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Simple Summary: Mucinous ovarian cancer (MOC) is a rare type of epithelial ovarian cancer, and
current treatment regimens for late stage and recurrent disease are inadequate. The ‘gold standard’
treatments are based on large clinical trials that evaluated potential therapies for all ovarian cancer,
but MOC was poorly represented in these studies. As such, what works for most cases may not
work for MOC. In this review, we discuss the advances in MOC treatment and explore the concept of
theranostics—using therapeutic and diagnostic radionuclides against single cell surface receptors
expressed highly in MOC. Additionally, we highlight the previous literature that demonstrates the
overexpression of certain targets, exploring their potential to be used as theranostic targets.

Abstract: MOC is a rare histotype of epithelial ovarian cancer, and current management options are
inadequate for the treatment of late stage or recurrent disease. A shift towards personalised medicines
in ovarian cancer is being observed, with trials targeting specific molecular pathways, however,
MOC lags due to its rarity. Theranostics is a rapidly evolving category of personalised medicine,
encompassing both a diagnostic and therapeutic approach by recognising targets that are expressed
highly in tumour tissue in order to deliver a therapeutic payload. The present review evaluates the
protein landscape of MOC in recent immunohistochemical- and proteomic-based research, aiming
to identify potential candidates for theranostic application. Fourteen proteins were selected based
on cell membrane localisation: HER2, EGFR, FOLR1, RAC1, GPR158, CEACAM6, MUC16, PD-L1,
NHE1, CEACAM5, MUC1, ACE2, GP2, and PTPRH. Optimal proteins to target using theranostic
agents must exhibit high membrane expression on cancerous tissue with low expression on healthy
tissue to afford improved disease outcomes with minimal off-target effects and toxicities. We provide
guidelines to consider in the selection of a theranostic target for MOC and suggest future directions
in evaluating the results of this review.
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1. Background

Mucinous ovarian carcinoma (MOC) continues to be a diagnostic and therapeutic chal-
lenge, representing a rare histological subtype of epithelial ovarian carcinoma (EOC) and
contributing to 3–5% of all EOC diagnoses [1–3]. It is the malignant and least common form
of ovarian mucinous tumours; benign cystadenomas and borderline (atypical proliferative)
mucinous tumours are precursors to MOC [4]. As smoking is the only consistent risk factor
for MOC, patients typically present with vague abdominal, pelvic and back pain, alongside
abdominal bloating and fatigue [1]. These non-specific symptoms are thought to contribute
to some patients’ presentation with large cystic masses, however, most MOC present with
the tumour confined to the ovary (Stage I). Late stage disease has vastly reduced prognosis,
increased risk of abdominal metastasis and recurrence [5–7].
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Current management guidelines for MOC follow the approach of all EOC and depend
on the stage of the disease at diagnosis [2,8,9]. Treatment of early stage tumour involves
cytoreductive surgery (CRS) with the aim of complete resection of tumour tissue [10].
Previous studies have documented good prognosis for early stage MOC, with 5-year
survival rates approaching 90% with surgery alone [2,7,11,12]. Survival between MOC
and low-grade SOC (serous ovarian carcinoma, the most common histotype) is similar
at stage I disease (HR, 0.87; 95% CI, 0.74–1.04) [7]. Advanced tumours receive adjuvant
chemotherapy, commonly the platinum/taxane doublet, but more recently, gastrointestinal
regimens such as FOLFOX, however, 5-year survival rates are poor in this population [1,13].
Five-year survival rates for stage III and IV MOC are 25.7% (95% CI, 22.9–28.7%) and 10.2%
(95% CI, 8.2–12.5%), respectively, and when compared to SOC overall survival (OS) is
comparatively poorer at equal stages (HR, 1.60; 95% CI, 1.48–1.73) [7]. Nevertheless, the
outcomes of all late stage EOC are poor, and the standard of care is suboptimal with regard
to the chemotherapy regimen and extent of cytoreductive surgery [14].

The approach to managing MOC is based on landmark randomised controlled trials
that assessed potential chemotherapy treatment regimens in cohorts consisting of all EOC
types, with very few MOC represented in their analyses [7,12,15–17]. Whilst the current
approach is effective against high-grade SOC, advanced or recurrent MOC has poorer
responses to standard of care [18]. It is suggested that this finding highlights the unique
biological nature of MOC and its intrinsic resistance to chemotherapeutic agents [2,19].

2. Advances in Treatment

As it stands, there is no consensus surrounding the most appropriate treatment
regimen for MOC. However, this field is evolving now, with interest in the development of
different treatments in the hope of improving patient outcomes.

One such approach that has brought attention is the combination of intravenous
and intraperitoneal delivery of chemotherapy following optimal CRS. Late stage EOC
disseminates locally, metastasising to pelvic and peritoneal structures [20]. By delivering
chemotherapy both directly to the peritoneal surface and intravenously, it is believed
that a higher drug concentration can be achieved at the tumour location, thus leading
to a higher residual and metastatic disease elimination [21]. In the GOG 172 Phase III
trial, intravenous plus peritoneal chemotherapy demonstrated improved progression free
survival (PFS) (18.3 months vs. 23.8 months; p = 0.05) and OS (49.7 months vs. 65.6 months;
p = 0.03) compared to intravenous chemotherapy alone [22]. The clinical advantage of an
intravenous plus intraperitoneal chemotherapy regimen is promising; however, it comes at
the cost of poorer patient quality of life.

Hyperthermic intraperitoneal chemotherapy (HIPEC) is thought to improve the rates
of toxicity and intolerability. By infusing heated chemotherapy into the peritoneum at
select time points, improvements in disease outcome can be achieved [14,23]. A Phase
III trial by Spiliotis et al. showed a 13-month improvement in mean OS (26.7 months vs.
13.4 months; p < 0.006) with HIPEC added to intravenous chemotherapy and CRS [24].
This three-pronged approach appears to yield favourable disease outcomes compared
to standards of care, and quality of life is preserved in the long-term [25]. Although
promising, these modalities have not yet been explored significantly in MOC due to the
paucity of patient representation [21]. Furthermore, given the inherent differences in the
biological nature of MOC, the efficacy of different chemotherapy agents, either delivered
intravenously or through intraperitoneal methods, has not been determined.

Given the high level of uncertainty in the management of advanced stage and re-
current MOC, identifying promising agents is critical. Chemotherapeutic agents used in
gastrointestinal tumours have for some time been investigated for their efficacy in the
treatment of advanced stage or recurrent MOC based on some shared histological fea-
tures [26,27]. Furthermore, molecular targeted therapies based on genetic aberrations have
been of interest in the treatment of MOC, with McAlpine et al. demonstrating that ERBB2
amplification is common in MOC, and subsequently trialling anti-HER2 therapies [28].



Cancers 2021, 13, 5596 3 of 17

Common to these studies, however, has been the difficulty in recruiting participants for
large scale trials and therefore drawing inconclusive results or proving limited efficacy.
In the absence of larger scale combinatorial trials, the current gold-standard regimens
remain in place. As such trials are unlikely to be conducted for MOC, more personalised
approaches are appealing. Theranostics is one such approach that could achieve specific
tumour targeting that can be approved for use based on small clinical trials feasible in a
rare disease, given the ability to “see what you treat”. In addition, being able to visualise
the tumour before surgery could be invaluable if a marker can be identified that is specific
to carcinoma, as it is often not known before surgery whether an ovarian mass is malignant
or benign.

3. Application of Theranostic Agents

Some developments surrounding the treatment of advanced cancers investigated
the use of novel therapeutic agents that target proteins expressed by tumour tissue. One
approach that does not require the inhibition of protein function is theranostics: the com-
bination of a diagnostic test with a therapeutic intervention (Figure 1). By radiolabelling
a compound of interest, commonly a peptide, small molecule, or monoclonal antibody
(mAb), evaluation of drug target expression and monitoring of therapy delivery in vivo is
achieved through imaging modalities such as single-photon emission computed tomog-
raphy (SPECT) or positron emission tomography (PET). Candidates for therapy are first
assessed using non-invasive whole-body imaging. Here, radiolabelled compounds bind to
overexpressed tumour biomarkers to help identify patients who may benefit from targeted
therapy. Subsequently, therapeutic beta emitting radionuclides based on the same tumour
biomarker are delivered, directing radiotherapy to targets and thus tumour cells. This
feature is of relevance to rare cancers, for which response can be immediately assessed
in a small number of patients to provide evidence of efficacy. Peptide based radiophar-
maceuticals are favoured for imaging and therapy in oncology due to their favourable
pharmacokinetic profiles [29]. They offer rapid target accumulation, fast clearance from
background tissue, and exhibit good tissue penetration, making them ideal candidates
for theranostic applications. Where cytotoxic radiotherapy is delivered via peptides to an
overexpressed target receptor, it is known as peptide receptor radionuclide therapy (PRRT)
and is of clinical importance in current theranostic applications [30]. As cells express
regulatory receptors that have strong affinity to a partner peptide(s), our discussion will
focus on PRRT and relevant cell surface targets.

Currently, several theranostic agents (largely based on high affinity peptides) are in
clinical use against other cancer types. [177Lu]Lu-DOTATATE/-TOC are radiopharma-
ceuticals that are effective in the treatment of midgut neuroendocrine tumours [31,32].
In patients who have failed first-line therapy with unlabelled somatostatin analogues,
gallium-68 labelled DOTATATE/-TOC can identify patients with high SSTR expression
using PET imaging. Next, therapeutic Lu-177 labelled DOTATATE/-TOC is administered,
binding to the same cell-surface target receptors with similar biodistribution to the diagnos-
tic counterpart, inducing receptor internalisation and subsequently releasing its cytotoxic
payload. Compared to the standard second-line therapy of long-acting release high-dose
octreotide, the NETTER-1 trial demonstrated a drastic increase in the PFS rate at 20 months,
from 10.8% to 65.2% [33]. Furthermore, Lu-177 labelled urea-based peptide inhibitors of
the prostate-specific membrane antigen (PSMA) have recently transformed prostate cancer
treatment by delivering cytotoxic payloads systematically to all metastasis sites [34]. In
prostate cancer (PCa), PSMA is overexpressed by 100–1000-fold in comparison to health
prostate tissue, thereby enabling successful theranostics application [35]. Ga-68 labelled
PSMA-targeting theranostics demonstrated higher diagnostic accuracy in comparison to
conventional imaging techniques, leading to improved clinical management of PCa pa-
tients [36]. Moreover, Lu-177 labelled PSMA theranostics demonstrated striking responses
in men with metastatic castrate resistant PCa who had progressed after treatment with
conventional therapies.
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 Figure 1. (A) Diagrammatic illustration of the two-step utility of a theranostic agent against a
targeted cell-surface receptor. The theranostic agent is composed of a single targeting peptide (iii)
that has affinity to the target receptor (iv) and is linked via a binding molecule (ii) to the diagnostic or
therapeutic radionuclide (i). Diagnostic radionuclides are often positron emitting (e.g., Ga-68) and
therapeutic radionuclides are often beta (e.g., Lu-177) or alpha emitting (e.g., Ac-225). For either
radionuclide types, the targeting peptide remains the same. (B) The bystander effect. A therapeutic
agent (alpha-/beta-emitting radionuclide conjugated to a receptor-seeking peptide) first binds to a
cell surface tumour receptor, then creates a cytotoxic environment in which surrounding tumour
cells that do not express the receptor (orange cells) are affected. Created with BioRender.com.

A further advantage of such radioactive payloads is the ability to cause damage to
nearby cancer cells (within the short range of particle emission), known as a “cross-fire”
or bystander effect (Figure 1). For cells that may not be expressing the target protein, it
makes resistance through downregulation of the target less likely [37]. Moreover, there is
increasing interest in integrating Lu-177 radionuclide therapy (to release tumour antigens)
and immunotherapy in the treatment of cancer, with the goal of long-term survival or even
cure. Radionuclide therapy can lead to so-called “abscopal” effects, even in tumours with
low receptor density whereby it not only shrinks the targeted tumour, but also leads to the
shrinkage of untreated tumours elsewhere in the body, both locally and regionally [38,39].
Moreover, an initial reduction in tumour load can guide ongoing treatment through a pro-
cess of adaptive radiotherapy; subsequent treatments for residual disease can be targeted
with alpha-emitting (focal effect of action) radiopharmaceuticals [40].

Image-guided surgery (IGS) is an additional frontier in which diagnostic radiophar-
maceuticals can be utilised to plan, validate, and ensure complete tumour resection, thus re-
ducing risk of recurrence [41]. Preoperative radiotracers against a target tumour-associated
antigen can be used to map and guide intraoperative surgical techniques using various
imaging modalities. Then, to overcome technically or visually challenging resections
and/or to confirm complete tumour removal, intraoperative visualisation using the same
or similar radiotracer can assist and validate resection of the tumour, ensuring negative
tumour margins and minimising surgical ambiguity. For example, in PCa, IGS with PSMA-
targeting radiotracers (e.g., 68Ga-PSMA-11, visualised using PET) can address certain
surgical challenges such as locoregional lymph node identification and confirmation of sur-
gical margins [42]. Clinically, several established PSMA radiotracers (based commonly on
γ-emission) have been evaluated and have shown effective uptake in PSMA-positive lymph
nodes [42–44]. Moreover, CD24 is a prognostic and therapeutic tumour biomarker found
in 70% of EOC cases [45]. When compared to white light and palpation, intraoperative
CD-24-targeted fluorescence IGS demonstrated improved surgical outcomes in orthoptic
high-grade SOC xenograft models, indicating the potential of IGS in EOC [46]. As such,
diagnostic radiopharmaceuticals can support early therapeutic interventions and provide
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vital tools to support emerging therapeutics in the field. Furthermore, diagnostic radio-
pharmaceuticals against MOC can potentially be used to risk stratify patients and to guide
intraoperative decisions. By identifying and validating overexpressed targets in MOC, the
successes of such therapies in other tumour types can be paralleled in this disease.

Now, the question lies in identifying an appropriate tumour biomarker that can be
used to treat MOC. Theranostics relies on the overexpression of target receptors on tumour
cells in order to develop diagnostic and therapeutic radiopharmaceuticals. In fact, existing
theranostic agents have benefited from targeting the overexpression of regulatory hormone
receptors, as aforementioned. However, this process must be carefully planned. Without
adequate assessment of the target’s expression in healthy, non-target tumour tissue, or the
magnitude difference in expression in tumour tissue compared to non-tumour tissue, there
is a risk of systemic toxicity and thus failure of drug therapy. Determining a minimum
threshold of expression in tumour cells is abstract. Rather, what is necessary is to find a
target with an appropriate therapeutic window where there is an increase in expression
in malignant cells in comparison to background tissue as well as overexpression in an
acceptable proportion of cases to justify its development. What may swing the balance
towards developing a theranostic agent against a particular target is the projected utility of
the drug. In diseases such as MOC where patients often relapse or fail multiple therapies
and are left without effective treatment, a drug target with some off-target effects may be
tolerated in the interest of preventing disease progression.

The development of high affinity theranostics with good tumour targeting is a task
necessitating a multidisciplinary approach that involves medical chemists, pharmacologists,
radiochemists, and biologists. Most successful theranostics currently in clinical use were
developed by derivatisation of existing lead compounds with suitable characteristics.
However, the development of theranostics against novel proteins that have no known lead
compounds is a more complex task that requires the identification of a lead compound and
its refinements towards a high affinity ligand.

4. Potential Theranostic Targets in MOC

We evaluated candidate targets for their potential use as theranostic targets in MOC,
evaluating key characteristics such as cell surface expression and high (i.e., 100–1000×) ex-
pression in tumour epithelial cells compared to normal tissues. Ideally, candidate proteins
would also have a high affinity ligand that could be exploited to develop a peptide agent.
Specifically, we reviewed the literature published from 2010 onwards given the improved
histopathological diagnostic techniques from around this time, whereby previously, MOC
may have been misdiagnosed as mucinous metastases to the ovary [47]. The complete
literature search methodology, data, and evaluation can be found in Files S1–S3.

We initially identified nine potential theranostic targets on the basis of reports of
their expression localised to the cellular membrane: HER2, EGFR, Fra (FOLR1), RAC1,
GPR158, CEACAM6, MUC16, PD-L1 (CD274), and NHE1 (SLC9A1). These candidates
were evaluated through immunohistochemistry (IHC)-based analyses, yielding a semi-
quantitative score that depicts their expression in MOC samples (Table 1). A discussion
surrounding each of these proteins follows.

Human epidermal growth factor 2 (HER2, ERBB2) is a tyrosine kinase-type receptor
that is localised to the cellular membrane, belonging to the epidermal growth factor recep-
tor (EGFR) family [48,49]. Interestingly, whilst ERBB1 (HER1, EGFR) is rarely amplified
in MOC, ERBB2 is amplified in roughly one quarter of all cases [1,50]. Overexpression of
the HER2 oncoprotein is a predictive marker in tumour types including breast and gastric
cancer where targeted therapies are in clinical use with good success [48,51]. Our search
revealed numerous studies that have evaluated the expression profile of HER2 in MOC
(Table 1). Notably, these studies mostly employed one of the iterations of the American So-
ciety of Clinical Oncologists and College of American Pathologists (ASCO/CAP) guidelines
to quantify HER2 expression [10,52,53]. These studies each demonstrated overexpression
(staining score at least 2+) of HER2 in MOC tumour samples. ERBB2 amplification and
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concordance with IHC staining was assessed by Gorringe et al. using 191 MOC samples [1].
ERBB2 was highly amplified in 26.7% of cases (51/191) and HER2 was overexpressed
(staining score at least 2+) in 31.2% of cases (61/191), with strong concordance (91.8%).
These data suggest a potential target for those patients stratified for HER2 expression.
Indeed, in one report, monthly trastuzumab plus single agent carboplatin over six months
showed a drastic tumour response in a patient with invasive MOC [28]. In another, a case
of recurrent MOC was treated with trastuzumab monotherapy to good effect, normalising
tumour biomarkers and improving disease status [28]. The evidence to support these
benefits, although positive, is anecdotal and inconclusive, and both patients ultimately
succumbed to complications of their disease. Trials are limited due to the disease’s rarity
and thus the difficulty in recruiting suitable patient numbers, let alone stratifying for
HER2 overexpression. A theranostic targeting HER2 could be an alternative approach
using aptamers (nucleotide-based oligomers with targeting capacity) [49]. Moreover, the
HER2-targeting nanobody [177Lu]Lu-DPTA-2Rs15d demonstrated adequate tumour imag-
ing and reduction in murine HER2+ models [49,54]. As such, the successful chelation of
both diagnostic and therapeutic moieties to a target such as a HER2-targeting nanobody
or peptide may lead to advances in MOC clinical outcomes but ultimately relies on the
recruitment of sufficient patients.

Table 1. Immunohistochemical expression profiles of selected targets in MOC.

Protein of Interest Cell Type Subcellular
Localisation 1 Cases of MOC Control Tissue

Expression Expression in MOC

HER2
Anglesio [55] 154 - 29/154 (18.8%) 2

Bassiouny [56] 36 - 6/35 (17.1%) 3

Chapel [57] 6 - 2/6 (33.3%) 4

Mohammed [48] 20 0/30 (0%) 11/20 (55.0%) 3

Chen [58] Epithelial CM, E, C, N 49 - 11/49 (22.4%) 3

Chao [59] 49 - 9/49 (18.4%) 3

Missaoui [60] 14 - 2/14 (14.3%) 2

Kim [61] 46 - 14/46 (37.84%) 2

Yan [62] 17 - 5/17 (29.4%) 5

Fra/FOLR1
O’Shannessy [63] Epithelial S, CM, E 10 - 8/10 (80%) 6

Kobel [64] 193 - 6/193 (3.1%) 7

RAC1
Leng [65] Epithelial CM 40 1/24 (4.2%) 8 22/40 (55%) 8; p < 0.05
GPR158

Engqvist [66] Epithelial CM 29 - 17/29 (59%) 9

CEACAM6
Lee [67] Epithelial CM 8 0/10 (100%) 10 7/8 (88%) 10

MUC16
Vitiazeva [68] Epithelial CM 7 - 4/6 (66%) 11

PD-L1
Webb [69] Various CM 30 - 8/30 (27%) 12

Hada [70] 49 - 12/49 (24.5%) 13

NHE1/SLC9A1
Tang [71] Epithelial CM, ER 15 - Elevated 14 (p = 0.002)

EGFR
Hada [70] 49 - 7/49 (14%) 13

Cirstea [72] 7 - 3/7 (43%) 15

Alshenawy [73] Epithelial S, CM 21 - 10/21 (47.6%) 16

Tanaka [74] 3 - 2/3 (67%) 17

1 Abbreviations: CM, cell membrane; S, secreted; E, endosome; ER, endoplasmic reticulum; N, nuclear. 2 Scored according to guidelines
from the American Society of Clinical Oncologists and College of American Pathologists (ASCO/CAP) 2007. 3 Scored according to
guidelines from the American Society of Clinical Oncologists and College of American Pathologists (ASCO/CAP) 2013. 4 Scored according
to guidelines from the American Society of Clinical Oncologists and College of American Pathologists (ASCO/CAP) 2018. 5 Samples
were denoted positive if moderate-strong membranous staining was exhibited in >10% of cells per sample. 6 Proportion of positively
staining samples, where membranous staining in ≥5% of tumour cells in a sample at any staining intensity >0 (scores ranged between
0 and 3+, based on level of magnification to confirm staining) was considered positive. 7 Samples were denoted positive if there was
strong membranous staining (>50% of tumour cells). 8 Proportion of samples in which there was high expression. A semiquantitative
score, calculated out of nine and comprising the product of staining intensity and percentage of positive tumour cells in a sample, was
used. For each sample, the score was used to determine if expression was absent, low or high. High expression represented a score ≥5.
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Statistically significant in comparison to normal stromal tissue. 9 Proportion of samples in which staining was considered positive. A

semiquantitative immunoreactive score (H-score) was used, and samples with scores >0 (range 0 to 300) were considered positive for target

protein expression. The H-score was based on the proportion and intensity of positively stained tumour cells. 10 Proportion of samples in

which staining was considered positive. Staining that was observed within the luminal cell border or cytoplasm in ≥10% of cells within

the tissue section was considered positive. 11 Proportion of samples in which staining was considered positive. A semiquantitative score,

out of 3, was determined equally based on intensity and proportion of staining in a 0.5 cm2 tumour sample. The proportion of tumour

cells was scored between 0 and 3, whereby a score of 1 or more represented at least 1/3 cells stained. The intensity of sample staining

was scored between 0 and 3, where 0 was none and 3 was strong. Average score for proportion of cells stained in positively staining

cells was 2.25. Average intensity of staining in positive samples was 2.75. 12 Proportion of samples in which staining was considered

positive, using a threshold of ≥1 positive cell for each tissue microarray core. 13 Proportion of samples in which staining was considered

positive. Samples were positive if there was >10% staining of cells per sample with staining intensity either 2 or 3. 14 Denotes statistically

significant expression in tissue samples of mucinous ovarian cancer compared to normal ovarian tissue. Samples were assessed semi

quantitatively based on staining proportion and intensity, where the maximum score was 9. The staining and thus difference between

tumour and normal tissue samples was compared for statistical significance (p < 0.05). Specific scores were not provided, but a clear

scoring methodology and illustrations of staining were provided to support the findings. 15 Proportion of samples with >5% staining

of any intensity. 16 Proportion of samples with >25% membranous staining at least weak intensity. 17 Proportion of samples with >70%

cytoplasmic, nuclear, or membranous staining.

EGFR, another member in the same protein family as HER2, was evaluated in four
studies, with variable frequencies reported (14–67%) [70,72–74]. Some of this variation may
be due to small sample sizes, but also different scoring systems. Indeed, harmonising the
scoring systems of the two largest studies to only consider at least moderate staining inten-
sity in >10% of cells would bring them more in line (14% and 19%) [70,73]. Furthermore,
it was noted that EGFR-positive MOC was associated with reduced OS and PFS (p = 0.02
and p = 0.04, respectively) [70]. Despite the relatively low rate of positive expression in
MOC, a theranostic targeting EGFR is possible. Aminoflavone-loaded micelles with conju-
gated EGFR-targeting nanobodies demonstrated acceptable levels of cellular uptake and
cytotoxicity in triple negative breast cancer cell lines, suggesting a potential nanoplatform
that can be adopted for MOC [75]. Moreover, EGFR-targeting nanoemulsions carrying
myrisplatin and C6-ceramide demonstrated appropriate cytotoxic effects in ovarian cancer
cell-lines [76]. When trialled in platinum-resistant murine models, the nanoemulsions
reduced toxicity and improved survival times when compared to conventional cisplatin
treatments [77]. Although promising, these results are not stratified by histotype, and thus
cannot be applied to MOC specifically.

Folate receptor alpha (Fra or FOLR1) is a member of the folate receptor family with
high folic acid affinity and subsequent internalisation [78]. Its expression profile in normal
tissue is restricted and localised to the cellular membrane of epithelial cells [63]. Prior
literature has demonstrated elevated expression in certain carcinomas of the lung, thyroid,
and breast, thus suggesting a role in tumour progression [63]. Given the significant role
of folic acid in cell metabolism, and the relatively low expression in normal tissue, it can
be suggested that FOLR1 plays a non-essential role in normal folate metabolism. When
expressed highly in cancerous tissues, however, it may impart a proliferative advantage
due to increased tumour cell folic acid requirements. The expression profile of FOLR1 was
investigated in two studies with varied results, but nevertheless, demonstrated elevated
expression frequencies in MOC, thus aligning with prior notions of FOLR1 overexpression
in tumour cells [63]. One study with a relatively small sample size assessed FOLR1
immunoreactivity in various gynaecological cancers and found that 80% (n = 10) of MOC
samples demonstrated positive immunoreactivity [63]. Furthermore, a second study
by Kobel et al. described FOLR1 immunoreactivity in 3.1% of samples (n = 193) [64].
The varying rates of positivity between these two studies may largely be due to the
methodological parameters that defined a positive result. In the former, samples were
denoted to have positive FOLR1 expression if there was ≥5% membranous staining,
whereas the latter denoted positivity as >50% membranous staining. This inconsistency
in the results may warrant further FOLR1 expression analyses. To reiterate the concept
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of theranostics, it is not necessary for tumour cells to exhibit high rates of membranous
staining (as in the latter result). Rather, theranostics relies on the expression of a target
on a tumour cell so that the effect is localised to the tumour with minimal offsite effect.
For cells that do not express the target, they may still be affected by the “cross-fire” effect
(Figure 1). Thus, as FOLR1 may not be expressed in non-tumour tissue, it is still a valid
target that warrants further investigation. To support its theranostic application, favourable
clinical and dosimetric studies of folic acid-based radiotracers have shown that FOLR1
can be radiolabelled and tracked through PET with acceptable radiation dose burdens [79].
Furthermore, agents have been developed to target FOLR1 with variable results. Of note,
the humanised mAb-drug conjugate mirvetixumab soravtansine showed promising results
in tumours with high FOLR1 expression when assessed in Phase III trials for the treatment
of platinum-resistant EOC, but not MOC specifically [78]. As such, benefit may be derived
from further assessment of this target given its expression in MOC.

Ras-related C3 botulinum toxin substrate 1 (RAC1) is recognised to play a role in
cellular epithelial-mesenchymal transition (EMT) through its involvement in cytoskeletal
remodelling, transcriptional regulation, and cell adhesion [80]. It has previously been pro-
posed that RAC1 overexpression is associated with melanoma progression and metastasis,
and its activity linked to reduced pancreatic carcinoma cell–cell adhesion [81,82]. More-
over, colorectal tumour RAC1 expression is elevated compared to non-tumour tissue in
adjacent gastrointestinal epithelia [83]. The role of RAC1 in ovarian cancer has briefly been
explored, showing interactions with signalling events that mediate tumour metastasis [84].
Of particular interest to advanced stage and recurrent MOC, RAC1 overexpression has a
role in chemotherapy drug resistance in other cancer types [85]. RAC1 inhibition reduces
EGFR-TKI drug resistance in gefitinib-resistant non-small-cell lung carcinoma [86]. In addi-
tion, TIAM1-overexpressed multidrug-resistant lymphoma cell lines targeted with dual
TIAM1-RAC1 and NOTCH pathway inhibitors improved sensitivity to adriamycin [87].
Clinically, targeting the TIAM1-RAC1 pathway in fludarabine-resistant chronic lympho-
cytic leukaemia can improve fludarabine sensitivity [88]. Targeting RAC1 overexpression
in MOC may yield favourable results in advanced disease and is supported by findings
that may suggest treatment sensitisation in cisplatin-resistant gastric adenocarcinoma cell
lines [89]. Leng et al. demonstrated a significantly increased expression frequency of RAC1
in a population of MOC when compared to normal ovarian samples (55%, n = 40 vs. 4.2%,
n = 24; p < 0.05), supporting a theory that high expression levels of RAC1 may correlate
with advanced disease stage and poorer prognosis in MOC [65]. Given the evidence that
supports RAC1 activity inhibition in various tumour types and its elevated expression in
MOC, there may be potential in not only targeting this receptor with theranostic agents,
but also in exploring agents to inhibit it in treatment-resistant and advanced MOC with a
view of improving sensitivity to current chemotherapy agents.

GPR158 is a cell-surface signalling molecule belonging to the G Protein coupled
receptor (GPCR) superfamily [66]. GPCRs are a widely studied therapeutic target, as their
activation has been related to broad physiological and disease processes [90]. Specifically,
the expression and upregulation of GPR158 has been linked to tumour progression and
unfavourable survival in prostate cancer and gliomas, but the literature is otherwise
limited with regard to targeted GPR158 therapy [66,90]. Its association with MOC was
explored by Engqvist et al., wherein 59% (n = 29) of tumour samples demonstrated positive
expression [66]. Although this finding may suggest a promising therapeutic target, a
semiquantitative score that combined staining proportion and intensity was positive if the
score was greater than 0 (range 0–300), suggesting a lack of stratification of tumour samples
based on the score. Most MOC cases showed only low intensity expression. Furthermore,
there are no data on exploring the protein’s expression in normal, non-tumour tissue, apart
from high protein expression observed in the brain, which would have to be considered
in the design of a theranostic [91]. Given the paucity of literature exploring GPR158, it
would require further evaluation in the form of expression quantification in both MOC and
non-tumour tissue in order to further evaluate its potential as a theranostic.
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Nonspecific cross-reacting antigen (NCA-90, CEACAM6), a member of the carci-
noembryonic antigen gene family, is expressed on granulocytes and epithelial tissue [67].
It is a complex cell-surface glycoprotein macromolecule that is involved in cell adhe-
sion and tumour progression, implicated particularly in the context of cytokine-activated
neutrophil-endothelial cell adhesion [67]. In the absence of adhesive interactions with the
extracellular matrix, normal cells undergo anoikis. CEACAM6 inhibits this process, and
thus higher expression has been correlated to loss of tumour cell differentiation—a process
typical and characteristic of tumorigenesis and metastasis [92,93]. Antibodies directed
against its N-domain alter intercellular interactions, thus suppressing the malignant po-
tential of tumours [67,94]. Of note, CEAMCAM6-targeting albumin-based nanoparticles
have demonstrated efficacy in targeting CEACAM6 in anoikis-resistant tumour cells [95].
Moreover, these nanoparticles have been effective in reducing the metastatic capacity
of anoikis-resistant lung carcinomas in mice [67,95]. CEACAM6 immunoreactivity was
compared between eight MOC cases (88% positive) and ten cases of normal ovarian tissue
(0% positive) [67]. Given the in vivo, albeit in mouse models, efficacy of a nanoparticle
against CEACAM6, further evaluation of this target’s expression in MOC is warranted.

MUC16, or CA125, is a highly evaluated tumour biomarker that is elevated in ovarian
cancer and is linked with disease progression. It is used as a clinical serum biomarker for
diagnosis and for tracking, following disease burden after surgery and systemic treatment.
It is a highly glycosylated membrane-bound mucin that is expressed by the epithelial lining
of various anatomical structures, acting as a barrier and maintains surface mucosa [68,96].
Its expression profile was investigated by Vitiazeva et al., whereby four out of the six cases
of MOC (67%) demonstrated moderate MUC16 expression. The limitation of this biomarker,
however, is its low sensitivity and specificity to MOC as seen in other gynaecological and
non-malignant diseases and thus limited role in theranostics [96].

Programmed cell death protein like 1 (PD-L1) is an inhibitory ligand found commonly
in the tumour microenvironment, playing a role in inhibiting immune regulatory mecha-
nisms. When bound to programmed cell death 1 (PD-1) on activated CD4 and CD8 T cells,
it suppresses subsequent immune interactions, thus inducing a tumour naïve response [69].
In some tumours such as gastric cancer and hepatocellular carcinoma, its overexpression is
correlated with poorer prognostic outcomes, but interestingly, positive clinical outcomes
are observed in breast cancer [97]. In ovarian cancer, the prognostic value of PD-1 is not
yet fully understood, but has been associated with improved OS in high-grade SOC [97].
As such, it is an important clinical target and biomarker for some cancer types being
treated with immune checkpoint inhibitors. Its expression, however, is not restricted to
only tumour cells, having documented roles in many cell types [69,98]. PD-L1 may be an
inappropriate target for theranostics, although this study raises the question of whether
MOC could be targeted by immune checkpoint inhibitors. However, the effectiveness of
PD-1/PD-L1 blockade in ovarian cancer has seen limited success and is highly variable
between patients and histotypes—the cause of this variability is poorly understood, but is
perhaps linked to the degree of genomic instability [99].

Sodium hydrogen exchanger 1 (NHE1, SLC9A1, solute carrier family 9 member A1)
is a ubiquitous cell-surface multi-pass membrane protein and a major pH regulator with
roles also in signal transduction in the kidneys and intestines [83]. It belongs to the sodium
hydrogen exchanger (NHE) family [100]. Intracellular pH derangements are associated
with cellular transformations characteristic of tumours for which NHE1 may play a part in,
with downregulation of NHE1 imparting tumour suppressive effects in gastric cancer and
gliomas [100–102]. Previously, NHE1 overexpression was shown to be present in treatment
resistant breast cancer, and inhibition of NHE1 with cariporide induced sensitivity to
doxorubicin, thus suggesting a therapeutic target [101]. Moreover, NHE1 was found to be
expressed in 79.7% (n = 129) of EOC compared with only 26.7% (n = 15; p < 0.01) in normal
ovarian tissue, with no significant difference in expression between EOC subtypes [103].
NHE1 expression was correlated with tumour progression and advanced EOC, suggesting
a potential predictive biomarker [103]. Tang et al. evaluated autoantibodies that target
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integrins and Wnt signalling pathway antigens in MOC plasma samples [71]. Subsequently,
these antigen targets were analysed through IHC to evaluate their expression profiles in
tissue samples. Of the panel assessed, all but one of the nine antigens displayed significantly
elevated expression in MOC tissue samples (n = 15) when compared to normal ovarian
tissue. NHE1 was the only antigen localised to the cell membrane. The difficulty with this
finding, however, is that staining scores were omitted. As such, the intensity and proportion
of NHE1 staining in the samples cannot be appreciated quantitatively. Nonetheless, NHE1
is a cell-surface protein that is involved in cell pH regulation and in MOC, this pathway
may be deregulated with significantly increased expression.

IHC is a technique commonly used to explore target protein presence and expression
profiles in a histological sample. By nature, this approach requires a predetermined target
and is inherently biased. In fact, data on expression are often described using semi-
quantitative measurements and thus are not quantitatively as accurate as other molecular
analyses [37]. A further literature search was performed to identify records that utilised
high-throughput proteomic analyses in order to objectively reveal potential targets that
are expressed aberrantly in comparison to a reference proteome as well as to accurately
quantify their expression. The targets that we will discuss now are: CEACAM5, CEACAM6,
MUC1, ACE2, GP2, and PTPRH (Table 2).

Table 2. Proteomic expression profiles of the selected proteins, with comparison to a control proteome.

Protein(s) of Interest Subcellular Localisation 1 Expression in MOC 2

Tian, Y (2011) et al. [104]
CEA cell adhesion molecule 5 (CEACAM5)
CEA cell adhesion molecule 6 (CEACAM6)

Mucin-1 (MUC1)
Angiotensin-converting enzyme 2 (ACE2)

Pancreatic secretory granule membrane major glycoprotein GP2 (GP2)
Receptor-type tyrosine-protein phosphatase N2 (PTPRN2)

CM, CS
CM, CS

CM
S, CM, C

CM, S
CM, C

100.00
100.00
100.00
100.00
100.00
100.00

1 Abbreviations: CM, cell membrane; CS, cell surface; S, secreted; C, cytoplasm. 2 Targets identified through MS/MS spectra were searched
in UniProt. A ratio of spectral counts comparing expression in normal tissue (Human International Protein Index (UniProt), and MOC. An
arbitrary count of 100.00 was assigned to proteins that demonstrated expression only in MOC.

Each of these targets were quantified by Tian and colleagues [104]. Here, targets
were assessed via glycoproteomic analysis and quantified through spectral counting. A
liquid chromatography mass spectrometry process was used to determine the presence
of peptides within samples, with quantification of protein abundance by each peptide’s
spectral count. Spectral counting is a label-free method, as opposed to the gold standard
label-dependent method, in which the abundance of identified peptides are measured
without the limitation of a fixed number of channels from the labelling agent [105]. A ratio
of spectral counts between MOC (n = 3) and normal ovary (n = 3) was determined for
these peptides, where an arbitrary score of 100 indicated the presence of a peptide only
in MOC and not in normal tissue. Six glycopeptides scored 100 and were identified as
having altered expression in MOC compared to normal ovarian tissue. Despite this, some
targets are expressed ubiquitously or in seemingly substantial levels in normal tissue as
supported by The Universal Protein Resource [83]. Ubiquitously low expression of a target
is mandatory for successful theranostic application to avoid off-target toxicity and to obtain
high tumour to target ratio.

Carcinoembryonic antigen (CEA, CEACAM5) and CEACAM6, as aforementioned,
share antigenic similarities and function similarly in their ability to modulate the routine
cell process of anoikis [67,92]. The proteomic analysis was validated through western
blotting, where their expression was confirmed to be elevated in MOC [104]. Both proteins
have been observed to be expressed in multiple cancer types, and despite some expression
in normal gastrointestinal tract tissues, the levels in tumours were elevated 2–4 fold,
depending on the tissue type [93]. Indeed, there are several clinical trials currently in
progress of therapeutic antibodies (not as theranostics) to both proteins [106,107]. The mAb
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NEO-201 with selective CEACAM5 and CEACAM6 targeting capacity and anti-tumour
activity showed strong immunoreactivity in a cohort of MOC samples and other tumour
types with minimal cross-reactivity to surrounding normal tissue [108]. Additionally,
NEO-201 was previously shown to exhibit antibody-dependent cellular cytotoxicity in
pancreatic and ovarian tumour models with tolerable safety profiles, thus progressing to
Phase I human clinical trials [108,109]. In castrate-resistant neuroendocrine prostate cancer,
antibody-drug conjugates targeting the cell surface antigen CEACAM5 have shown strong
evidence in clinical trials [110].

Tumour-associated Mucin-1 (MUC1) is overexpressed on the cell surface of more
than 90% of EOC and facilitates cancer progression and metastasis [111]. It is structurally
different to normal MUC1, most notably and in the interest of targeted therapy by its
altered glycan chains, which revealed a novel epitope in the protein core. In the normal
cell, this would otherwise be masked by glycosylation [111,112]. Higher expression of
tumour-associated MUC1 has been linked to micro-metastasis formation, where it functions
as an anti-adhesion molecule, allowing for the migration of tumour cells [113]. As such,
tumour-associated MUC1 may be targeted due to its inherent structural changes found
only in tumour tissues. To support this finding, several IHC-based studies evaluated
MUC1 expression in MOC and demonstrated elevated expression frequencies [114–116].
However, only one study by Van Elssen differentially explored the expression of tumour-
associated MUC1; other studies did not comment on the structural differences to MUC1 and
thus may not be truly representative of tumour-associated MUC1 in MOC. Nevertheless,
there are preclinical and clinical trials assessing anti-tumour-associated MUC1 agents
in ovarian carcinomas [111]. Notably, the conjugated murine mAb C595 (targeting the
core epitope) has shown success in radiolabelling and identifying tumour-associated
MUC1-overexpressed EOC [111]. Furthermore, the C595 mAb combined with docetaxel
showed dose-dependent efficacy in inducing tumour sensitivity and inhibition of tumour
progression in EOC cell lines in vitro [117].

Pancreatic secretory granule membrane major glycoprotein GP2 (GP2) is produced
and released from pancreatic zymogen granules, and is involved in the innate immune
response [83]. Moreover, receptor-type tyrosine-protein phosphatase N2 (PTPRN2) is a
transmembrane peptide that appears to have a distinct role in endocrine and neuronal
vesicle-mediated secretory processes [83]. Its downregulation has previously been asso-
ciated with defects in cell invasion in highly metastatic breast cancer [118]. Whilst the
expression of both peptides appears elevated in MOC tissue samples, there is a paucity of
literature that explores their role in tumorigenesis or validates their expression in normal
tissue or MOC. In addition, there is no identifiable literature that explores their therapeutic
potential, thus warranting ongoing evaluation.

Angiotensin-converting enzyme 2 (ACE2) has established roles in the renin-angiotensin
hormone system as a carboxypeptidase responsible for the conversion of angiotensin I and
angiotensin II to angiotensin 1–9 and 1–7, respectively [83]. Further assessment of its level
of expression in MOC is required given its ubiquitous expression in non-malignant tissue.
This expression feature may reduce its potential as a theranostic target.

5. Conclusions

EOC represents a highly heterogenous group of gynaecological cancers with differ-
ences in their clinicopathological features. Treatment, therefore, must be tailored to the
specific subtype. The management of MOC is rapidly evolving with focus now on per-
sonalised medicines including molecular therapies, IGS, and theranostics. Theranostics
is a new area that has not been explored for this disease. In this review, we highlighted
several targets that show promising and potential applicability within the realm of thera-
nostics. However, the findings suggest mere associations between expression frequencies
and clinical stage of disease, and positive expression profiles are frequently not scored
using consistent scoring systems. As such, we propose that future research employs stan-
dardised scoring systems, when applicable, for the scoring of protein expression profiles.
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Furthermore, our search strategies may not have been all-encompassing. To combat this,
multiple search strategies were employed in the interest of ensuring the robustness and
completeness of this review, however, we cannot be certain that we did not miss a potential
target. Finally, the next step forward builds on this literature and lies in evaluating the
expression incidence and levels of these targets in normal tissue. In all of these studies, the
primary aim was to elucidate protein expression profiles in MOC only. In order to verify
theranostic applicability, characterising the location, specificity, and magnitude of protein
expression in non-MOC samples is crucial in predicting non-therapeutic side effects. In
addition, the identification and optimisation of a targeting molecule such as a high affinity
binding peptide and selection of a radionuclide tracer are key steps in taking a target
towards the clinic.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13225596/s1, File S1: Search strategy, File S2: Study characteristics, File S3: Target
characteristics.

Author Contributions: Conceptualisation, K.L.G. and M.B.H.; Methodology, A.Y. and K.L.G.; In-
vestigation, A.Y.; Data curation, A.Y., M.B.H. and K.L.G.; Writing—original draft preparation, A.Y.;
Writing—review and editing, A.Y., M.B.H. and K.L.G.; Supervision, K.L.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Peter MacCallum Cancer Foundation, the Australian
National Health and Medical Research Council, and the U.S. Congressionally Directed Medical
Research Programme (OC170121 and OC200056).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Gorringe, K.L.; Cheasley, D.; Wakefield, M.; Ryland, G.L.; Allan, P.E.; Alsop, K.; Amarasinghe, K.C.; Ananda, S.; Bowtell, D.D.;

Christie, M.; et al. Therapeutic options for mucinous ovarian carcinoma. Gynecol. Oncol. 2020, 156, 552–560. [CrossRef] [PubMed]
2. Xu, W.; Rush, J.; Rickett, K.; Coward, J.I. Mucinous ovarian cancer: A therapeutic review. Crit. Rev. Oncol. 2016, 102, 26–36.

[CrossRef]
3. Gore, M.; Hackshaw, A.; Brady, W.E.; Penson, R.T.; Zaino, R.; McCluggage, W.G.; Ganesan, R.; Wilkinson, N.; Perren, T.; Montes,

A.; et al. An international, phase III randomized trial in patients with mucinous epithelial ovarian cancer (mEOC/GOG 0241)
with long-term follow-up: And experience of conducting a clinical trial in a rare gynecological tumor. Gynecol. Oncol. 2019, 153,
541–548. [CrossRef]

4. Hunter, S.M.; Gorringe, K.L.; Christie, M.; Rowley, S.M.; Bowtell, D.D.; Australian Ovarian Cancer Study, G.; Campbell, I.G.
Pre-invasive ovarian mucinous tumors are characterized by CDKN2A and RAS pathway aberrations. Clin. Cancer Res. 2012, 1,
5267–5277. [CrossRef] [PubMed]

5. Salazar, C.; Campbell, I.G.; Gorringe, K.L. When Is “Type I” Ovarian Cancer Not “Type I”? Indications of an Out-Dated Dichotomy.
Front. Oncol. 2018, 8, 654. [CrossRef] [PubMed]

6. Matz, M. Worldwide comparison of ovarian cancer survival: Histological group and stage at diagnosis. Gynecol. Oncol. 2017, 144,
396–404. [CrossRef] [PubMed]

7. Schiavone, M.B.; Herzog, T.J.; Lewin, S.N.; Deutsch, I.; Sun, X.; Burke, W.M.; Wright, J.D. Natural history and outcome of
mucinous carcinoma of the ovary. Am. J. Obstet. Gynecol. 2011, 205, 480.e1–480.e8. [CrossRef]

8. Muggia, F.M.; Braly, P.S.; Brady, M.F.; Sutton, G.; Niemann, T.H.; Lentz, S.L.; Alvarez, R.D.; Kucera, P.R.; Small, J.M. Phase III
randomized study of cisplatin versus paclitaxel versus cisplatin and paclitaxel in patients with suboptimal stage III or IV ovarian
cancer: A gynecologic oncology group study. J. Clin. Oncol. 2000, 18, 106–115. [CrossRef]

9. Parmar, M.K.B.; Adams, M.; Balestrino, M.; Bertelsen, K.; Bonazzi, C.; Calvert, H.; Colombo, N.; Delaloye, J.F.; Durando,
A.; Guthrie, D.; et al. Paclitaxel plus carboplatin versus standard chemotherapy with either single-agent carboplatin or cy-
clophosphamide, doxorubicin, and cisplatin in women with ovarian cancer: The ICON3 randomised trial. Lancet 2002, 360,
505–515.

10. Wolff, A.C.H.M.; Allison, K.H.; Harvey, B.E.; Mangu, P.B.; Bartlett, J.M.S. Human epidermal growth factor receptor 2 testing in
breast cancer: American society of clinical oncology/college of american pathologists clinical practice guideline focused update.
J. Clin. Oncol. 2018, 36, 2105–2122. [CrossRef]

11. Naik, J.D.; Seligmann, J.; Perren, T.J. Mucinous tumours of the ovary. J. Clin. Pathol. 2012, 65, 580–584. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cancers13225596/s1
https://www.mdpi.com/article/10.3390/cancers13225596/s1
http://doi.org/10.1016/j.ygyno.2019.12.015
http://www.ncbi.nlm.nih.gov/pubmed/31902686
http://doi.org/10.1016/j.critrevonc.2016.03.015
http://doi.org/10.1016/j.ygyno.2019.03.256
http://doi.org/10.1158/1078-0432.CCR-12-1103
http://www.ncbi.nlm.nih.gov/pubmed/22891197
http://doi.org/10.3389/fonc.2018.00654
http://www.ncbi.nlm.nih.gov/pubmed/30627526
http://doi.org/10.1016/j.ygyno.2016.11.019
http://www.ncbi.nlm.nih.gov/pubmed/27919574
http://doi.org/10.1016/j.ajog.2011.06.049
http://doi.org/10.1200/JCO.2000.18.1.106
http://doi.org/10.1200/JCO.2018.77.8738
http://doi.org/10.1136/jclinpath-2011-200320
http://www.ncbi.nlm.nih.gov/pubmed/22011449


Cancers 2021, 13, 5596 13 of 17

12. Alexandre, J.; Ray-Coquard, I.; Selle, F.; Floquet, A.; Cottu, P.; Weber, B.; Falandry, C.; Lebrun, D.; Pujade-Lauraine, E.;
Gineco. Mucinous advanced epithelial ovarian carcinoma: Clinical presentation and sensitivity to platinum-paclitaxel-based
chemotherapy, the GINECO experience. Ann. Oncol. 2010, 21, 2377–2381. [CrossRef] [PubMed]

13. Wang, Q.; Niu, X.Y.; Feng, H.; Wu, J.; Gao, W.; Zhang, Z.X.; Zou, Y.W.; Zhang, B.Y.; Wang, H.J. Gastrointestinal-type chemotherapy
prolongs survival in an atypical primary ovarian mucinous carcinoma: A case report. World J. Clin. Cases 2021, 9, 2533–2541.
[CrossRef]

14. Huo, Y.R.; Richards, A.; Liauw, W.; Morris, D.L. Hyperthermic intraperitoneal chemotherapy (HIPEC) and cytoreductive surgery
(CRS) in ovarian cancer: A systematic review and meta-analysis. Eur. J. Surg. Oncol. 2015, 41, 1578–1589. [CrossRef]

15. Pectasides, D.; Fountzilas, G.; Aravantinos, G.; Kalofonos, H.P.; Efstathiou, E.; Salamalekis, E.; Farmakis, D.; Skarlos, D.; Briasoulis,
E.; Economopoulos, T.; et al. Advanced stage mucinous epithelial ovarian cancer: The Hellenic Cooperative Oncology Group
experience. Gynecol. Oncol. 2005, 97, 436–441. [CrossRef]

16. Pisano, C.; Greggi, S.; Tambaro, R.; Losito, S.; Iodice, F.; Di Maio, M.; Ferrari, E.; Falanga, M.; Formato, R.; Iaffaioli, V.R.; et al.
Activity of chemotherapy in mucinous epithelial ovarian cancer: A retrospective study. Anticancer Res. 2005, 25, 3501–3505.

17. Shimada, M.; Kigawa, J.; Ohishi, Y.; Yasuda, M.; Suzuki, M.; Hiura, M.; Nishimura, R.; Tabata, T.; Sugiyama, T.; Kaku, T.
Clinicopathological characteristics of mucinous adenocarcinoma of the ovary. Gynecol. Oncol. 2009, 113, 331–334. [CrossRef]

18. Mackay, H.J.; Brady, M.F.; Oza, A.M.; Reuss, A.; Pujade-Lauraine, E.; Swart, A.M.; Siddiqui, N.; Colombo, N.; Bookman, M.A.;
Pfisterer, J.; et al. Prognostic relevance of uncommon ovarian histology in women with stage III/IV epithelial ovarian cancer. Int.
J. Gynecol. Cancer 2010, 20, 945–952. [CrossRef]

19. Zhang, J.; Li, Y.L.; Zhou, C.Y.; Hu, Y.T.; Chen, H.Z. Expression of octamer-4 in serous and mucinous ovarian carcinoma. J. Clin.
Pathol. 2010, 63, 879–883. [CrossRef]

20. Chan, D.L.; Morris, D.L.; Rao, A.; Chua, T.C. Intraperitoneal chemotherapy in ovarian cancer: A review of tolerance and efficacy.
Cancer Manag. Res. 2012, 4, 413–422. [CrossRef] [PubMed]

21. van Driel, W.J.; Koole, S.N.; Sikorska, K.; Schagen van Leeuwen, J.H.; Schreuder, H.W.R.; Hermans, R.H.M.; de Hingh, I.; van der
Velden, J.; Arts, H.J.; Massuger, L.; et al. Hyperthermic Intraperitoneal Chemotherapy in Ovarian Cancer. N. Engl. J. Med. 2018,
378, 230–240. [CrossRef]

22. Armstrong, D.K.; Bundy, B.; Wenzel, L.; Huang, H.Q.; Baergen, R.; Lele, S.; Copeland, L.J.; Walker, J.L.; Burger, R.A.; Gynecologic
Oncology, G. Intraperitoneal cisplatin and paclitaxel in ovarian cancer. N. Engl. J. Med. 2006, 354, 34–43. [CrossRef]

23. Tewari, D.; Java, J.J.; Salani, R.; Armstrong, D.K.; Markman, M.; Herzog, T.; Monk, B.J.; Chan, J.K. Long-term survival advantage
and prognostic factors associated with intraperitoneal chemotherapy treatment in advanced ovarian cancer: A gynecologic
oncology group study. J. Clin. Oncol. 2015, 33, 1460–1466. [CrossRef] [PubMed]

24. Spiliotis, J.; Halkia, E.; Lianos, E.; Kalantzi, N.; Grivas, A.; Efstathiou, E.; Giassas, S. Cytoreductive surgery and HIPEC in recurrent
epithelial ovarian cancer: A prospective randomized phase III study. Ann. Surg. Oncol. 2015, 22, 1570–1575. [CrossRef]

25. Argenta, P.A.; Sueblinvong, T.; Geller, M.A.; Jonson, A.L.; Downs, L.S., Jr.; Carson, L.F.; Ivy, J.J.; Judson, P.L. Hyperthermic
intraperitoneal chemotherapy with carboplatin for optimally-cytoreduced, recurrent, platinum-sensitive ovarian carcinoma: A
pilot study. Gynecol. Oncol. 2013, 129, 81–85. [CrossRef] [PubMed]

26. Ledermann, J.A.; Luvero, D.; Shafer, A.; O’Connor, D.; Mangili, G.; Friedlander, M.; Pfisterer, J.; Mirza, M.R.; Kim, J.W.; Alexandre,
J.; et al. Gynecologic Cancer InterGroup (GCIG) consensus review for mucinous ovarian carcinoma. Int. J. Gynecol. Cancer 2014,
24, S14–S19. [CrossRef]

27. Gore, M.E.; Hackshaw, A.; Brady, W.E.; Penson, R.T.; Zaino, R.J.; McCluggage, W.G.; Ganesan, R.; Wilkinson, N.; Perren, T.;
Montes, A.; et al. Multicentre trial of carboplatin/paclitaxel versus oxaliplatin/capecitabine, each with/without bevacizumab, as
first line chemotherapy for patients with mucinous epithelial ovarian cancer (mEOC). J. Clin. Oncol. 2015, 33, 5528. [CrossRef]

28. McAlpine, J.N.; Wiegand, K.C.; Vang, R.; Ronnett, B.M.; Adamiak, A.; Kobel, M.; Kalloger, S.E.; Swenerton, K.D.; Huntsman,
D.G.; Gilks, C.B.; et al. HER2 overexpression and amplification is present in a subset of ovarian mucinous carcinomas and can be
targeted with trastuzumab therapy. BMC Cancer 2009, 9, 433. [CrossRef]

29. Ahmadpour, S.; Hosseinimehr, S.J. Recent developments in peptide-based SPECT radiopharmaceuticals for breast tumor targeting.
Life Sci. 2019, 239, 116870. [CrossRef]

30. Kwekkeboom, D.; Krenning, E.P.; de Jong, M. Peptide receptor imaging and therapy. J. Nucl. Med. 2000, 41, 1704–1713.
31. Werner, R.A.; Weich, A.; Kircher, M.; Solnes, L.B.; Javadi, M.S.; Higuchi, T.; Buck, A.K.; Pomper, M.G.; Rowe, S.P.; Lapa, C. The

theranostic promise for Neuroendocrine Tumors in the late 2010s—Where do we stand, where do we go? Theranostics 2018, 8,
6088–6100. [CrossRef]

32. Werner, R.A.; Bluemel, C.; Allen-Auerbach, M.S.; Higuchi, T.; Herrmann, K. 68Gallium- and 90Yttrium-/ 177Lutetium: “theranos-
tic twins” for diagnosis and treatment of NETs. Ann. Nucl. Med. 2015, 29, 1–7. [CrossRef] [PubMed]

33. Strosberg, J.R.; Wolin, E.M.; Chasen, B.A.; Kulke, M.H.; Bushnell, D.L.; Caplin, M.E.; Baum, R.P.; Hobday, T.J.; Hendifar, A.E.;
Sierra, M.L.; et al. First update on overall survival, progression-free survival, and health-related time-to-deterioration quality of
life from the NETTER-1 study: 177Lu-Dotatate vs. high dose octreotide in progressive midgut neuroendocrine tumors. J. Clin.
Oncol. 2018, 36, 4099. [CrossRef]

34. Fleuren, E.D.; Versleijen-Jonkers, Y.M.; Heskamp, S.; van Herpen, C.M.; Oyen, W.J.; van der Graaf, W.T.; Boerman, O.C.
Theranostic applications of antibodies in oncology. Mol. Oncol. 2014, 8, 799–812. [CrossRef]

http://doi.org/10.1093/annonc/mdq257
http://www.ncbi.nlm.nih.gov/pubmed/20494964
http://doi.org/10.12998/wjcc.v9.i11.2533
http://doi.org/10.1016/j.ejso.2015.08.172
http://doi.org/10.1016/j.ygyno.2004.12.056
http://doi.org/10.1016/j.ygyno.2009.02.010
http://doi.org/10.1111/IGC.0b013e3181dd0110
http://doi.org/10.1136/jcp.2009.073593
http://doi.org/10.2147/CMAR.S31070
http://www.ncbi.nlm.nih.gov/pubmed/23226073
http://doi.org/10.1056/NEJMoa1708618
http://doi.org/10.1056/NEJMoa052985
http://doi.org/10.1200/JCO.2014.55.9898
http://www.ncbi.nlm.nih.gov/pubmed/25800756
http://doi.org/10.1245/s10434-014-4157-9
http://doi.org/10.1016/j.ygyno.2013.01.010
http://www.ncbi.nlm.nih.gov/pubmed/23352917
http://doi.org/10.1097/IGC.0000000000000296
http://doi.org/10.1200/jco.2015.33.15_suppl.5528
http://doi.org/10.1186/1471-2407-9-433
http://doi.org/10.1016/j.lfs.2019.116870
http://doi.org/10.7150/thno.30357
http://doi.org/10.1007/s12149-014-0898-6
http://www.ncbi.nlm.nih.gov/pubmed/25139472
http://doi.org/10.1200/JCO.2018.36.15_suppl.4099
http://doi.org/10.1016/j.molonc.2014.03.010


Cancers 2021, 13, 5596 14 of 17

35. Perera, M.; Papa, N.; Christidis, D.; Wetherell, D.; Hofman, M.S.; Murphy, D.G.; Bolton, D.; Lawrentschuk, N. Sensitivity,
Specificity, and Predictors of Positive (68)Ga-Prostate-specific Membrane Antigen Positron Emission Tomography in Advanced
Prostate Cancer: A Systematic Review and Meta-analysis. Eur. Urol. 2016, 70, 926–937. [CrossRef]

36. Kabasakal, L.; Demirci, E.; Ocak, M.; Akyel, R.; Nematyazar, J.; Aygun, A.; Halac, M.; Talat, Z.; Araman, A. Evaluation of PSMA
PET/CT imaging using a Ga-68-HBED-CC ligand in patients with prostate cancer and the value of early pelvic imaging. Nucl.
Med. Commun. 2015, 36, 582–587. [CrossRef] [PubMed]

37. Kolasinska-Cwikla, A.; Lowczak, A.; Maciejkiewicz, K.M.; Cwikla, J.B. Peptide Receptor Radionuclide Therapy for Advanced
Gastroenteropancreatic Neuroendocrine Tumors—From oncology perspective. Nucl. Med. Rev. Cent. East. Eur. 2018, 21, 115–124.
[CrossRef] [PubMed]

38. Liu, Y.; Dong, Y.; Kong, L.; Shi, F.; Zhu, H.; Yu, J. Abscopal effect of radiotherapy combined with immune checkpoint inhibitors. J.
Hematol.Oncol. 2018, 11, 104. [CrossRef]

39. Guzik, P.; Siwowska, K.; Fang, H.Y.; Cohrs, S.; Bernhardt, P.; Schibli, R.; Muller, C. Promising potential of [(177)Lu]Lu-DOTA-folate
to enhance tumor response to immunotherapy-a preclinical study using a syngeneic breast cancer model. Eur. J. Nucl. Med. Mol.
Imaging 2021, 48, 984–994. [CrossRef]

40. National Research Council (US); Institute of Medicine (US) Committee on State of the Science of Nuclear Medicine. Advancing
Nuclear Medicine Through Innovation; National Academies Press: Washington, DC, USA, 2007; p. 4.

41. Blau, R.; Epshtein, Y.; Pisarevsky, E.; Tiram, G.; Israeli Dangoor, S.; Yeini, E.; Krivitsky, A.; Eldar-Boock, A.; Ben-Shushan, D.;
Gibori, H.; et al. Image-guided surgery using near-infrared Turn-ON fluorescent nanoprobes for precise detection of tumor
margins. Theranostics 2018, 8, 3437–3460. [CrossRef]

42. Hensbergen, A.W.; van Willigen, D.M.; van Beurden, F.; van Leeuwen, P.J.; Buckle, T.; Schottelius, M.; Maurer, T.; Wester, H.J.; van
Leeuwen, F.W.B. Image-Guided Surgery: Are We Getting the Most Out of Small-Molecule Prostate-Specific-Membrane-Antigen-
Targeted Tracers? Bioconjug Chem. 2020, 31, 375–395. [CrossRef]

43. Maurer, T.; Weirich, G.; Schottelius, M.; Weineisen, M.; Frisch, B.; Okur, A.; Kubler, H.; Thalgott, M.; Navab, N.; Schwaiger,
M.; et al. Prostate-specific membrane antigen-radioguided surgery for metastatic lymph nodes in prostate cancer. Eur. Urol. 2015,
68, 530–534. [CrossRef] [PubMed]

44. Rauscher, I.; Maurer, T.; Souvatzoglou, M.; Beer, A.J.; Vag, T.; Wirtz, M.; Weirich, G.; Wester, H.J.; Gschwend, J.E.; Schwaiger,
M.; et al. Intrapatient Comparison of 111In-PSMA I&T SPECT/CT and Hybrid 68Ga-HBED-CC PSMA PET in Patients With Early
Recurrent Prostate Cancer. Clin. Nucl. Med. 2016, 41, e397–e402. [CrossRef] [PubMed]

45. Kleinmanns, K.; Fosse, V.; Bjorge, L.; McCormack, E. The Emerging Role of CD24 in Cancer Theranostics-A Novel Target for
Fluorescence Image-Guided Surgery in Ovarian Cancer and Beyond. J. Pers. Med. 2020, 10, 255. [CrossRef] [PubMed]

46. Kleinmanns, K.; Fosse, V.; Davidson, B.; de Jalon, E.G.; Tenstad, O.; Bjorge, L.; McCormack, E. CD24-targeted intraoperative
fluorescence image-guided surgery leads to improved cytoreduction of ovarian cancer in a preclinical orthotopic surgical model.
EBioMedicine 2020, 56, 102783. [CrossRef]

47. Perren, T.J. Mucinous epithelial ovarian carcinoma. Ann. Oncol. 2016, 27 (Suppl. S1), i53–i57. [CrossRef]
48. Mohammed, R.A.A.; Makboul, R.; Elsers, D.A.H.; Elsaba, T.; Thalab, A.; Shaaban, O.M. Pattern of HER-2 Gene Amplification and

Protein Expression in Benign, Borderline, and Malignant Ovarian Serous and Mucinous Neoplasms. Int. J. Gynecol. Pathol. 2017,
36, 50–57. [CrossRef]

49. Vi, C.; Mandarano, G.; Shigdar, S. Diagnostics and Therapeutics in Targeting HER2 Breast Cancer: A Novel Approach. Int. J. Mol.
Sci. 2021, 22, 6163. [CrossRef]

50. Cheasley, D.; Wakefield, M.J.; Ryland, G.L.; Allan, P.E.; Alsop, K.; Amarasinghe, K.C.; Ananda, S.; Anglesio, M.S.; Au-Yeung, G.;
Bohm, M.; et al. The molecular origin and taxonomy of mucinous ovarian carcinoma. Nat. Commun. 2019, 10, 3935. [CrossRef]

51. Kunz, P.L.; Mojtahed, A.; Fisher, G.A.; Ford, J.M.; Cha. ang, D.T.; Balise, R.R.; Bangs, C.D.; Cherry, A.M.; Pai, R.K. HER2 expression
in gastric and gastroesophageal junction adenocarcinoma in a US population: Clinicopathologic analysis with proposed approach
to HER2 assessment. Appl. Immunohistochem. Mol. Morphol. 2012, 20, 13–24. [CrossRef]

52. Wolff, A.C.; Hammond, M.E.; Schwartz, J.N.; Hagerty, K.L.; Allred, D.C.; Cote, R.J.; Dowsett, M.; Fitzgibbons, P.L.; Hanna, W.M.;
Langer, A.; et al. American Society of Clinical Oncology/College of American Pathologists guideline recommendations for
human epidermal growth factor receptor 2 testing in breast cancer. J. Clin. Oncol. 2007, 25, 118–145. [CrossRef] [PubMed]

53. Wolff, A.C.; Hammond, M.E.; Hicks, D.G.; Dowsett, M.; McShane, L.M.; Allison, K.H.; Allred, D.C.; Bartlett, J.M.; Bilous, M.;
Fitzgibbons, P.; et al. Recommendations for human epidermal growth factor receptor 2 testing in breast cancer: American Society
of Clinical Oncology/College of American Pathologists clinical practice guideline update. J. Clin. Oncol. 2013, 31, 3997–4013.
[CrossRef]

54. D’Huyvetter, M.; Vincke, C.; Xavier, C.; Aerts, A.; Impens, N.; Baatout, S.; De Raeve, H.; Muyldermans, S.; Caveliers, V.; Devoogdt,
N.; et al. Targeted radionuclide therapy with A 177Lu-labeled anti-HER2 nanobody. Theranostics 2014, 4, 708–720. [CrossRef]
[PubMed]

55. Anglesio, M.S.; Kommoss, S.; Tolcher, M.C.; Clarke, B.; Galletta, L.; Porter, H.; Damaraju, S.; Fereday, S.; Winterhoff, B.J.; Kalloger,
S.E.; et al. Molecular characterization of mucinous ovarian tumours supports a stratified treatment approach with HER2 targeting
in 19% of carcinomas. J. Pathol. 2013, 229, 111–120. [CrossRef]

http://doi.org/10.1016/j.eururo.2016.06.021
http://doi.org/10.1097/MNM.0000000000000290
http://www.ncbi.nlm.nih.gov/pubmed/25738559
http://doi.org/10.5603/NMR.2018.0019
http://www.ncbi.nlm.nih.gov/pubmed/29741203
http://doi.org/10.1186/s13045-018-0647-8
http://doi.org/10.1007/s00259-020-05054-9
http://doi.org/10.7150/thno.23853
http://doi.org/10.1021/acs.bioconjchem.9b00758
http://doi.org/10.1016/j.eururo.2015.04.034
http://www.ncbi.nlm.nih.gov/pubmed/25957851
http://doi.org/10.1097/RLU.0000000000001273
http://www.ncbi.nlm.nih.gov/pubmed/27276206
http://doi.org/10.3390/jpm10040255
http://www.ncbi.nlm.nih.gov/pubmed/33260974
http://doi.org/10.1016/j.ebiom.2020.102783
http://doi.org/10.1093/annonc/mdw087
http://doi.org/10.1097/PGP.0000000000000302
http://doi.org/10.3390/ijms22116163
http://doi.org/10.1038/s41467-019-11862-x
http://doi.org/10.1097/PAI.0b013e31821c821c
http://doi.org/10.1200/JCO.2006.09.2775
http://www.ncbi.nlm.nih.gov/pubmed/17159189
http://doi.org/10.1200/JCO.2013.50.9984
http://doi.org/10.7150/thno.8156
http://www.ncbi.nlm.nih.gov/pubmed/24883121
http://doi.org/10.1002/path.4088


Cancers 2021, 13, 5596 15 of 17

56. Bassiouny, D.; Ismiil, N.; Dubé, V.; Han, G.; Cesari, M.; Lu, F.I.; Slodkowska, E.; Parra-Herran, C.; Chiu, H.F.; Naeim, M.; et al. Com-
prehensive Clinicopathologic and Updated Immunohistochemical Characterization of Primary Ovarian Mucinous Carcinoma.
Int. J. Surg. Pathol. 2018, 26, 306–317. [CrossRef]

57. Chapel, D.B.; Lee, E.K.; Da Silva, A.F.L.; Teschan, N.; Feltmate, C.; Matulonis, U.A.; Crum, C.P.; Sholl, L.M.; Konstantinopoulos,
P.A.; Nucci, M.R. Mural nodules in mucinous ovarian tumors represent a morphologic spectrum of clonal neoplasms: A
morphologic, immunohistochemical, and molecular analysis of 13 cases. Mod. Pathol. 2021, 34, 613–626. [CrossRef] [PubMed]

58. Chen, C.K.; Lee, M.Y.; Lin, W.L.; Wang, Y.T.; Han, C.P.; Yu, C.P.; Chao, W.R. A qualitative study comparing the assay performance
characteristics between the 2007 and the 2013 American Society for Clinical Oncology and College of American Pathologists
HER2 scoring methods in mucinous epithelial ovarian cancer. Medicine 2014, 93, e171. [CrossRef]

59. Chao, W.R.; Lee, M.Y.; Lin, W.L.; Koo, C.L.; Sheu, G.T.; Han, C.P. Assessing the HER2 status in mucinous epithelial ovarian cancer
on the basis of the 2013 ASCO/CAP guideline update. Am. J. Surg. Pathol. 2014, 38, 1227–1234. [CrossRef]

60. Missaoui, N.; Abdelkarim, S.B.; Ayachi, M.; Hmissa, S.; Yaacoubi, M.T. HER2 expression in ovarian mucinous carcinomas in
Tunisia. Asian Pac. J. Cancer Prev. 2014, 15, 8121–8125. [CrossRef]

61. Kim, S.K.; Cho, N.H. HER2-positive mucinous adenocarcinomas of the ovary have an expansile invasive pattern associated with
a favorable prognosis. Int. J. Clin. Exp. Pathol. 2014, 7, 4222–4230.

62. Yan, B.; Choo, S.N.; Mulyadi, P.; Srivastava, S.; Ong, C.W.; Yong, K.J.; Putti, T.; Salto-Tellez, M.; Lim, G.S. Dual-colour
HER2/chromosome 17 chromogenic in situ hybridisation enables accurate assessment of HER2 genomic status in ovarian
tumours. J. Clin. Pathol. 2011, 64, 1097–1101. [CrossRef] [PubMed]

63. O’Shannessy, D.J.; Somers, E.B.; Smale, R.; Fu, Y.S. Expression of folate receptor-α (FRA) in gynecologic malignancies and its
relationship to the tumor type. Int. J. Gynecol. Pathol. 2013, 32, 258–268. [CrossRef]

64. Kobel, M.; Madore, J.; Ramus, S.J.; Clarke, B.A.; Pharoah, P.D.; Deen, S.; Bowtell, D.D.; Odunsi, K.; Menon, U.; Morrison, C.; et al.
Evidence for a time-dependent association between FOLR1 expression and survival from ovarian carcinoma: Implications for
clinical testing. An Ovarian Tumour Tissue Analysis consortium study. Br. J. Cancer 2014, 111, 2297–2307. [CrossRef]

65. Leng, R.; Liao, G.; Wang, H.; Kuang, J.; Tang, L. Rac1 expression in epithelial ovarian cancer: Effect on cell EMT and clinical
outcome. Med. Oncol. 2015, 32, 329. [CrossRef]

66. Engqvist, H.; Parris, T.Z.; Kovács, A.; Nemes, S.; Rönnerman, E.W.; De Lara, S.; Biermann, J.; Sundfeldt, K.; Karlsson, P.; Helou, K.
Immunohistochemical validation of COL3A1, GPR158 and PITHD1 as prognostic biomarkers in early-stage ovarian carcinomas.
BMC Cancer 2019, 19, 928. [CrossRef] [PubMed]

67. Lee, O.J.; Son, S.M.; Hong, K.P.; Lee, Y.M.; Kim, M.Y.; Choi, J.W.; Lee, S.J.; Song, Y.J.; Kim, H.S.; Kim, W.J.; et al. CEACAM6 as
detected by the AP11 antibody is a marker notable for mucin-producing adenocarcinomas. Virchows Arch. 2015, 466, 151–159.
[CrossRef]

68. Vitiazeva, V.; Kattla, J.J.; Flowers, S.A.; Linden, S.K.; Premaratne, P.; Weijdegard, B.; Sundfeldt, K.; Karlsson, N.G. The O-Linked
Glycome and Blood Group Antigens ABO on Mucin-Type Glycoproteins in Mucinous and Serous Epithelial Ovarian Tumors.
PLoS ONE 2015, 10, e0130197. [CrossRef] [PubMed]

69. Webb, J.R.; Milne, K.; Kroeger, D.R.; Nelson, B.H. PD-L1 expression is associated with tumor-infiltrating T cells and favorable
prognosis in high-grade serous ovarian cancer. Gynecol. Oncol. 2016, 141, 293–302. [CrossRef]

70. Hada, T.; Miyamoto, M.; Ishibashi, H.; Matsuura, H.; Sakamoto, T.; Kakimoto, S.; Iwahashi, H.; Tsuda, H.; Takano, M. Survival
and biomarker analysis for ovarian mucinous carcinoma according to invasive patterns: Retrospective analysis and review
literature. J. Ovarian Res. 2021, 14, 33. [CrossRef]

71. Tang, L.; Yang, J.; Ng, S.K.; Rodriguez, N.; Choi, P.W.; Vitonis, A.; Wang, K.; McLachlan, G.J.; Caiazzo, R.J., Jr.; Liu, B.C.; et al.
Autoantibody profiling to identify biomarkers of key pathogenic pathways in mucinous ovarian cancer. Eur. J. Cancer 2010, 46,
170–179. [CrossRef]

72. Cirstea, A.E.; Stepan, A.E.; Zavoi, R.E.; Simionescu, C.E. EGFR Immunoexpression in Malignant Serous and Mucinous Ovarian
Tumors. Curr. Health Sci. J. 2018, 44, 129–134. [CrossRef]

73. Alshenawy, H.A. Immunohistochemical expression of epidermal growth factor receptor, E-cadherin, and matrix metalloproteinase-
9 in ovarian epithelial cancer and relation to patient deaths. Ann. Diagn. Pathol. 2010, 14, 387–395. [CrossRef]

74. Tanaka, Y.; Terai, Y.; Tanabe, A.; Sasaki, H.; Sekijima, T.; Fujiwara, S.; Yamashita, Y.; Kanemura, M.; Ueda, M.; Sugita, M.; et al.
Prognostic effect of epidermal growth factor receptor gene mutations and the aberrant phosphorylation of Akt and ERK in
ovarian cancer. Cancer Biol. Ther. 2011, 11, 50–57. [CrossRef] [PubMed]

75. Wang, Y.; Wang, Y.; Chen, G.; Li, Y.; Xu, W.; Gong, S. Quantum-Dot-Based Theranostic Micelles Conjugated with an Anti-EGFR
Nanobody for Triple-Negative Breast Cancer Therapy. ACS Appl. Mater. Interfaces 2017, 9, 30297–30305. [CrossRef]

76. Ganta, S.; Singh, A.; Patel, N.R.; Cacaccio, J.; Rawal, Y.H.; Davis, B.J.; Amiji, M.M.; Coleman, T.P. Development of EGFR-targeted
nanoemulsion for imaging and novel platinum therapy of ovarian cancer. Pharm. Res. 2014, 31, 2490–2502. [CrossRef] [PubMed]

77. Ganta, S.; Singh, A.; Kulkarni, P.; Keeler, A.W.; Piroyan, A.; Sawant, R.R.; Patel, N.R.; Davis, B.; Ferris, C.; O’Neal, S.; et al. EGFR
Targeted Theranostic Nanoemulsion for Image-Guided Ovarian Cancer Therapy. Pharm. Res. 2015, 32, 2753–2763. [CrossRef]

78. Nimmagadda, S.; Penet, M.F. Ovarian Cancer Targeted Theranostics. Front. Oncol. 2019, 9, 1537. [CrossRef] [PubMed]
79. Gnesin, S.; Muller, J.; Burger, I.A.; Meisel, A.; Siano, M.; Fruh, M.; Choschzick, M.; Muller, C.; Schibli, R.; Ametamey, S.M.; et al.

Radiation dosimetry of (18)F-AzaFol: A first in-human use of a folate receptor PET tracer. EJNMMI Res. 2020, 10, 32. [CrossRef]

http://doi.org/10.1177/1066896917752861
http://doi.org/10.1038/s41379-020-0642-9
http://www.ncbi.nlm.nih.gov/pubmed/32759977
http://doi.org/10.1097/MD.0000000000000171
http://doi.org/10.1097/PAS.0000000000000268
http://doi.org/10.7314/APJCP.2014.15.19.8121
http://doi.org/10.1136/jclinpath-2011-200082
http://www.ncbi.nlm.nih.gov/pubmed/21896578
http://doi.org/10.1097/PGP.0b013e3182774562
http://doi.org/10.1038/bjc.2014.567
http://doi.org/10.1007/s12032-014-0329-5
http://doi.org/10.1186/s12885-019-6084-4
http://www.ncbi.nlm.nih.gov/pubmed/31533654
http://doi.org/10.1007/s00428-014-1688-1
http://doi.org/10.1371/journal.pone.0130197
http://www.ncbi.nlm.nih.gov/pubmed/26075384
http://doi.org/10.1016/j.ygyno.2016.03.008
http://doi.org/10.1186/s13048-021-00783-3
http://doi.org/10.1016/j.ejca.2009.10.003
http://doi.org/10.12865/CHSJ.44.02.06
http://doi.org/10.1016/j.anndiagpath.2010.05.005
http://doi.org/10.4161/cbt.11.1.13877
http://www.ncbi.nlm.nih.gov/pubmed/21057220
http://doi.org/10.1021/acsami.7b05654
http://doi.org/10.1007/s11095-014-1345-z
http://www.ncbi.nlm.nih.gov/pubmed/24643932
http://doi.org/10.1007/s11095-015-1660-z
http://doi.org/10.3389/fonc.2019.01537
http://www.ncbi.nlm.nih.gov/pubmed/32039018
http://doi.org/10.1186/s13550-020-00624-2


Cancers 2021, 13, 5596 16 of 17

80. Rathinam, R.; Berrier, A.; Alahari, S.K. Role of Rho GTPases and their regulators in cancer progression. Front. Biosci. 2011, 16,
2561–2571. [CrossRef]

81. Bauer, N.N.; Chen, Y.W.; Samant, R.S.; Shevde, L.A.; Fodstad, O. Rac1 activity regulates proliferation of aggressive metastatic
melanoma. Exp. Cell Res. 2007, 313, 3832–3839. [CrossRef]

82. Hage, B.; Meinel, K.; Baum, I.; Giehl, K.; Menke, A. Rac1 activation inhibits E-cadherin-mediated adherens junctions via binding
to IQGAP1 in pancreatic carcinoma cells. Cell Commun. Signal. 2009, 7, 23. [CrossRef]

83. Consortium, T.U. UniProt: The Universal Protein Knowledgebase in 2021. Available online: https://www.uniprot.org/ (accessed
on 17 February 2021).

84. Fan, G.; Zhang, S.; Gao, Y.; Greer, P.A.; Tonks, N.K. HGF-independent regulation of MET and GAB1 by nonreceptor tyrosine
kinase FER potentiates metastasis in ovarian cancer. Genes Dev. 2016, 30, 1542–1557. [CrossRef] [PubMed]

85. Liang, J.; Oyang, L.; Rao, S.; Han, Y.; Luo, X.; Yi, P.; Lin, J.; Xia, L.; Hu, J.; Tan, S.; et al. Rac1, A Potential Target for Tumor Therapy.
Front. Oncol. 2021, 11, 674426. [CrossRef] [PubMed]

86. Kaneto, N.; Yokoyama, S.; Hayakawa, Y.; Kato, S.; Sakurai, H.; Saiki, I. RAC1 inhibition as a therapeutic target for gefitinib-resistant
non-small-cell lung cancer. Cancer Sci. 2014, 105, 788–794. [CrossRef] [PubMed]

87. Ikram, M.; Lim, Y.; Baek, S.Y.; Jin, S.; Jeong, Y.H.; Kwak, J.Y.; Yoon, S. Co-targeting of Tiam1/Rac1 and Notch ameliorates
chemoresistance against doxorubicin in a biomimetic 3D lymphoma model. Oncotarget 2018, 9, 2058–2075. [CrossRef] [PubMed]

88. Hofbauer, S.W.; Krenn, P.W.; Ganghammer, S.; Asslaber, D.; Pichler, U.; Oberascher, K.; Henschler, R.; Wallner, M.; Kerschbaum, H.;
Greil, R.; et al. Tiam1/Rac1 signals contribute to the proliferation and chemoresistance, but not motility, of chronic lymphocytic
leukemia cells. Blood 2014, 123, 2181–2188. [CrossRef] [PubMed]

89. Yoon, C.; Cho, S.J.; Chang, K.K.; Park, D.J.; Ryeom, S.W.; Yoon, S.S. Role of Rac1 Pathway in Epithelial-to-Mesenchymal Transition
and Cancer Stem-like Cell Phenotypes in Gastric Adenocarcinoma. Mol. Cancer Res. 2017, 15, 1106–1116. [CrossRef]

90. Patel, N.; Itakura, T.; Gonzalez, J.M., Jr.; Schwartz, S.G.; Fini, M.E. GPR158, an orphan member of G protein-coupled receptor
Family C: Glucocorticoid-stimulated expression and novel nuclear role. PLoS ONE 2013, 8, e57843. [CrossRef]

91. Uhlen, M.; Fagerberg, L.; Hallstrom, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, A.; Kampf, C.; Sjostedt, E.;
Asplund, A.; et al. Proteomics. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef]

92. Blumenthal, R.D.; Hansen, H.J.; Goldenberg, D.M. Inhibition of adhesion, invasion, and metastasis by antibodies targeting
CEACAM6 (NCA-90) and CEACAM5 (Carcinoembryonic Antigen). Cancer Res. 2005, 65, 8809–8817. [CrossRef]

93. Blumenthal, R.D.; Leon, E.; Hansen, H.J.; Goldenberg, D.M. Expression patterns of CEACAM5 and CEACAM6 in primary and
metastatic cancers. BMC Cancer 2007, 7, 2. [CrossRef]

94. Yamanka, T.; Kuroki, M.; Matsuo, Y.; Matsuoka, Y. Analysis of heterophilic cell adhesion mediated by CD66b and CD66c using
their soluble recombinant proteins. Biochem. Biophys. Res. Commun. 1996, 219, 842–847. [CrossRef]

95. Lee, H.; Jang, Y.; Park, S.; Jang, H.; Park, E.J.; Kim, H.J.; Kim, H. Development and evaluation of a CEACAM6-targeting
theranostic nanomedicine for photoacoustic-based diagnosis and chemotherapy of metastatic cancer. Theranostics 2018, 8,
4247–4261. [CrossRef]

96. Aithal, A.; Rauth, S.; Kshirsagar, P.; Shah, A.; Lakshmanan, I.; Junker, W.M.; Jain, M.; Ponnusamy, M.P.; Batra, S.K. MUC16 as a
novel target for cancer therapy. Expert Opin. Ther. Targets 2018, 22, 675–686. [CrossRef]

97. Li, M.; Li, H.; Liu, F.; Bi, R.; Tu, X.; Chen, L.; Ye, S.; Cheng, X. Characterization of ovarian clear cell carcinoma using target
drug-based molecular biomarkers: Implications for personalized cancer therapy. J. Ovarian Res. 2017, 10, 9. [CrossRef]

98. Okazaki, T.; Chikuma, S.; Iwai, Y.; Fagarasan, S.; Honjo, T. A rheostat for immune responses: The unique properties of PD-1 and
their advantages for clinical application. Nat. Immunol. 2013, 14, 1212–1218. [CrossRef]

99. Mann, E.K.; Lee, K.J.; Chen, D.; da Silva, L.M.; Dal Zotto, V.L.; Scalici, J.; Gassman, N.R. Associations between DNA Damage and
PD-L1 Expression in Ovarian Cancer, a Potential Biomarker for Clinical Response. Biology 2021, 10, 385. [CrossRef]

100. Loo, S.Y.; Chang, M.K.; Chua, C.S.; Kumar, A.P.; Pervaiz, S.; Clement, M.V. NHE-1: A promising target for novel anti-cancer
therapeutics. Curr. Pharm. Des. 2012, 18, 1372–1382. [CrossRef]

101. Chen, Q.; Liu, Y.; Zhu, X.L.; Feng, F.; Yang, H.; Xu, W. Increased NHE1 expression is targeted by specific inhibitor cariporide to
sensitize resistant breast cancer cells to doxorubicin in vitro and in vivo. BMC Cancer 2019, 19, 211. [CrossRef]

102. Xie, R.; Wang, H.; Jin, H.; Wen, G.; Tuo, B.; Xu, J. NHE1 is upregulated in gastric cancer and regulates gastric cancer cell
proliferation, migration and invasion. Oncol. Rep. 2017, 37, 1451–1460. [CrossRef]

103. Wang, H.; Long, X.; Wang, D.; Lou, M.; Zou, D.; Chen, R.; Nian, W.; Zhou, Q. Increased expression of Na(+)/H(+) exchanger
isoform 1 predicts tumor aggressiveness and unfavorable prognosis in epithelial ovarian cancer. Oncol. Lett. 2018, 16, 6713–6720.
[CrossRef]

104. Tian, Y.; Yao, Z.; Roden, R.B.; Zhang, H. Identification of glycoproteins associated with different histological subtypes of ovarian
tumors using quantitative glycoproteomics. Proteomics 2011, 11, 4677–4687. [CrossRef]

105. Liu, H.; Sadygov, R.G.; Yates, J.R., 3rd. A model for random sampling and estimation of relative protein abundance in shotgun
proteomics. Anal. Chem. 2004, 76, 4193–4201. [CrossRef]

106. Gazzah, A.; Ricordel, C.; Cousin, S.; Cho, B.C.; Calvo, E.; Kim, T.M.; Helissey, C.; Kim, J.-S.; Vieito, M.; Boni, V.; et al. Efficacy
and safety of the antibody-drug conjugate (ADC) SAR408701 in patients (pts) with non-squamous non-small cell lung cancer
(NSQ NSCLC) expressing carcinoembryonic antigen-related cell adhesion molecule 5 (CEACAM5). J. Clin. Oncol. 2020, 38, 9505.
[CrossRef]

http://doi.org/10.2741/3872
http://doi.org/10.1016/j.yexcr.2007.08.017
http://doi.org/10.1186/1478-811X-7-23
https://www.uniprot.org/
http://doi.org/10.1101/gad.284166.116
http://www.ncbi.nlm.nih.gov/pubmed/27401557
http://doi.org/10.3389/fonc.2021.674426
http://www.ncbi.nlm.nih.gov/pubmed/34079763
http://doi.org/10.1111/cas.12425
http://www.ncbi.nlm.nih.gov/pubmed/24750242
http://doi.org/10.18632/oncotarget.23156
http://www.ncbi.nlm.nih.gov/pubmed/29416753
http://doi.org/10.1182/blood-2013-08-523563
http://www.ncbi.nlm.nih.gov/pubmed/24501217
http://doi.org/10.1158/1541-7786.MCR-17-0053
http://doi.org/10.1371/journal.pone.0057843
http://doi.org/10.1126/science.1260419
http://doi.org/10.1158/0008-5472.CAN-05-0420
http://doi.org/10.1186/1471-2407-7-2
http://doi.org/10.1006/bbrc.1996.0320
http://doi.org/10.7150/thno.25131
http://doi.org/10.1080/14728222.2018.1498845
http://doi.org/10.1186/s13048-017-0304-9
http://doi.org/10.1038/ni.2762
http://doi.org/10.3390/biology10050385
http://doi.org/10.2174/138161212799504885
http://doi.org/10.1186/s12885-019-5397-7
http://doi.org/10.3892/or.2017.5386
http://doi.org/10.3892/ol.2018.9500
http://doi.org/10.1002/pmic.201000811
http://doi.org/10.1021/ac0498563
http://doi.org/10.1200/JCO.2020.38.15_suppl.9505


Cancers 2021, 13, 5596 17 of 17

107. Willuda, J.; Trautwein, M.; Pinkert, J.; Doecke, W.-D.; Boehm, H.-H.; Wessel, F.; Ge, Y.; Gutierrez, E.M.; Weiske, J.; Freiberg, C.; et al.
Abstract 1771: BAY 1834942 is an immunotherapeutic antibody blocking the novel immune checkpoint regulator CEACAM6
(CD66c). Cancer Res. 2018, 78, 1771. [CrossRef]

108. Zeligs, K.P.; Morelli, M.P.; David, J.M.; Neuman, M.; Hernandez, L.; Hewitt, S.; Ozaki, M.; Osei-Tutu, A.; Anderson, D.; Andresson,
T.; et al. Evaluation of the Anti-Tumor Activity of the Humanized Monoclonal Antibody NEO-201 in Preclinical Models of
Ovarian Cancer. Front. Oncol 2020, 10, 805. [CrossRef]

109. Fantini, M.; David, J.M.; Saric, O.; Dubeykovskiy, A.; Cui, Y.; Mavroukakis, S.A.; Bristol, A.; Annunziata, C.M.; Tsang, K.Y.; Arlen,
P.M. Preclinical Characterization of a Novel Monoclonal Antibody NEO-201 for the Treatment of Human Carcinomas. Front.
Immunol. 2017, 8, 1899. [CrossRef]

110. DeLucia, D.C.; Cardillo, T.M.; Ang, L.; Labrecque, M.P.; Zhang, A.; Hopkins, J.E.; De Sarkar, N.; Coleman, I.; da Costa, R.M.G.;
Corey, E.; et al. Regulation of CEACAM5 and Therapeutic Efficacy of an Anti-CEACAM5-SN38 Antibody-drug Conjugate in
Neuroendocrine Prostate Cancer. Clin. Cancer Res. 2021, 27, 759–774. [CrossRef]

111. Deng, J.; Wang, L.; Chen, H.; Li, L.; Ma, Y.; Ni, J.; Li, Y. The role of tumour-associated MUC1 in epithelial ovarian cancer metastasis
and progression. Cancer Metastasis Rev. 2013, 32, 535–551. [CrossRef]

112. Hollingsworth, M.A.; Swanson, B.J. Mucins in cancer: Protection and control of the cell surface. Nat. Rev. Cancer 2004, 4, 45–60.
[CrossRef]

113. Wesseling, J.; van der Valk, S.W.; Vos, H.L.; Sonnenberg, A.; Hilkens, J. Episialin (MUC1) overexpression inhibits integrin-mediated
cell adhesion to extracellular matrix components. J. Cell Biol. 1995, 129, 255–265. [CrossRef]

114. Hou, R.; Jiang, L.; Liu, D.; Lin, B.; Hu, Z.; Gao, J.; Zhang, D.; Zhang, S.; Iwamori, M. Lewis(y) antigen promotes the progression of
epithelial ovarian cancer by stimulating MUC1 expression. Int. J. Mol. Med. 2017, 40, 293–302. [CrossRef] [PubMed]

115. Wang, J.; El-Bahrawy, M. Expression profile of mucins (MUC1, MUC2, MUC5AC, and MUC6) in ovarian mucinous tumours:
Changes in expression from benign to malignant tumours. Histopathology 2015, 66, 529–535. [CrossRef]

116. Van Elssen, C.H.; Frings, P.W.; Bot, F.J.; Van de Vijver, K.K.; Huls, M.B.; Meek, B.; Hupperets, P.; Germeraad, W.T.; Bos, G.M.
Expression of aberrantly glycosylated Mucin-1 in ovarian cancer. Histopathology 2010, 57, 597–606. [CrossRef] [PubMed]

117. Wang, L.; Chen, H.; Liu, F.; Madigan, M.C.; Power, C.A.; Hao, J.; Patterson, K.I.; Pourgholami, M.H.; O’Brien, P.M.; Perkins,
A.C.; et al. Monoclonal antibody targeting MUC1 and increasing sensitivity to docetaxel as a novel strategy in treating human
epithelial ovarian cancer. Cancer Lett. 2011, 300, 122–133. [CrossRef]

118. Sengelaub, C.A.; Navrazhina, K.; Ross, J.B.; Halberg, N.; Tavazoie, S.F. PTPRN2 and PLCbeta1 promote metastatic breast cancer
cell migration through PI(4,5)P2-dependent actin remodeling. EMBO J. 2016, 35, 62–76. [CrossRef]

http://doi.org/10.1158/1538-7445.Am2018-1771
http://doi.org/10.3389/fonc.2020.00805
http://doi.org/10.3389/fimmu.2017.01899
http://doi.org/10.1158/1078-0432.CCR-20-3396
http://doi.org/10.1007/s10555-013-9423-y
http://doi.org/10.1038/nrc1251
http://doi.org/10.1083/jcb.129.1.255
http://doi.org/10.3892/ijmm.2017.3009
http://www.ncbi.nlm.nih.gov/pubmed/28586014
http://doi.org/10.1111/his.12578
http://doi.org/10.1111/j.1365-2559.2010.03667.x
http://www.ncbi.nlm.nih.gov/pubmed/20955385
http://doi.org/10.1016/j.canlet.2010.09.013
http://doi.org/10.15252/embj.201591973

	Background 
	Advances in Treatment 
	Application of Theranostic Agents 
	Potential Theranostic Targets in MOC 
	Conclusions 
	References

