ncbi.nlm.nih.gov/pubmed/23454242
http://dx.doi.org/10.1128/MCB.05744-11
http://www.ncbi.nlm.nih.gov/pubmed/21791616
http://dx.doi.org/10.1158/0008-5472.CAN-16-2911
http://www.ncbi.nlm.nih.gov/pubmed/29046336
http://dx.doi.org/10.1038/onc.2017.350
http://www.ncbi.nlm.nih.gov/pubmed/28967903
http://dx.doi.org/10.1371/journal.pone.0188910
http://www.ncbi.nlm.nih.gov/pubmed/29190822
http://dx.doi.org/10.1016/j.biocel.2017.10.008
http://www.ncbi.nlm.nih.gov/pubmed/29107183
http://dx.doi.org/10.1186/s13073-016-0393-x
http://www.ncbi.nlm.nih.gov/pubmed/28115009


Int. J. Mol. Sci. 2018, 19, 2380 22 of 22

144. Kamburov, A.; Lawrence, M.S.; Polak, P.; Leshchiner, I.; Lage, K.; Golub, T.R.; Lander, E.S.; Getz, G.
Comprehensive assessment of cancer missense mutation clustering in protein structures. Proc. Natl. Acad.
Sci. USA 2015, 112, E5486–E5495. [CrossRef] [PubMed]

145. Bailey, M.H.; Tokheim, C.; Porta-Pardo, E.; Sengupta, S.; Bertrand, D.; Weerasinghe, A.; Colaprico, A.;
Wendl, M.C.; Kim, J.; Reardon, B.; et al. Comprehensive Characterization of Cancer Driver Genes and
Mutations. Cell 2018, 173, 371–385.e18. [CrossRef] [PubMed]

146. Chang, M.T.; Asthana, S.; Gao, S.P.; Lee, B.H.; Chapman, J.S.; Kandoth, C.; Gao, J.J.; Socci, N.D.; Solit, D.B.;
Olshen, A.B.; et al. Identifying recurrent mutations in cancer reveals widespread lineage diversity and
mutational specificity. Nat. Biotechnol. 2016, 34, 155–163. [CrossRef] [PubMed]

147. Gibson, W.J.; Hoivik, E.A.; Halle, M.K.; Taylor-Weiner, A.; Cherniack, A.D.; Berg, A.; Holst, F.; Zack, T.I.;
Werner, H.M.J.; Staby, K.M.; et al. The genomic landscape and evolution of endometrial carcinoma
progression and abdominopelvic metastasis. Nat. Genet. 2016, 48, 848–855. [CrossRef] [PubMed]

148. Cho, U.S.; Xu, W. Crystal structure of a protein phosphatase 2A heterotrimeric holoenzyme. Nature 2007,
445, 53–57. [CrossRef] [PubMed]

149. Haesen, D.; Abbasi Asbagh, L.; Derua, R.; Hubert, A.; Schrauwen, S.; Hoorne, Y.; Amant, F.; Waelkens, E.;
Sablina, A.; Janssens, V. Recurrent PPP2R1A Mutations in Uterine Cancer Act through a Dominant-Negative
Mechanism to Promote Malignant Cell Growth. Cancer Res. 2016, 76, 5719–5731. [CrossRef] [PubMed]

150. Jeong, A.L.; Han, S.; Lee, S.; Su Park, J.; Lu, Y.; Yu, S.; Li, J.; Chun, K.-H.; Mills, G.B.; Yang, Y. Patient derived
mutation W257G of PPP2R1A enhances cancer cell migration through SRC-JNK-c-Jun pathway. Sci. Rep.
2016, 6, 27391. [CrossRef] [PubMed]

151. Gutierrez, A.; Pan, L.; Groen, R.W.; Baleydier, F.; Kentsis, A.; Marineau, J.; Grebliunaite, R.; Kozakewich, E.;
Reed, C.; Pflumio, F.; et al. Phenothiazines induce PP2A-mediated apoptosis in T cell acute lymphoblastic
leukemia. J. Clin. Investig. 2014, 124, 644–655. [CrossRef] [PubMed]

152. Kastrinsky, D.B.; Sangodkar, J.; Zaware, N.; Izadmehr, S.; Dhawan, N.S.; Narla, G.; Ohlmeyer, M. Reengineered
tricyclic anti-cancer agents. Bioorg. Med. Chem. 2015, 23, 6528–6534. [CrossRef] [PubMed]

153. Sangodkar, J.; Perl, A.; Tohme, R.; Kiselar, J.; Kastrinsky, D.B.; Zaware, N.; Izadmehr, S.; Mazhar, S.;
Wiredja, D.D.; O’Connor, C.M.; et al. Activation of tumor suppressor protein PP2A inhibits KRAS-driven
tumor growth. J. Clin. Investig. 2017, 127, 2081–2090. [CrossRef] [PubMed]

154. McClinch, K.; Avelar, R.A.; Callejas, D.; Izadmehr, S.; Wiredja, D.; Perl, A.; Sangodkar, J.; Kastrinsky, D.B.;
Schlatzer, D.; Cooper, M.; et al. Small-Molecule Activators of Protein Phosphatase 2A for the Treatment of
Castration-Resistant Prostate Cancer. Cancer Res. 2018, 78, 2065–2080. [CrossRef] [PubMed]

155. Yu, N.; Zhang, T.; Zhao, D.; Cao, Z.; Du, J.; Zhang, Q. CIP2A is overexpressed in human endometrioid
adenocarcinoma and regulates cell proliferation, invasion and apoptosis. Pathol. Res. Pract. 2018, 214,
233–239. [CrossRef] [PubMed]

156. Janssens, V.; Longin, S.; Goris, J. PP2A holoenzyme assembly: In cauda venenum (the sting is in the tail).
Trends Biochem. Sci. 2008, 33, 113–121. [CrossRef] [PubMed]

157. Puustinen, P.; Junttila, M.R.; Vanhatupa, S.; Sablina, A.A.; Hector, M.E.; Teittinen, K.; Raheem, O.; Ketola, K.;
Lin, S.; Kast, J.; et al. PME-1 protects extracellular signal-regulated kinase pathway activity from protein
phosphatase 2A-mediated inactivation in human malignant glioma. Cancer Res. 2009, 69, 2870–2877.
[CrossRef] [PubMed]

158. Wandzioch, E.; Pusey, M.; Werda, A.; Bail, S.; Bhaskar, A.; Nestor, M.; Yang, J.-J.; Rice, L.M. PME-1
Modulates Protein Phosphatase 2A Activity to Promote the Malignant Phenotype of Endometrial Cancer
Cells. Cancer Res. 2014, 74, 4295–4305. [CrossRef] [PubMed]

159. Pusey, M.; Bail, S.; Xu, Y.; Buiakova, O.; Nestor, M.; Yang, J.-J.; Rice, L.M. Inhibition of protein methylesterase
1 decreased cancerous phenotypes in endometrial adenocarcinoma cell lines and xenograft tumor models.
Tumour Biol. 2016, 37, 11835–11842. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1073/pnas.1516373112
http://www.ncbi.nlm.nih.gov/pubmed/26392535
http://dx.doi.org/10.1016/j.cell.2018.02.060
http://www.ncbi.nlm.nih.gov/pubmed/29625053
http://dx.doi.org/10.1038/nbt.3391
http://www.ncbi.nlm.nih.gov/pubmed/26619011
http://dx.doi.org/10.1038/ng.3602
http://www.ncbi.nlm.nih.gov/pubmed/27348297
http://dx.doi.org/10.1038/nature05351
http://www.ncbi.nlm.nih.gov/pubmed/17086192
http://dx.doi.org/10.1158/0008-5472.CAN-15-3342
http://www.ncbi.nlm.nih.gov/pubmed/27485451
http://dx.doi.org/10.1038/srep27391
http://www.ncbi.nlm.nih.gov/pubmed/27272709
http://dx.doi.org/10.1172/JCI65093
http://www.ncbi.nlm.nih.gov/pubmed/24401270
http://dx.doi.org/10.1016/j.bmc.2015.07.007
http://www.ncbi.nlm.nih.gov/pubmed/26372073
http://dx.doi.org/10.1172/JCI89548
http://www.ncbi.nlm.nih.gov/pubmed/28504649
http://dx.doi.org/10.1158/0008-5472.CAN-17-0123
http://www.ncbi.nlm.nih.gov/pubmed/29358171
http://dx.doi.org/10.1016/j.prp.2017.11.011
http://www.ncbi.nlm.nih.gov/pubmed/29274810
http://dx.doi.org/10.1016/j.tibs.2007.12.004
http://www.ncbi.nlm.nih.gov/pubmed/18291659
http://dx.doi.org/10.1158/0008-5472.CAN-08-2760
http://www.ncbi.nlm.nih.gov/pubmed/19293187
http://dx.doi.org/10.1158/0008-5472.CAN-13-3130
http://www.ncbi.nlm.nih.gov/pubmed/24928782
http://dx.doi.org/10.1007/s13277-016-5036-8
http://www.ncbi.nlm.nih.gov/pubmed/27048286
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Endometrial Carcinomas: Histologic Classification and Diagnosis 
	Genomic Classification of Endometrial Carcinomas 
	Molecular Markers in Endometrial Carcinomas 
	Therapeutic Potential of Targeting Kinases and Phosphatases in Endometrial Carcinomas 
	Successes of Kinase Inhibitors as Targeted Cancer Therapies 
	Targeted Therapies in Endometrial Carcinomas: Mainly Geared towards PI3K Signalling 
	Targeting the Phosphatase PP2A in Type II Endometrial Carcinomas 
	Direct Targeting of PP2A 
	Indirect Targeting of PP2A 


	Conclusions and Future Perspectives 
	References

