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Abstract: Stem properties allow circulating tumor cells (CTCs) to survive in the bloodstream and
initiate cancer progression. We aimed to assess the numbers of stem-like CTCs in patients with
ovarian cancer (OC) before treatment and during first-line chemotherapy (CT). Flow cytometry
was performed (Cytoflex S (Beckman Coulter, CA, USA)) using antibodies against CD45; epithelial
markers EpCAM and cytokeratin (CK) 8,18; mesenchymal vimentin (vim); and stem-like CD44,
CD133 and ALDH. This study included 38 stage I–IV OC patients (median age 66 (Q1–Q3 53–70)).
The CK+vim- counts were higher (p = 0.012) and the CD133+ALDHhigh counts were lower (p = 0.010)
before treatment in the neoadjuvant CT group than in the adjuvant group. The patients with ascites
had more CK+vim- cells before treatment (p = 0.009) and less EpCAM-vim+ cells during treatment
(p = 0.018) than the patients without ascites. All the CTC counts did not differ significantly in paired
samples. Correlations were found between the CK-vim+ and CD133+ALDHhigh (r = 0.505, p = 0.027)
and EpCAM-vim+ and ALDHhigh (r = 0.597, p = 0.004) cells before but not during treatment.
Multivariate Cox regression analysis showed that progression-free survival was longer with the
presence of surgical treatment (HR 0.06 95% CI 0.01–0.48, p = 0.009) and fewer CD133+ALDHveryhigh
cells (HR 1.06 95% CI 1.02–1.12, p = 0.010). Thus, CD133+ALDH+ CTCs have the greatest prognostic
potential in OC among the phenotypes studied.

Keywords: ovarian cancer; stem cells; circulating tumor cells; CTCs; CD44; CD133; ALDH; EpCAM;
vimentin; cytokeratin

1. Introduction

Ovarian cancer (OC) is one of the most deadly malignancies, with a five-year overall
survival rate ranging from 36 to 46.2% [1]. Treatment of OC remains challenging, and many
experts attribute this to the tumor heterogeneity at the cellular and molecular levels [2]. In
daily practice, OC prognosis assessment is still based on the clinical characteristics rather
than the biological features of tumor progression [3,4].

It is generally accepted that ovarian cancer spreads predominantly by implantation,
involving the peritoneum and relapsing within the abdominal cavity. However, circulating
tumor cells (CTCs) were detected in the blood of OC patients already in the 19th century [5].
In the last decade, a growing body of evidence has demonstrated that CTCs are one of
the local tumor progression sources [6,7]. Circulating tumor cells have also attracted
much interest as an object of tumor heterogeneity research, showing both similarities and
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differences compared with the parenchyma cells of primary tumor tissue [8]. The study of
CTCs has acquired much broader implications than it had done initially.

The biological as well as the biomarker role of CTCs in ovarian cancer is still debatable,
in contrast to a number of other malignancies in which these cells have demonstrated
prognostic utility and are actively studied [9,10]. This is possibly due to the coexistence of
CTCs that are more or less aggressive, prone to prolonged dormancy or active proliferation,
motile or incapable of moving [11]. In the context of the epithelial-mesenchymal transition,
the phenotype of a malignant epithelial cell can be epithelial, mesenchymal or intermediate
(EM). All these phenotypes differ from each other both in the expression of surface markers
and in the peculiarities of the cell behavior [12–14]. Moreover, the vast majority of CTCs
die in the bloodstream without implementing their malignant potential [15].

Cancer stem cells appear to be the most resistant to unsuitable environmental condi-
tions. Such cells avoid anoikis, tend to “wait out” an unfavorable period of chemotherapy
in the state of dormancy or autophagy and can independently reproduce the entire tumor
structure while maintaining their own number in the case of a successful introduction into
the target tissue [16–18]. Initially, researchers considered that stemness is associated with
the mesenchymal phenotype, but nowadays, the evidence of the extremely high plasticity
of cancer stem cells and the possible combination of stem properties with both epithelial
and mesenchymal characteristics is compelling [19,20]. Identification of tumor stem cells is
carried out indirectly in most studies, by evaluating the expression of characteristic mark-
ers [21], as other techniques are less accessible and more costly in terms of the potential
translation into clinical practice. Cancer stem cells are present in OC tissues [22] and ascitic
fluid [23], but we have found no data on the circulating stem cell counts in patients with
different disease courses in the available literature.

The aim of our study was to assess the numbers of stem-like circulating tumor
cells in patients with ovarian cancer before and during treatment in connection with
clinical characteristics.

2. Materials and Methods
2.1. The Study Cohort

This study prospectively included patients (n = 38) with newly diagnosed FIGO stage
I–IV OC, who were treated at the Ulyanovsk Regional Clinical Oncology Center in 2019–2020,
according to the criteria. The inclusion criteria were histological or cytological verification
of the diagnosis, absence of concomitant acute or chronic exacerbated diseases of any
etiology and absence of other synchronous or metachronous developing malignant tumors.
Voluntary informed consent was obtained from all the study participants in accordance
with the principles of the Declaration of Helsinki (2013). The study was approved by the
Ethical Committee of IMEPC of Ulyanovsk State University (protocol № 3 of 15 March 2018).

The treatment strategy for each patient was discussed by a multidisciplinary team.
In accordance with international clinical guidelines, all patients received chemotherapy
(CT)—carboplatin AUC 6 + paclitaxel 175 mg/m2 IV at day 1 q3weeks for a total of 6 cycles.
Depending on tumor resectability and operability at the time of diagnosis, patients received
adjuvant CT after the standard cytoreductive surgery, or neoadjuvant CT with subsequent
response evaluation and surgery after the 3rd cycle if an objective response was achieved.
Patients also received maintenance therapy with bevacizumab 7.5 mg/kg q3weeks for a
total of 12 cycles or until progression after first-line CT, if indicated and available. Patients
who did not receive maintenance therapy underwent a close follow-up (Figure 1).
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Figure 1. Patients’ selection, treatment and sampling within the study.

2.2. Enumeration of Circulating Tumor Cells

Blood samples were obtained twice: before anticancer treatment and after 3 cycles of
adjuvant or neoadjuvant chemotherapy (in the case of neoadjuvant CT, the second sample
was obtained before surgery). Flow cytometry (Cytoflex S (Beckman Coulter, Brea, CA,
USA) with CytExpert Software) was used to estimate the numbers of CTCs with epithelial,
mesenchymal, EM and stem-like phenotypes. Negative selection of all CTCs was based on
the absence of expression of the leukocyte antigen CD45. We also used antibodies against
the following antigens: epithelial adhesion molecule EpCAM (CD326); cytokeratin (CK)
8,18; mesenchymal cell marker vimentin; OC stem cell markers CD44, CD133 and ALDH
in various combinations; isotypic control for all antibodies except ALDH, which had an
internal control in the kit (Table 1).

Firstly, the number of non-leukocyte-like cells (CD45-) was estimated in each sam-
ple according to the gate set using the CD45 single staining control. Within the CD45-
population, the numbers of cells were assessed on the graph by SSC-A, and the lev-
els of fluorescence were assessed using the gate set with the single staining control.
A cell was considered epithelial in the case of CD45 negativity and the expression of
CK and EpCAM (CK+EpCAM+, EpCAM+vimentin-, CK+vimentin-); mesenchymal in
the case of vimentin expression (vimentin+, EpCAM-vimentin+, CK-vimentin+); EM in
the case of CK+vimentin+; and stem-like if it was positive for stem markers in differ-
ent combinations (CD45-CD44+, CD45-CD133+, CD45-CD44+CD133+, CD45-ALDHhigh,
CD45-ALDHveryhigh, CD45- CD44+ALDHhigh, CD45-CD44+ALDH+veryhigh, CD45-
CD133+ALDHhigh, CD45-CD133+ALDHveryhigh, CD45-CD44+CD133+ALDHhigh, CD45-
CD44+CD133+ALDHveryhigh). ALDH expression was subdivided into high and very
high because of the presence of a separate bright-positive population: according to the
fluorescence intensity, the CD45- population was divided into ALDHhigh (the cells located
in the middle in the FITC channel, within the gate established using the control tube with
DEAB) and ALDHveryhigh (the cells located to the right). These gates were used for the
analysis (Figure 2).



Life 2021, 11, 815 4 of 14

Table 1. Antibodies used in the analysis by flow cytometry.

No. Manufacturer Product Usage

1 BioLegend, CA, USA PE anti-human CD45 Antibody Clone 2D1 CD45

2 BioLegend PE Mouse IgG1, κ Isotype Ctrl (FC) Antibody
clone MOPC-21 Isotype

3 BioLegend APC anti-human CD44 Antibody Clone BJ18 CD44

4 BioLegend APC Mouse IgG1, κ Isotype Ctrl Antibody clone
MOPC-21 Isotype

5
Miltenyi biotec,

Bergisch Gladbach,
Germany

CD133/1 VioBright 667 mouse IgG1 clone AC133 CD133

6 Miltenyi biotec VioBright 515 mouse IgG1, Clone IS5-21F5 Isotype
7 Stemcell, Canada ALDEFLUOR kit #01700 ALDH

8 Invitrogen, CA, USA CD326 (EpCAM) Monoclonal Antibody
PE-Cyanine7 clone 1B7 EpCAM

9 Invitrogen PE-Cyanine7 mouse/IgG1, kappa clone P3.6.2.8.1 Isotype

10 Abcam, Cambridge,
United Kingdom

Mouse Anti-Cytokeratin 8 + 18 + 19 antibody
clone 2A4 (ab41825) IgG1 Primary

11 BioLegend Brilliant Violet 421™ anti-mouse IgG1 Antibody
clone RMG1-1 Secondary

12 BioLegend Alexa Fluor 647 anti-Vimentin Antibody clone
091D3 Mouse IgG2a Vimentin

13 BioLegend Alexa Fluor 647 anti-mouse IgG2a clone
RMG2a-62 Isotype
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Figure 2. Identification of different populations of circulating tumor cells: (a) discrimination by CD45 binding intensity;
(b) assessment of the ALDH expression intensity within the CD45-CD133+ population.

2.3. Statistical Processing

Statistical analysis was performed using Statistica 13.5.0 software (TIBCO Software
Inc., Carlsbad, CA, USA). Graphical representation of the data was obtained using Graph-
Pad Prism. The normality of the distribution of quantitative data was checked using the
Shapiro-Wilk criterion. The Mann-Whitney U test was used to compare independent
subgroups. Relationships between nominative variables were assessed using Fisher’s
exact criterion. The Wilcoxon W-criterion was used to compare the CTC counts before
and during treatment. To assess correlations, the nonparametric Spearman coefficient
interpreted by the Cheddock scale was used. Simple linear regression was also used to
assess relationships between two quantitative variables.
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As the interval from the last administration of platinum-containing CT to relapse
or progression is recognized as a criterion for OC platinum sensitivity according to
GCIG4th [24], we divided the patients into 2 subgroups: platinum-sensitive (interval
is more than 6 months) and non-platinum-sensitive (interval is less than 6 months); bino-
mial regression was used to assess the prediction of sensitivity. We also analyzed predictors
of progression-free survival using Cox multivariable analysis. Differences in all cases were
considered statistically significant at p ≤ 0.05.

3. Results

The median age of the patients at diagnosis was 66 (IQR, Q1–Q3 53–70) years. Most
patients in our cohort (58%) had FIGO stage III disease and peritoneal effusion (82%)
at the time of initial diagnosis. Half of the patients in the cohort (53%) were amenable
to cytoreductive surgery during first-line therapy: 7 patients received it as a primary
treatment followed by adjuvant CT, and 13 patients received it after the third cycle of
neoadjuvant CT. Some of the patients (29%) received bevacizumab maintenance after the
first-line chemotherapy completion.

The clinical characteristics of the patients are presented in Table 2.

Table 2. Clinical characteristics of the patients included in the study.

Parameter Number of Patients (%)

Age—median (IQR Q1–Q3), years—66 (53–70)
Serum CA-125 before treatment—median (IQR), U/mL—863 (309–1595)

FIGO stage
I 2 (5%)

III 22 (58%)
IV 14 (37%)

Ascites at diagnosis
yes 31 (82%)
no 7 (18%)

Histological subtype
serous high-grade adenocarcinoma 16 (42%)

other subtypes 4 (11%)
not determined due to CRS 3 5 (13%)

no histological assessment (only cytological verification) 13 (34%)

Chemotherapy
neoadjuvant 31 (82%)

adjuvant 7 (18%)

Cytoreductive surgery within first-line treatment
performed 20 (53%)

not performed 18 (47%)

Maintenance therapy with bevacizumab after first-line CT
performed 12 (32%)

not performed 26 (68%)

When comparing the numbers of CTCs before and during treatment, no statistically
significant differences were found among all the phenotypes studied (Table 3).

Cells coexpressing all three stem markers studied were detected before treatment only
in six patients; they appeared in four more patients during treatment. As such cells are
more likely to represent the stem cell subset than those expressing one or two markers, we
present the detailed clinical characteristics of these participants separately in Table 4.
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Table 3. Cell counts of the studied phenotypes in the blood of patients before and during treatment (data are presented as
median (Q1–Q3) unless otherwise indicated; Before = before treatment, During = during treatment).

Phenotype
EpCAM+CK+

(Median
(Min–Max))

EpCAM+
Vimentin-

EpCAM-
Vimentin+

CK-
Vimentin+

CK+
Vimentin-

CK+
Vimentin+ Vimentin+

Before 0 (0–11) 25 (9–48) 59 (15–108) 50 (14–89) 218 (112–392) 6 (2–24) 59 (20–137)
During 1 (0–15) 28 (12–45) 57 (40–80) 48 (24–77) 217 (101–310) 5 (0–12) 79 (50–93)

Phenotype CD44+ CD133+ CD44+CD133+ ALDHhigh ALDHveryhigh

Before 527 (121–1519) 101 (15–291) 1 (0–14) 90 (50–152) 12 (1–57)
During 205 (120–339) 172 (57–391) 4 (0–23) 110 (37–154) 6 (0–9)

Phenotype CD44+
ALDHhigh

CD44+ALDH
veryhigh CD133+ALDHhigh CD133+ALDHveryhigh (Median

(Min–Max))

Before 15 (2–49) 7 (0–26) 0 (0–10) 0 (0–83)
During 16 (6–49) 1 (0–5) 6 (0–26) 0 (0–300)

Table 4. Detailed clinical characteristics of the patients positive for CD44+CD133+ALDHhigh and/or CD44+CD133+
ALDHveryhigh cells in one or both blood samples.

No. Age Stage Histology CT
Regimen Ascites Platinum

Sensitivity
CD44+CD133+

ALDHhigh Count
CD44+CD133+

ALDHveryhigh Count

Patients positive for the cells at baseline
1 61 IV HGS NACT Yes No 11 34
2 69 IV HGS NACT Yes Yes (M) 7 0
3 72 III NS NACT Yes No 2 2
4 70 III NS NACT Yes No 2 2
5 64 III HGS NACT Yes Yes 1 4
6 49 IV HGS NACT Yes No 5 0

Patients positive for the cells during treatment only
7 37 IV NS NACT Yes Yes (M) 29 44
8 73 IV HGS NACT Yes Yes 1 1
9 52 III HGS NACT Yes Yes 4 7
10 57 IV Clear cell ACT No Yes 3 0

The table shows the highest number of cells from the two samples (before and during treatment); NS—non-specified, NACT—neoadjuvant
chemotherapy, ACT—adjuvant chemotherapy, HGS—high-grade serous, M—received maintenance treatment.

As shown in Table 4, 9 of the 10 patients who were positive for CD44+CD133+ALDH+
CTCs had ascites and unresectable disease at initial diagnosis, and among those who un-
derwent histological examination, only one patient had non-serous cancer; this observation
may be due both to the predominance of patients with unfavorable clinical characteristics
in our cohort and to the association between the tumor extent within the abdominal cavity
and stem cell shedding.

The number of epithelial CK+vim- cells was higher in the neoadjuvant CT-treated
patients than in the adjuvant CT group (p = 0.012) (Figure 3a), whereas the number of
CD133+ALDHhigh stem-like cells was lower in NACT than in ACT (p = 0.010) (Figure 3b).
The number of epithelial CK+vim- cells before treatment was higher among patients
with ascites at initial diagnosis than among those without ascites (p = 0.009) (Figure 3c).
The number of mesenchymal EpCAM-vim+ cells during treatment was slightly lower
(p = 0.018) in patients with ascites (Figure 3d).

Patients with a clinically platinum-sensitive first relapse had more EpCAM+CK+
epithelial cells during treatment (p = 0.051) but not before treatment. Among those with non-
sensitive recurrence, more patients did not undergo surgical intervention than among those
with sensitive recurrence (p = 0.002). Additionally, all patients who received bevacizumab
maintenance therapy did not develop relapse earlier than 6 months after CT completion, in
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contrast to those who did not receive bevacizumab (p = 0.008). This observation is consistent
with the results of bevacizumab treatment demonstrated in landmark studies [25].
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In the pre-treatment samples, we observed positive Spearman correlations between
the counts of EpCAM+CK+ and EpCAM-vim+ (r = 0.427, p = 0.021), EpCAM+CK+
and vim+ (r = 0.436, p = 0.018), EpCAM+vim- and EpCAM-vim+ (r = 0.384, p = 0.040),
CD44+ALDHveryhigh and CK+vim- (r = 0.377, p = 0.048), CK-vim+ and CD133+ALDHhigh
(r = 0.505, p = 0.027) and EpCAM-vim+ and ALDHhigh (r = 0.597, p = 0.004) (Figure 4).

No statistically significant correlations between the cell numbers of different phe-
notypes were observed during treatment, except for a negative correlation between Ep-
CAM+CK+ and CD44+CD133+ (r = −0.584, p = 0.011). In our cohort, there was a correla-
tion between the white blood cell count and CD44+ALDHveryhigh cells before treatment
(r = 0.419, p = 0.037); counts of CD133+ cells were not associated with the number of white
blood cells. This may indirectly reflect a lack of CD133 expression by leukocytes, making
this marker more attractive for liquid biopsy compared with CD44, which is often present
on both cancer stem cells and leukocytes [26]. We also observed a negative correlation
between CK+vim+ cell counts and CA-125 levels before treatment (r = −0.417, p = 0.034).
In our cohort, however, serum CA-125 levels were not significantly associated with any
clinical characteristics.
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Figure 4. Correlation matrix for the CTC counts before and during treatment.

Interestingly, in samples obtained before treatment, the number of CD44+CD133+
ALDHhigh cells was in a linear regression relationship with the number of EpCAM+CK+
cells (R2 = 0.315, p = 0.002). This relationship did not persist during treatment.

In a binomial regression analysis for the likelihood of platinum-sensitive vs. non-
sensitive recurrence, a higher number of epithelial EpCAM+CK+ CTCs before treatment
were nearly significantly associated with a higher probability of platinum-sensitive recur-
rence (OR 1.60, 95% CI 0.996–2.57) combined with the presence of surgery (OR 40.84, 95%
CI 2.78–599.1) and age (OR 1.22, 95% CI 1.03–1.43).

In the Cox multivariable analysis, completion of surgical treatment (HR 0.06 95% CI
0.01–0.48, p = 0.009) and fewer CD133+ALDHveryhigh cells (HR 1.06 95% CI 1.02–1.12,
p = 0.010) were associated with prolonged progression-free survival (PFS) (R2 = 0.481, LR
test = 17, overall model p < 0.0001). The median PFS reached 12 [95% CI 9.7–17.7] months
for patients who underwent surgery and 4.9 [95% CI 3–8.6] months for those who did
not; for the patients with a CD133+ALDHveryhigh count above the cut-off (six cells), the
median PFS was 6.4 [95% CI 0.9–NA] months, while for those with a cell count below the
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cut-off, it was 9.7 [95% CI 8.6–NA] months. The median overall survival in our cohort has
not yet been reached. The results of the univariable and multivariable analyses are shown
in Table 5.

Table 5. Results of uni- and multivariable Cox regression analyses for progression-free survival.

Category Univariable Analysis, HR
(95% CI)

Multivariable Analysis, HR
(95% CI)

FIGO stage
Stage III
Stage IV 1.13 (0.61–2.10), p = 0.699

Ascites
No ascites

Ascites present 2.07 (1.03–4.18), p = 0.042 1.65 (0.81–3.37), p = 0.169

Surgery in first line
Surgery not performed

Surgery performed 0.14 (0.03–0.67), p = 0.014 0.06 (0.01–0.48), p = 0.009

Chemotherapy
Adjuvant regimen

Neoadjuvant regimen 2.06 (1.00–4.25), p = 0.051 1.27 (0.47–2.86), p = 0.562
Age 1.01 (0.98–1.04), p = 0.458

Initial serum CA-125 1.00 (1.00–1.00), p = 0.619
Initial WBC count in blood 1.19 (1.01–1.41), p = 0.040 1.21 (0.91–1.62), p = 0.195
Maintenance after first line 0.28 (0.11–0.68), p = 0.006 0.27 (0.06–1.27), p = 0.096

CTC number before treatment
EpCAM+CK+ 1.01 (0.89–1.15), p = 0.856

EpCAM+vimentin- 1.00 (1.00–1.01), p = 0.260
EpCAM-vimentin+ 1.00 (1.00–1.00), p = 0.456

CK-vimentin+ 1.00 (1.00–1.00), p = 0.484
CK+vimentin- 1.00 (1.00–1.00), p=0.711
CK+vimentin+ 1.00 (0.98–1.01), p = 0.727

CD44+ 1.00 (1.00–1.00), p = 0.377
CD133+ 1.00 (1.00–1.00), p = 0.885

ALDHhigh 1.00 (1.00–1.00), p = 0.375
ALDHveryhigh 1.00 (1.00–1.01), p = 0.080
CD44+CD133+ 1.01 (0.99–1.03), p = 0.292

CD44+ALDHhigh 1.00 (0.99–1.00), p = 0.160
CD44+ALDHveryhigh 1.01 (1.00–1.02), p = 0.175

CD133+ALDHhigh 1.01 (0.97–1.04), p = 0.764
CD133+ALDHveryhigh 1.03 (1.01–1.06), p = 0.014 1.06 (1.02–1.12), p = 0.010

4. Discussion

We evaluated the counts of CTCs of different phenotypes, including stem-like pheno-
types, in ovarian cancer patients before and during treatment.

We found that the number of epithelial EpCAM+CK+ phenotype cells before treatment
was higher in patients with unresectable vs. resectable tumors, and also in the presence of
ascites vs. the absence of ascites. At the same time, patients who subsequently developed
clinically platinum-insensitive recurrence had fewer epithelial CTCs during treatment
compared with platinum-sensitive patients. Moreover, we observed a tendency for a
greater number of epithelial CTCs before treatment to be a predictor of platinum-sensitive
recurrence. In a broader assessment of progression-free survival (with Cox multivariate
analysis), the numbers of epithelial CTCs did not demonstrate a predictive role.

The prognostic potential of epithelial (CD45-negative, cytokeratin-8, 18- and/or 19-
and EpCAM-positive) CTCs in ovarian cancer was evaluated by several groups of re-
searchers. Poveda et al. [27] determined the counts of epithelial CTCs in 216 relapsed OC
patients before the treatment start. A CTC count of ≥2 was significantly associated with
an increased risk of progression and death in the univariate analysis, but the association
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was borderline significant in the multivariate analysis when the established prognostic
factors—platinum-free interval, CA-125 level, number and size of tumor foci, tumor grade
and ECOG overall performance status—were considered. In another study including
patients with advanced and relapsed OC, there was no association between the presence of
epithelial CTCs and prognosis [28]. In primarily diagnosed ovarian cancer, the epithelial
CTC counts were studied by Banys-Paluchowski et al. [29]. The authors performed the
sampling three times: before treatment, and after the third and sixth cycles of first-line
chemotherapy. The study included patients with primary and relapsed disease; in the
whole cohort, the overall survival was lower among patients who were CTC-positive
initially or at follow-up than among the CTC-negative women, but the association was not
confirmed in the primary OC subgroup analysis. Possibly, the high number of epithelial
CTCs in the blood prior to treatment reflects a more advanced disease but not the lack
of platinum sensitivity. Epithelial malignant cells are not able to actively move towards
a blood vessel and cleave the intercellular matrix, but with a large tumor volume, CTCs
can enter the circulation passively due to the insufficiency of the blood vessel walls within
a tumor, as well as the weakness of the intercellular contacts in cancerous tissue. The
majority of OC tumors are initially platinum-sensitive and demonstrate a high response
rate to platinum-containing CT. Thus, the inconsistency of the data on epithelial CTCs in
ovarian cancer may be due to the fact that epithelial cells are only a part of the CTC pool,
actively participating in the progression of treatment-naïve tumors.

In our cohort, moderate positive correlations were present between epithelial and
mesenchymal cell counts (EpCAM+CK+ and EpCAM-Vim+, EpCAM+CK+ and vimentin+,
EpCAM+vimentin- and EpCAM-vimentin+) before treatment, indicating their simultane-
ous presence in the bloodstream. Moreover, the numbers of cells of some stem-like pheno-
types were positively (moderately to noticeably) correlated with the numbers of mesenchy-
mal (CD44+ALDHveryhigh and CK+vimentin-, CK-vimentin+ and CD133+ALDHhigh,
EpCAM-vimentin+ and ALDHhigh), but not epithelial, cells. We also found that the re-
gression dependence of the number of stem-like CD44+CD133+ALDHhigh CTCs on the
number of epithelial CTCs was present before treatment but disappeared during treatment.
At the same time, there were no statistically significant differences in the counts before
and during treatment for any of the CTC phenotypes. In a study by the OVCAD Consor-
tium [30], the authors used a sophisticated approach to detect EpCAM+ ovarian cancer
CTCs, which included parallel assessment with qPCR and immunofluorescent staining in
blood samples obtained before and after primary treatment (6 months after the adjuvant CT
completion). The CTC counts before and after treatment did not differ, but there was some
concordance in the results between the methods in the pre-treatment samples, whereas
after treatment, there were no concordant positive findings at all. Long-term survival in
this study was associated with CTC positivity at follow-up, but not at baseline. These
observations also suppose the simultaneous coexistence of different CTC subtypes and
changes in the ratio of subtypes during therapy, which is especially relevant for stem cells
with their high phenotypic plasticity.

Specific detection of mesenchymal CTCs is challenging. Po et al. [31] found that, by
using mesenchymal markers or a combination of EM surface markers, a greater num-
ber of ovarian cancer CTCs can be detected than using epithelial markers alone. The
authors isolated CTCs from the blood of 18 patients with ovarian cancer by an immuno-
magnetic method—using antibodies to EpCAM and mesenchymal N-cadherin. However,
N-cadherin-positive cells were also present in the blood of the control group, resulting in a
high probability of false positive results. Another study addressed the detection of CTCs
using the mesenchymal marker vimentin [32] and also detected much higher counts of
mesenchymal CTCs (defined as CD45-DAPI+vimentin+) than epithelial CTCs (EpCAM+).
The authors emphasized that the source of vimentin in the blood can be leukocytes, since
this protein is a component of their cytoskeleton. This leads to false positive test results in
healthy donors [20]. In agreement with these results, in our study, the numbers of vimentin+
cells in the blood were also high; we detected significantly fewer (p < 0.001) cells when
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using the EM combination of CK+vimentin+ markers (median of 6 and 5 before and during
treatment, respectively), but we observed no association with clinical characteristics for any
of the vimentin-expressing cells. Probably, a sufficient accuracy of mesenchymal CTC isola-
tion in ovarian cancer can be achieved by the combination of an immune-based enrichment
method with other methods, or the combination of mesenchymal and stem markers.

A number of markers expressed on ovarian cancer stem cells have been described in
the literature: CD133 (prominin), ALDH (aldehyde dehydrogenase), CD44 (hyaluronan),
CD117 (c-kit), MyD88 (myeloid differentiation primary response protein), CD24 (mucin-
like adhesion molecule) [33]. The CD44 activation in OC cells stimulates stem-associated
signaling of Nanog-Stat-3 [34]. In addition, CD44+ cells secrete more cytokines such as
IL-6, IL-8 and MCP-1 than CD44-. The secretion of inflammatory mediators may mediate
interactions with the microenvironment and contribute to the formation of stem and
metastatic niches. Coexpression of CD44/MyD88 in advanced OC is associated with a
decrease in progression-free and overall survival [35]. As reported by Loreth et al. [36],
CD44 is expressed on the majority of CTCs obtained from patients with breast cancer,
non-small cell lung cancer and melanoma with brain metastases while being much less
expressed in the metastatic tissue. The authors concluded that the appearance of CD44
on the CTC surface plays an important role in the trafficking of a viable cell through the
circulatory bed. However, the presence of CD44+ CTCs was associated with a poorer
overall survival only in patients with melanoma but not with other tumors in the cohort.

The stem marker CD133 is known to enhance the ability of ovarian cancer cells to
attach to and infiltrate the peritoneal mesothelium. The expression of CD133 contributes to,
although it may be not sufficient for, the acquisition of the stem phenotype by up-regulating
a number of stem-related genes [37]. Some authors have observed an association between
high CD133 expression in OC tissue and decreased relapse-free and overall survival [38],
but others have not [39]. The expression of CD133 significantly overlaps with ALDH
expression in fresh tumor cells obtained from ovarian cancer patients, and CD133+ALDH+
cells are more capable of sphere formation than their CD133- and ALDH- counterparts [40].
The association of high ALDH expression with the adverse clinical course of high-grade
serous and clear-cell OC has been well demonstrated [41]. Chefetz I. et al., who studied
the effects of an ALDH inhibitor on ovarian cancer cells, called ALDH “arguably the best-
characterized CSC marker” [42]. In ovarian cancer, ALDH+ cells show low sensitivity to
chemotherapy compared to ALDH- [43]. This may be associated with impaired regulation
of the cell cycle and DNA repair in ALDH+ cells [44], or with the ALDH involvement in the
processes of detoxification and elimination of oxidative stress [45], which can also provide
the cell with an advantage when entering the bloodstream.

We did not observe an association between the numbers of cells expressing only CD133
or only ALDH and clinical characteristics, but a high number of stem-like CD133+ALDHhigh
cells before treatment were associated with a reduced progression-free survival in a multi-
variable analysis. It has previously been shown that platelets invert the cytostatic effects
of carboplatin and paclitaxel on CD133+ and ALDH+ OC cells by secreting a number of
cytokines and growth factors, in non-adherent conditions [46]. Further research is needed
to understand the mechanisms of the interaction between OC circulating stem cells and
other blood components.

The limitations of our study include the small sample size including patients from
only one clinical center; the use of a limited number of markers for stem-like cell detection;
the unavailability of tumor tissue for pathological assessment in 34% of patients, due to
which we did not specify the types of adenocarcinoma in these women; and the lack of
confirmation of stem-like characteristics of detected CSCs in vitro—the last point, however,
would have made the methodology significantly more complex and costly, whereas our
goal was to find a direction for research having a potential for translation into clinical
practice. Larger studies are needed to assess the prognostic potential of stem-like CTCs in
ovarian cancer.



Life 2021, 11, 815 12 of 14

Thus, among the studied phenotypes, the high number of stem-like CTCs in ovarian
cancer is the most unambiguously associated with unfavorable clinical characteristics. At
the same time, the CTC counts before and during treatment do not differ significantly,
but the statistical relationships between the different populations do change. Probably,
stem-like CTCs have no clear affiliation with the epithelial or mesenchymal phenotype.
The search for new combinations of stem-like markers to identify circulating stem cells
in ovarian cancer may help to discover a new biologically justified prognostic marker to
stratify patients at primary diagnosis.

5. Conclusions

The identification of CD133+ALDH+ stem-like circulating tumor cells is more promis-
ing for studies on tumor biology and prognosis in ovarian cancer than the identification of
CTCs by epithelial and mesenchymal marker expression alone. The numbers of stem-like
CTCs are positively correlated with the mesenchymal CTC numbers before treatment;
however, the statistical relationships between the CTC counts change during the treatment
course despite the maintenance of the numerical values. Further studies are warranted to
assess the role of mesenchymal features in stem-like CTC dissemination and to clarify the
contribution of CD133+ALDH+ CTCs to OC progression.

Author Contributions: Conceptualization, A.A.R., T.V.A. and T.P.G.; data curation, T.V.A., I.I.A. and
S.O.G.; investigation, D.U.G.; formal analysis and writing—original draft, S.O.G.; resources, I.I.A.;
writing—review and editing, R.R.M., A.B.P., A.A.R. and T.P.G. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the RFBR grant No. 19-315-90011.

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of Ulyanovsk State University
(protocol №3 of 15 March 2018).

Informed Consent Statement: Informed consent was obtained from all individual participants
included in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This work is part of the Kazan Federal University Strategic Academic Leader-
ship Program.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Arnold, M.; Rutherford, M.J.; Bardot, A.; Ferlay, J.; Andersson, T.M.-L.; Myklebust, T.Å.; Tervonen, H.; Thursfield, V.; Ransom,

D.; Shack, L.; et al. Progress in Cancer Survival, Mortality, and Incidence in Seven High-Income Countries 1995–2014 (ICBP
SURVMARK-2): A Population-Based Study. Lancet Oncol. 2019, 20, 1493–1505. [CrossRef]

2. Schwarz, R.F.; Ng, C.K.Y.; Cooke, S.L.; Newman, S.; Temple, J.; Piskorz, A.M.; Gale, D.; Sayal, K.; Murtaza, M.; Baldwin, P.J.;
et al. Spatial and Temporal Heterogeneity in High-Grade Serous Ovarian Cancer: A Phylogenetic Analysis. PLoS Med. 2015,
12, e1001789. [CrossRef]

3. Lee, C.K.; Asher, R.; Friedlander, M.; Gebski, V.; Gonzalez-Martin, A.; Lortholary, A.; Lesoin, A.; Kurzeder, C.; Largillier, R.;
Hilpert, F.; et al. Development and Validation of a Prognostic Nomogram for Overall Survival in Patients with Platinum-Resistant
Ovarian Cancer Treated with Chemotherapy. Eur. J. Cancer 2019, 117, 99–106. [CrossRef]

4. van de Laar, R.; IntHout, J.; Van Gorp, T.; Verdonschot, S.; van Altena, A.M.; Gerestein, C.G.; Massuger, L.F.A.G.; Zusterzeel,
P.L.M.; Kruitwagen, R.F.P.M. External Validation of Three Prognostic Models for Overall Survival in Patients with Advanced-Stage
Epithelial Ovarian Cancer. Br. J. Cancer 2014, 110, 42–48. [CrossRef]

5. Cortés-Hernández, L.E.; Eslami-S, Z.; Alix-Panabières, C. Circulating Tumor Cell as the Functional Aspect of Liquid Biopsy to
Understand the Metastatic Cascade in Solid Cancer. Mol. Asp. Med. 2020, 72, 100816. [CrossRef] [PubMed]

6. Liu, T.; Ma, Q.; Zhang, Y.; Wang, X.; Xu, K.; Yan, K.; Dong, W.; Fan, Q.; Zhang, Y.; Qiu, X. Self-Seeding Circulating Tumor Cells
Promote the Proliferation and Metastasis of Human Osteosarcoma by Upregulating Interleukin-8. Cell Death Dis. 2019, 10, 575.
[CrossRef] [PubMed]

http://doi.org/10.1016/S1470-2045(19)30456-5
http://doi.org/10.1371/journal.pmed.1001789
http://doi.org/10.1016/j.ejca.2019.05.029
http://doi.org/10.1038/bjc.2013.717
http://doi.org/10.1016/j.mam.2019.07.008
http://www.ncbi.nlm.nih.gov/pubmed/31377345
http://doi.org/10.1038/s41419-019-1795-7
http://www.ncbi.nlm.nih.gov/pubmed/31366916


Life 2021, 11, 815 13 of 14

7. Pradeep, S.; Kim, S.W.; Wu, S.Y.; Nishimura, M.; Chaluvally-Raghavan, P.; Miyake, T.; Pecot, C.V.; Kim, S.-J.; Choi, H.J.; Bischoff,
F.Z.; et al. Hematogenous Metastasis of Ovarian Cancer: Rethinking Mode of Spread. Cancer Cell 2014, 26, 77–91. [CrossRef]

8. Tellez-Gabriel, M.; Heymann, M.-F.; Heymann, D. Circulating Tumor Cells as a Tool for Assessing Tumor Heterogeneity.
Theranostics 2019, 9, 4580–4594. [CrossRef]

9. Yang, C.; Zou, K.; Zheng, L.; Xiong, B. Prognostic and Clinicopathological Significance of Circulating Tumor Cells Detected by
RT-PCR in Non-Metastatic Colorectal Cancer: A Meta-Analysis and Systematic Review. BMC Cancer 2017, 17, 725. [CrossRef]

10. Lv, Q.; Gong, L.; Zhang, T.; Ye, J.; Chai, L.; Ni, C.; Mao, Y. Prognostic Value of Circulating Tumor Cells in Metastatic Breast Cancer:
A Systemic Review and Meta-Analysis. Clin. Transl. Oncol. 2016, 18, 322–330. [CrossRef] [PubMed]

11. Pearl, M.L.; Dong, H.; Tulley, S.; Zhao, Q.; Golightly, M.; Zucker, S.; Chen, W.-T. Treatment Monitoring of Patients with Epithelial
Ovarian Cancer Using Invasive Circulating Tumor Cells (ICTCs). Gynecol. Oncol. 2015, 137, 229–238. [CrossRef]

12. Loh, C.-Y.; Chai, J.; Tang, T.; Wong, W.; Sethi, G.; Shanmugam, M.; Chong, P.; Looi, C. The E-Cadherin and N-Cadherin Switch in
Epithelial-to-Mesenchymal Transition: Signaling, Therapeutic Implications, and Challenges. Cells 2019, 8, 1118. [CrossRef]

13. Teeuwssen, M.; Fodde, R. Wnt Signaling in Ovarian Cancer Stemness, EMT, and Therapy Resistance. J. Clin. Med. 2019, 8, 1658.
[CrossRef]

14. Chirshev, E.; Hojo, N.; Bertucci, A.; Sanderman, L.; Nguyen, A.; Wang, H.; Suzuki, T.; Brito, E.; Martinez, S.R.; Castañón, C.; et al.
Epithelial/Mesenchymal Heterogeneity of High-grade Serous Ovarian Carcinoma Samples Correlates with MiRNA Let-7 Levels
and Predicts Tumor Growth and Metastasis. Mol. Oncol. 2020, 14, 2796–2813. [CrossRef] [PubMed]

15. Tripathi, S.; Jolly, M.K.; Woodward, W.A.; Levine, H.; Deem, M.W. Analysis of Hierarchical Organization in Gene Expression
Networks Reveals Underlying Principles of Collective Tumor Cell Dissemination and Metastatic Aggressiveness of Inflammatory
Breast Cancer. Front. Oncol. 2018, 8, 244. [CrossRef] [PubMed]

16. Yang, W.; Kim, D.; Kim, D.K.; Choi, K.U.; Suh, D.S.; Kim, J.H. Therapeutic Strategies for Targeting Ovarian Cancer Stem Cells. Int.
J. Mol. Sci. 2021, 22, 5059. [CrossRef]

17. Lei, M.M.L.; Lee, T.K.W. Cancer Stem Cells: Emerging Key Players in Immune Evasion of Cancers. Front. Cell Dev. Biol. 2021,
9, 692940. [CrossRef]

18. Liao, M.; Wang, C.; Yang, B.; Huang, D.; Zheng, Y.; Wang, S.; Wang, X.; Zhang, J.; Tang, C.; Xu, Z.; et al. Autophagy Blockade
by Ai Du Qing Formula Promotes Chemosensitivity of Breast Cancer Stem Cells Via GRP78/β-Catenin/ABCG2 Axis. Front.
Pharmacol. 2021, 12, 659297. [CrossRef]

19. Quan, Q.; Wang, X.; Lu, C.; Ma, W.; Wang, Y.; Xia, G.; Wang, C.; Yang, G. Cancer Stem-like Cells with Hybrid Epithe-
lial/Mesenchymal Phenotype Leading the Collective Invasion. Cancer Sci. 2020, 111, 467–476. [CrossRef] [PubMed]

20. Blassl, C.; Kuhlmann, J.D.; Webers, A.; Wimberger, P.; Fehm, T.; Neubauer, H. Gene Expression Profiling of Single Circulating
Tumor Cells in Ovarian Cancer—Establishment of a Multi-Marker Gene Panel. Mol. Oncol. 2016, 10, 1030–1042. [CrossRef]
[PubMed]

21. Klemba, A.; Purzycka-Olewiecka, J.K.; Wcisło, G.; Czarnecka, A.M.; Lewicki, S.; Lesyng, B.; Szczylik, C.; Kieda, C. Surface
Markers of Cancer Stem-like Cells of Ovarian Cancer and Their Clinical Relevance. Współczesna Onkol. 2018, 2018, 48–55.
[CrossRef]

22. Heong, V.; Topp, M.; Ananda, S.; McNally, O.; Lindeman, G.J.; Haluska, P.; Wakefield, M.; Swisher, E.M.; Tan, D.S.; Ruby, H.; et al.
Targeting the C5 Subclass of High-Grade Serous Ovarian Cancer Using Patient-Derived Xenografts: Microtubule Polymerisation
Inhibitors. J. Clin. Oncol. 2015, 33, e22202. [CrossRef]

23. Matte, I.; Legault, C.M.; Garde-Granger, P.; Laplante, C.; Bessette, P.; Rancourt, C.; Piché, A. Mesothelial Cells Interact with Tumor
Cells for the Formation of Ovarian Cancer Multicellular Spheroids in Peritoneal Effusions. Clin. Exp. Metastasis 2016, 33, 839–852.
[CrossRef] [PubMed]

24. Friedlander, M.; Trimble, E.; Tinker, A.; Alberts, D.; Avall-Lundqvist, E.; Brady, M.; Harter, P.; Pignata, S.; Pujade- Lauraine, E.;
Sehouli, J.; et al. Clinical Trials in Recurrent Ovarian Cancer. Int. J. Gynecol. Cancer 2011, 21, 771–775. [CrossRef]

25. Oza, A.M.; Cook, A.D.; Pfisterer, J.; Embleton, A.; Ledermann, J.A.; Pujade-Lauraine, E.; Kristensen, G.; Carey, M.S.; Beale, P.;
Cervantes, A.; et al. Standard Chemotherapy with or without Bevacizumab for Women with Newly Diagnosed Ovarian Cancer
(ICON7): Overall Survival Results of a Phase 3 Randomised Trial. Lancet Oncol. 2015, 16, 928–936. [CrossRef]

26. Watanabe, T.; Okumura, T.; Hirano, K.; Yamaguchi, T.; Sekine, S.; Nagata, T.; Tsukada, K. Circulating Tumor Cells Expressing
Cancer Stem Cell Marker CD44 as a Diagnostic Biomarker in Patients with Gastric Cancer. Oncol. Lett. 2017, 13, 281–288.
[CrossRef]

27. Poveda, A.; Kaye, S.B.; McCormack, R.; Wang, S.; Parekh, T.; Ricci, D.; Lebedinsky, C.A.; Tercero, J.C.; Zintl, P.; Monk, B.J.
Circulating Tumor Cells Predict Progression Free Survival and Overall Survival in Patients with Relapsed/Recurrent Advanced
Ovarian Cancer. Gynecol. Oncol. 2011, 122, 567–572. [CrossRef] [PubMed]

28. Behbakht, K.; Sill, M.W.; Darcy, K.M.; Rubin, S.C.; Mannel, R.S.; Waggoner, S.; Schilder, R.J.; Cai, K.Q.; Godwin, A.K.; Alpaugh,
R.K. Phase II Trial of the MTOR Inhibitor, Temsirolimus and Evaluation of Circulating Tumor Cells and Tumor Biomarkers
in Persistent and Recurrent Epithelial Ovarian and Primary Peritoneal Malignancies: A Gynecologic Oncology Group Study.
Gynecol. Oncol. 2011, 123, 19–26. [CrossRef]

29. Banys-Paluchowski, M.; Fehm, T.; Neubauer, H.; Paluchowski, P.; Krawczyk, N.; Meier-Stiegen, F.; Wallach, C.; Kaczerowsky,
A.; Gebauer, G. Clinical Relevance of Circulating Tumor Cells in Ovarian, Fallopian Tube and Peritoneal Cancer. Arch. Gynecol.
Obstet. 2020, 301, 1027–1035. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ccr.2014.05.002
http://doi.org/10.7150/thno.34337
http://doi.org/10.1186/s12885-017-3704-8
http://doi.org/10.1007/s12094-015-1372-1
http://www.ncbi.nlm.nih.gov/pubmed/26260915
http://doi.org/10.1016/j.ygyno.2015.03.002
http://doi.org/10.3390/cells8101118
http://doi.org/10.3390/jcm8101658
http://doi.org/10.1002/1878-0261.12762
http://www.ncbi.nlm.nih.gov/pubmed/32652647
http://doi.org/10.3389/fonc.2018.00244
http://www.ncbi.nlm.nih.gov/pubmed/30023340
http://doi.org/10.3390/ijms22105059
http://doi.org/10.3389/fcell.2021.692940
http://doi.org/10.3389/fphar.2021.659297
http://doi.org/10.1111/cas.14285
http://www.ncbi.nlm.nih.gov/pubmed/31845453
http://doi.org/10.1016/j.molonc.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27157930
http://doi.org/10.5114/wo.2018.73885
http://doi.org/10.1200/jco.2015.33.15_suppl.e22202
http://doi.org/10.1007/s10585-016-9821-y
http://www.ncbi.nlm.nih.gov/pubmed/27612856
http://doi.org/10.1097/IGC.0b013e31821bb8aa
http://doi.org/10.1016/S1470-2045(15)00086-8
http://doi.org/10.3892/ol.2016.5432
http://doi.org/10.1016/j.ygyno.2011.05.028
http://www.ncbi.nlm.nih.gov/pubmed/21664658
http://doi.org/10.1016/j.ygyno.2011.06.022
http://doi.org/10.1007/s00404-020-05477-7
http://www.ncbi.nlm.nih.gov/pubmed/32144573


Life 2021, 11, 815 14 of 14

30. Obermayr, E.; Reiner, A.; Brandt, B.; Braicu, E.I.; Reinthaller, A.; Loverix, L.; Concin, N.; Woelber, L.; Mahner, S.; Sehouli, J.; et al.
The Long-Term Prognostic Significance of Circulating Tumor Cells in Ovarian Cancer—A Study of the OVCAD Consortium.
Cancers 2021, 13, 2613. [CrossRef]

31. Po, J.W.; Roohullah, A.; Lynch, D.; DeFazio, A.; Harrison, M.; Harnett, P.R.; Kennedy, C.; de Souza, P.; Becker, T.M. Improved
Ovarian Cancer EMT-CTC Isolation by Immunomagnetic Targeting of Epithelial EpCAM and Mesenchymal N-Cadherin. J. Circ.
Biomark. 2018, 7, 184945441878261. [CrossRef]

32. Gao, Y.; Fan, W.-H.; Song, Z.; Lou, H.; Kang, X. Comparison of Circulating Tumor Cell (CTC) Detection Rates with Epithelial Cell
Adhesion Molecule (EpCAM) and Cell Surface Vimentin (CSV) Antibodies in Different Solid Tumors: A Retrospective Study.
PeerJ 2021, 9, e10777. [CrossRef]

33. Hatina, J.; Boesch, M.; Sopper, S.; Kripnerova, M.; Wolf, D.; Reimer, D.; Marth, C.; Zeimet, A.G. Ovarian Cancer Stem Cell
Heterogeneity. In Stem Cells Heterogeneity in Cancer; Birbrair, A., Ed.; Advances in Experimental Medicine and Biology; Springer
International Publishing: Cham, Switzerland, 2019; Volume 1139, pp. 201–221.

34. Alvero, A.B.; Chen, R.; Fu, H.-H.; Montagna, M.; Schwartz, P.E.; Rutherford, T.; Silasi, D.-A.; Steffensen, K.D.; Waldstrom,
M.; Visintin, I.; et al. Molecular Phenotyping of Human Ovarian Cancer Stem Cells Unravels the Mechanisms for Repair and
Chemoresistance. Cell Cycle 2009, 8, 158–166. [CrossRef]

35. Zhu, Y.; Zhang, H.; Zhang, G.; Shi, Y.; Huang, J. Co-Expression of CD44/MyD88 Is a Poor Prognostic Factor in Advanced
Epithelial Ovarian Cancer. Ann. Transl. Med. 2019, 7, 91. [CrossRef]

36. Loreth, D.; Schuette, M.; Zinke, J.; Mohme, M.; Piffko, A.; Schneegans, S.; Stadler, J.; Janning, M.; Loges, S.; Joosse, S.A.; et al. CD74
and CD44 Expression on CTCs in Cancer Patients with Brain Metastasis. Int. J. Mol. Sci. 2021, 22, 6993. [CrossRef] [PubMed]

37. Roy, L.; Bobbs, A.; Sattler, R.; Kurkewich, J.L.; Dausinas, P.B.; Nallathamby, P.; Cowden Dahl, K.D. CD133 Promotes Adhesion to
the Ovarian Cancer Metastatic Niche. Cancer Growth Metastasis 2018, 11, 1179064418767882. [CrossRef]

38. Zhang, J.; Guo, X.; Chang, D.Y.; Rosen, D.G.; Mercado-Uribe, I.; Liu, J. CD133 Expression Associated with Poor Prognosis in
Ovarian Cancer. Mod. Pathol. 2012, 25, 456–464. [CrossRef]

39. Ferrandina, G.; Bonanno, G.; Pierelli, L.; Perillo, A.; Procoli, A.; Mariotti, A.; Corallo, M.; Martinelli, E.; Rutella, S.; Paglia, A.; et al.
Expression of CD133-1 and CD133-2 in Ovarian Cancer. Int. J. Gynecol. Cancer 2008, 18, 506–514. [CrossRef] [PubMed]

40. Kryczek, I.; Liu, S.; Roh, M.; Vatan, L.; Szeliga, W.; Wei, S.; Banerjee, M.; Mao, Y.; Kotarski, J.; Wicha, M.S.; et al. Expression of
Aldehyde Dehydrogenase and CD133 Defines Ovarian Cancer Stem Cells. Int. J. Cancer 2012, 130, 29–39. [CrossRef]

41. Ruscito, I.; Darb-Esfahani, S.; Kulbe, H.; Bellati, F.; Zizzari, I.G.; Rahimi Koshkaki, H.; Napoletano, C.; Caserta, D.; Rughetti, A.;
Kessler, M.; et al. The Prognostic Impact of Cancer Stem-like Cell Biomarker Aldehyde Dehydrogenase-1 (ALDH1) in Ovarian
Cancer: A Meta-Analysis. Gynecol. Oncol. 2018, 150, 151–157. [CrossRef] [PubMed]

42. Chefetz, I.; Grimley, E.; Yang, K.; Hong, L.; Vinogradova, E.V.; Suciu, R.; Kovalenko, I.; Karnak, D.; Morgan, C.A.; Chtcherbinine,
M.; et al. A Pan-ALDH1A Inhibitor Induces Necroptosis in Ovarian Cancer Stem-like Cells. Cell Rep. 2019, 26, 3061–3075.
[CrossRef]

43. Silva, I.A.; Bai, S.; McLean, K.; Yang, K.; Griffith, K.; Thomas, D.; Ginestier, C.; Johnston, C.; Kueck, A.; Reynolds, R.K.; et al.
Aldehyde Dehydrogenase in Combination with CD133 Defines Angiogenic Ovarian Cancer Stem Cells That Portend Poor Patient
Survival. Cancer Res. 2011, 71, 3991–4001. [CrossRef]

44. Meng, E.; Mitra, A.; Tripathi, K.; Finan, M.A.; Scalici, J.; McClellan, S.; da Silva, L.M.; Reed, E.; Shevde, L.A.; Palle, K.; et al.
ALDH1A1 Maintains Ovarian Cancer Stem Cell-Like Properties by Altered Regulation of Cell Cycle Checkpoint and DNA Repair
Network Signaling. PLoS ONE 2014, 9, e107142. [CrossRef] [PubMed]

45. Singh, S.; Brocker, C.; Koppaka, V.; Chen, Y.; Jackson, B.C.; Matsumoto, A.; Thompson, D.C.; Vasiliou, V. Aldehyde Dehydroge-
nases in Cellular Responses to Oxidative/Electrophilicstress. Free Radic. Biol. Med. 2013, 56, 89–101. [CrossRef]

46. Casagrande, N.; Borghese, C.; Agostini, F.; Durante, C.; Mazzucato, M.; Colombatti, A.; Aldinucci, D. In Ovarian Cancer
Multicellular Spheroids, Platelet Releasate Promotes Growth, Expansion of ALDH+ and CD133+ Cancer Stem Cells, and
Protection against the Cytotoxic Effects of Cisplatin, Carboplatin and Paclitaxel. Int. J. Mol. Sci. 2021, 22, 3019. [CrossRef]

http://doi.org/10.3390/cancers13112613
http://doi.org/10.1177/1849454418782617
http://doi.org/10.7717/peerj.10777
http://doi.org/10.4161/cc.8.1.7533
http://doi.org/10.21037/atm.2019.01.28
http://doi.org/10.3390/ijms22136993
http://www.ncbi.nlm.nih.gov/pubmed/34209696
http://doi.org/10.1177/1179064418767882
http://doi.org/10.1038/modpathol.2011.170
http://doi.org/10.1111/j.1525-1438.2007.01056.x
http://www.ncbi.nlm.nih.gov/pubmed/17868344
http://doi.org/10.1002/ijc.25967
http://doi.org/10.1016/j.ygyno.2018.05.006
http://www.ncbi.nlm.nih.gov/pubmed/29753392
http://doi.org/10.1016/j.celrep.2019.02.032
http://doi.org/10.1158/0008-5472.CAN-10-3175
http://doi.org/10.1371/journal.pone.0107142
http://www.ncbi.nlm.nih.gov/pubmed/25216266
http://doi.org/10.1016/j.freeradbiomed.2012.11.010
http://doi.org/10.3390/ijms22063019

	Introduction 
	Materials and Methods 
	The Study Cohort 
	Enumeration of Circulating Tumor Cells 
	Statistical Processing 

	Results 
	Discussion 
	Conclusions 
	References

