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Abstract

Introduction: Cancer stem cells (CSCs) are a theorized subset of cells within the tumor that is thought to drive disease recurrence and
metastatic spread. The aim of this study is to investigate mRNA and protein levels of ganglioside GD2 synthase (GD2S), in breast cancer

(BC) patients.

Methods: 65 PBMCs of preoperative BC patients without chemotherapy were compared to PBMCs after chemotherapy and controls.
Results: GD2S were significantly higher in BC patients after chemotherapy compared to pre-chemotherapy at both mRNA and protein.
GD2S was higher in pre-chemotherapy blood samples compared to control samples.

Conclusions: Higher expression of GD2S in BC samples compared to healthy control indicates the potential utility of GD2S as a marker of

malignancy.
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Highlights:

+ GD2 Synthase (GD2S) is higher after chemotherapy (CHT) comparing pre- chemotherapy.
+ Elevated GD2S after CHT is consistent with chemotherapy failure in CSC eradication.
+ GD2S detection using qRT-PCR and ELISA may be used as a non-invasive method.

Introduction

Breast cancer (BC) is the most common malignancy and the
fifth cause of death for cancer in women worldwide (Azubuike
et al., 2018). It is estimated that there will be 284,200 new
cases and 44,130 deaths from BC in the United States in 2021
(Siegel et al., 2021). The clinically-available regimens for the
treatment of BC include first, second, and third generation
non-specific cytotoxic agents, endocrine therapies, and specif-
ic biological agents (Anampa et al., 2015). Despite the arsenal
of therapeutics available for the treatment of BC, the progno-
sis for many BC patients remains bleak due to the high rate of
cancer recurrence and the emergence of multiple drug resist-
ance (MDR) after initial chemotherapy treatments (Taylor and
Jabbarzadeh, 2017).

The purported existence of cancer stem cells (CSCs) poten-
tially explains the many shortcomings of current cancer treat-
ment modalities. The CSC hypothesis suggests that a small
subset of quiescent tumor-initiating cells is at the apex of a
tumor cell hierarchy which gives rise to the entire tumor cell
population. CSCs are characterized by slow cell cycling, the ex-
pression of specific stem cell surface markers, and the capabili-
ty to maintain tumors in vivo (Dzobo et al., 2016). CSCs display
multiple unique features that facilitate tumor formation and
metastatic spread (Chen et al., 2013).

Quiescent slow-growing CSCs are thought to be more in-
vasive than their proliferating CSC counterparts which are
believed to contribute to bulk tumor formation (Chen et
al., 2016; De Francesco et al., 2018). By virtue of their slow
growth, quiescent CSCs circumvent the actions of standard
chemotherapies therein presenting a path to tumor recurrence
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(Mathews, 2013; Owens and Naylor, 2013; Visvader and Lin-
deman, 2012). Consequently, careful consideration for the
existence of CSCs and their possible roles in cancer etiology
and progression needs to be taken. If CSCs fulfil a role in this
regard, CSCs would present an attractive target for novel ther-
apies and their detection could be used a diagnostic method.

Increasing evidence suggests that a small subset of circu-
lating tumor cells (CTCs) also bears resemblance to CSCs based
on their ability to give rise to tumors and thus could be con-
sidered blood-born functional CSCs or circulating cancer stem
cells (CCSCs), which are potential therapeutic targets for pre-
venting disease progression (Agnoletto et al., 2019; Katoh et
al., 2015; Yang et al., 2015).

Evaluation of CCSCs and their biomarkers in the peripheral
blood of tumor patients may be of greater clinical importance
in such things as disease monitoring compared to local assess-
ment (Mirzaei etal., 2016). Liquid biopsies, the analyses of bio-
markers in a non-solid biological tissues such as blood, hold
significant advantages over traditional biopsies. The detection
of CTCs in blood is one of the most widely-used applications
of liquid biopsies. Research into CTCs may play a key role in
improving our understanding of the metastatic process, tumor
dynamics during treatment, and disease progression (Grolz et
al., 2018; Marrugo-Ramirez et al., 2018; Pawlikowska et al.,
2019; Saarenheimo et al., 2019).

Putative biomarkers for identifying and tracking CCSCs
have been proposed in different cancers including BC such as
CD24, CD44, CD133, CXCR4, ALDH1, ABCG2, and c-Met (Ak-
tas et al., 2009; Baba et al., 2009; Balic et al., 2006; Hermann
et al., 2007; Ho et al., 2007; Inoue et al., 2010; Kasimir-Bauer
etal., 2012; Li et al,, 2011; Nian et al., 2011; Pang et al., 2010;
Seigel et al., 2005; Singh et al., 2004; Sun and Wang, 2011;
Tirino et al., 2011, 2013; Todaro et al., 2014; Wang et al., 2009;
Zhang et al., 2012). Nevertheless, more thorough and expan-
sive research is warranted to identify the most effective mark-
ers for the isolation of viable CCSCs (Yang et al., 2015).

Ganglioside GD2 is a sialic acid-containing glycosphingo-
lipid that has important clinical and pathological implications.
It plays a crucial role both in physiological and pathological
processes and can drive proliferation, neoangiogenesis, im-
mune-escape and invasion (Fleurence et al., 2017). Gangli-
oside GD2 is a marker for BC stem cells (BCSCs), promotes
tumorigenesis, and represents a new CSC-specific cell surface
marker (Battula et al., 2012). It has been demonstrated that
complex gangliosides, including GD2, play a key role in tumor
growth and metastasis, by mediating cell proliferation, migra-
tion, adhesion and angiogenesis (Cazet et al., 2012).

GD2 and GD3, together with their common upstream gly-
cosyltransferases, GD3 synthase (GD3S) and GD2 synthase
(GD2S), maintain a stem cell phenotype in breast CSCs (Liang
et al., 2013). It has been shown that small interfering RNAs
against GD2S efficiently reduces c-Met phosphorylation and
reverses the proliferative phenotype (Cazet et al., 2012; Liang
etal.,, 2017). The reduction of GD2 expression by GD2S knock-
down reduced mammosphere formation and cell motility,
completely abrogated tumor formation in vivo, and reverted
the CSC phenotype into a non-CSC phenotype (Lefebvre and
Delannoy, 2019).

The basic steps of metastasis include local invasion, intra-
vasation, survival in blood or lymph circulation, extravasation,
and colonization (Massague et al., 2017). As CSCs are candi-
date mediators of metastasis, tracing CSCs in the blood of can-
cer patients would be highly informative (Mirzaei et al., 2015).
To this point, we hypothesized that GD2S in blood circulation
might reflect the presence of CCSCs in BC and we therefore set

out to determine if levels of GD2S in peripheral blood of BC
patients are elevated compared to non-cancer patients. Doing
so would provide support for GD2S as a CSC marker.

This work aims to assess whether GD2S is detectable in
blood samples of BC patients. Furthermore, as current mark-
ers for BCSCs are non-specific this work endeavours to identify
GD2S as a specific marker for BCSCs for potential applications
in monitoring early metastasis in BC patients. To our knowl-
edge, this is the largest study examining GD2S in human blood
samples.

Materials and methods

Patients characteristics and samples

Based on previous studies and using statistical formulas, a to-
tal of 65 BC patients who had undergone diagnostic surgery
were included in this study. The patients were referred to the
Imam Khomeini Hospital in Urmia, Iran, in the time period
2015-2016. These patients comprised various subtypes of
BC, including invasive ductal carcinoma, invasive lobular car-
cinoma, comedo type, micro papillary, metaplastic carcino-
ma, fibromatosis like carcinoma, and ductal carcinoma in situ
(Fitzgibbons and Connolly, 2019). Fresh blood was collected
from BC patients before and ~6 months following BC chemo-
therapy. Sixty-five control blood samples were also collected
from healthy individuals without a history of cancer who were
referred to the same hospital for reasons other than cancer.
BC patients were followed after resection of tumors and their
medical archival records were retrieved to obtain clinico-
pathological parameters, including age, tumor type, histolog-
ic grade, tumor stage, lymphatic invasion, vascular invasion,
and tumor size. Tumors were staged and graded according to
TNM classification protocol (Gregoire et al., 2014). The main
chemotherapy regimen consisted of intravenous infusion of
CAF (Cyclophosphamide, Adriamycin and Fluorouracil). If two
blood samples (pre and after chemotherapy) could not been
collected, that sample was excluded from the study. For each
sample to be included all the samples must be achieved and the
patients should not undergo any treatment for breast cancer
before diagnostic surgery.

Each patient was assigned an ID number to maintain an-
onymity and investigator was blinded to the group allocation.
This study was approved by the Research Ethics Commit-
tee of Iran University of Medical Sciences (Ref No: IR.IUMS.
rec.1394.26452). Informed consent was obtained from all in-
dividual participants included in the study.

RNA isolation, cDNA synthesis, and quantitative real-
time PCR (qRT-PCR) analysis of fresh blood samples
GD2S mRNA expression level was assessed using qRT-PCR to
compare GD2S expression before and after chemotherapy and
also to control samples. Peripheral blood mononuclear cells
(PBMCs) were also isolated from blood and stored in freezing
medium (Roche, USA) at -80 °C and subsequently extracted
for RNA. Total RNA was extracted from PBMC using RNX-plus
solution, chloroform, isopropanol, and ethanol (all from Afra-
gen biotech, Iran) according to the manufacturer’s standard
procedures. Complementary DNA (cDNA) was synthesized
from 2 pg total RNA using First Strand cDNA Synthesis Kit
(Yekta tajhiz Azma, Iran). qRT-PCR was performed using iQ5
real-time PCR detection system (Bio-Rad, USA) using the fol-
lowing cycling parameters: 1 cycle at 95 °C for 3 min, then
40 cycles at 95 °C for 40 s and 60 °C for 40 s. Each assay was
done in triplicate and positive and negative controls were in-
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cluded in each run. Comparative gene expression analysis was
performed using the AACt method with normalization to
the reference gene GAPDH (Laurent et al.,, 2010; Mahata et
al., 2015; Yeh et al., 2016). GAPDH F: CATGAGAAGTATGA-
CAACAGCCT and R: AGTCCTTCCACGATACCAAAGT. GD2S
F: GACAAGCCAGAGCGCGTTA and R: TACTTGAGACACGGC-
CAGGTT (Ahmed, 2014; Cheung and Cheung 2001; Martinez
et al., 2007).

Enzyme-linked immunosorbent assay (ELISA) of fresh
blood samples

Sandwich ELISA was performed to detect GD2S protein with-
in mononuclear cells of BC patients and for confirmation of
the results of qRT-PCR. Highly specific quantitative human
B4GALNT1 sandwich ELISA kit (MBS109442, USA) was ap-
plied to measure the expression of GD2S in fresh blood sam-
ples according to the manufacturer’s instructions. 50 pl stand-
ard solution was added to each standard well, 50 pl sample to
each sample well, and 50 pl sample diluent to each blank/con-
trol well. 100 pl of HRP-conjugate reagent was added to each
well and incubated for 60 min at 37 °C. The plate was washed
4 times. 50 pl chromogen solution A, and chromogen solution
B were added to each well. Then, it was protected from light and
incubated for 15 min at 37 °C. 50 pl stop solution was added
to each well. The absorbance was determined at 595 nm using
an absorbance microplate reader within 15 min after adding
the stop solution. GD2S concentrations were calculated based
on a standard curve. Data were represented as mean ng/ml of
GD2S + SD of three experiments.

Statistical analysis

Data were analyzed using the statistical software SPSS (ver-
sion 20.0; IBM Corp, USA). All experiments were performed
in triplicate. Normality test was done to check the normal
distribution of data. Mean level of GD2S expression in fresh
blood samples and control blood samples was compared us-
ing Kruskal-Wallis and Mann-Whitney U test. Pearson’s y?
was used to assess the association between gene and protein
expression levels of GD2S and clinicopathological parameters
of BC patients. A p-value of <0.05 was considered statistically
significant.

Results

Expression of GD2S before chemotherapy compared to
healthy control

Blood samples from BC patients, pre-chemotherapy and be-
fore diagnostic surgery were collected. mRNA and protein
levels were assessed using qRT-PCR and ELISA and compared
to levels in non-cancer patients. The results showed that the
GD2S mRNA levels in pre-chemotherapy BC patients was
2.22-fold higher than in control blood samples (P < 0.001).
Similarly, ELISA showed a significant increase in circulating
GD2S protein in pre-chemotherapy BC patients compared to
control blood samples (3.58-fold, P = 0.002) (Fig. 1).

Expression of GD2S after chemotherapy compared to
pre-chemotherapy

Next, we assessed the effect of BC chemotherapy on the mRNA
and protein levels of GD2S. Post-chemotherapy blood samples
showed a significant increase (4.19-fold, P < 0.001) in GD2S
mRNA expression compared to pre-chemotherapy blood sam-
ples. Likewise, circulating levels of GD2S protein were elevated
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Fig. 1. GD2 synthase (GD2S) expression in pre-chemotherapy
blood samples of BC (BC) patients and control blood samples.

(A) Expression levels of GD2S mRNA in pre-chemotherapy blood
samples was significantly higher than control blood samples
(2.2-fold). (B) GD2S protein levels were significantly higher in pre-
chemotherapy blood samples than control blood samples (3.58-fold).
Data are represented as mean + SD (n = 3 each).

in BC patients after chemotherapy compared to pre- chemo-
therapy as shown by ELISA (2.5-fold, P < 0.0001) (Fig. 2).

The association of GD2S expression with
clinicopathological characteristics of BC patients

As described above, qRT-PCR was performed in order to ascer-
tain the levels of GD2S mRNA in patients. Associations were
then made between GD2S mRNA levels and clinicopatholog-
ical parameters. In pre-chemotherapy BC patients, expres-
sion of GD2S was significantly higher in blood from those
with higher stages of disease (P = 0.04). We also observed
higher expression of GD2S in BC patients whose tumors in-
vade to lymph nodes (P = 0.02). Similarly, in BC patients who
have undergone chemotherapy, higher expression of GD2S
was observed in cases of higher stage disease (stage III & IV)
(P = 0.03) (Table 1). The normality test was carried out using
Shapiro-Wilk’s Test on raw data. The results of normality test
showed that the data are normally distributed; therefore, the
mean of data was used as the cut-off value, and the data were
classified into two groups: low expression as group 1 and high
expression as group 2.
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Fig. 2. GD2 synthase (GD2S) expression in blood samples before and after BC (BC) chemotherapy. (A) Expression levels of GD2S mRNA was
significantly higher after chemotherapy compared to pre-chemotherapy (4.19-fold). (B) GD2S protein levels were significantly higher in post-
chemotherapy blood samples than in pre-chemotherapy blood samples (2.5-fold). Data is represented as mean + SD (n = 3 each).

Table 1. The association between mRNA expression of GD2 synthase (GD2S) and clinicopathological parameters in blood samples in patients
with BC (BC) (P-value; Pearson’s XZ test)

GD2 synthase expression
Clinicopathological Total Pre-chemotherapy After chemotherapy
ota.
parameters number (%) Low High P-value Low High P-value
expression expression expression expression

Age (years)
< Mean age 36 (55.4) 13 (36.1) 23 (63.9) 0.12 12 (33.3) 24 (66.7) 0.51
> Mean age 29 (44.6) 18 (62.1) 11 (37.9) 12 (41.4) 17 (58.6)

Tumor types
Invasive ductal carcinoma 33 (50.8) 16 (48.5) 17 (51.5) 10 (30.3) 23 (69.7)
Ductal carcinoma in situ 9(13.8) 6 (66.7) 3(33.3) 4 (44.4) 5(55.6)
Comedo-type 7(10.8) 3(42.9) 4(57.1) 0.7 3(42.9) 4(57.1) 04
Metaplastic 6(9.2) 4(66.7) 2 (33.3) ' 3 (50.0) 3(50.0) ’
Invasive lobular carcinoma 6(9.2) 3(50.0) 3(50.0) 2(33.3) 4 (66.7)
Fibromatosis-like 3(4.6) 1(33.3) 2 (66.7) 2 (66.7) 1(33.3)
Micro papillary 1(1.5) 0(0.0) 1 (100.0) 0(0.0) 1(100.0)

Histological grade
1 24 (36.9) 13 (54.2) 11 (45.8) 0.62 9(37.5) 15 (62.5) 0.85
2 25 (38.5) 13 (52.0) 12 (48.0) : 12 (48.0) 13 (52.0) :
3 16 (24.6) 5(31.2) 11 (68.8) 3(18.8) 13 (81.2)

Tumor stage
I 14 (21.5) 13 (92.9) 1(7.1) 0.04 10 (71.4) 4(28.6) 0.03
1I 11 (16.9) 6 (54.5) 5(45.5) : 4(36.4) 7 (63.6) :
I & IV 40 (61.5) 12 (30.0) 28 (70.0) 10 (25.0) 30 (75.0)

Lymphatic invasion
Yes 36 (55.4) 11 (30.6) 25 (69.4) 0.02 13 (54.2) 23 (56.1) 0.54
No 29 (44.6) 20 (69.0) 9(31.0) 11 (45.8) 18 (43.9)

Vascular invasion
Yes 20 (30.8) 9 (27.3) 11 (34.4) 0.17 7(29.2) 13 (31.7) 0.21
No 45 (69.2) 24 (72.7) 21 (65.6) 17 (7.8) 28 (68.3)

Tumor size (cm)
< Mean size 41 (63.1) 17 (60.7) 24 (39.3) 0.46 27 (65.9) 14 (34.1) 0.36
> Mean size 24 (36.9) 11 (64.9) 13(35.1) 14 (58.3) 10 (41.7)

P-value of <0.05 was considered statistically significant.
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Circulating GD2S protein in pre-chemotherapy BC pa-
tients was associated with increased mean age of patients
(P = 0.002), more advanced stages of the disease (P = 0.003)
and invasion to the lymph node (P = 0.001), similarly, the
higher expression of GD2S was associated with higher tumor
stages (P = 0.03) in blood samples after BC therapies (Table 2).

GD2S mRNA and protein levels were correlated with high-
er stages of the disease and lymphatic invasion in pre-chemo-
therapy blood samples and with higher stages of the disease in
after chemotherapy blood samples of BC patients.

Discussion

The incidence of BC is increasing worldwide (da Silva, 2017)
but the available markers are not sensitive or specific enough
to detect at early disease (Prabavathy et al., 2018). The CSC
theory potentially explains the ineffectiveness of conventional
cancer therapy (Sphyris et al., 2015). Several markers includ-
ing CD24-/low/CD44+ (Liang et al., 2013), ALDH1, CD133,
SOX2, CK5, alpha-6 integrin/CD49f, beta-1 integrin/CD29, or
lack of ER (Cazet et al., 2012) have been identified for BCSC
detection. While many BCSC markers have been put forward,
the minimal set of bona fide BCSC markers remains to be elu-

cidated (Chen et al., 2013; Dehghan Esmatabadi et al., 2018;
Fleurence et al., 2017; Prabavathy et al., 2018). Recently, gan-
glioside GD2 was identified as a new CSC-specific cell surface
marker in breast cancer. GD2 identifies CSCs which are capa-
ble of initiating tumors with as few as 10 GD2+ cells (Battula
et al., 2012). GD2 has certain advantages compared to other
tumor-associated gangliosides since this glycolipid is highly
expressed in tumor cells which is not expressed at all or ex-
pressed at a very low level in normal cells (Doronin et al., 2014;
Nazha et al., 2020) . In normal non-malignant tissues, GD2
expression is mostly restricted to neurons, skin melanocytes,
and peripheral nerves (Ahmed and Cheung, 2014; Cavdarli et
al., 2020; Sait and Modak, 2017), therefore, it is less likely that
GD2 in the PBMC may be related to other hematopoietic cell
types including, T cells, B cells, NK cells, macrophages, mono-
cytes, and other myeloid cells.

The high expression of GM2/GD2 synthase leads to the ac-
cumulation of GD2 in neuroblastoma cells (Kwon et al., 2017).
GD2 levels are dramatically higher in BCSCs than in non-CSCs;
knockdown of GD2S significantly reduces GD2 expression,
causing a phenotype change from CSC to a non-CSC (Liang
et al., 2013; Sait and Modak, 2017). In normal breast tissues,
complex gangliosides are absent or expressed at very low lev-
el and silencing of the GM2/GD2 synthase efficiently reduces

Table 2. The association between protein expression of GD2 synthase (GD2S) and clinicopathological parameters in blood samples in

patients with BC (BC) (P-value; Pearson’s )(2 test)

GD2 synthase expression

Pre-chemotherapy

After chemotherapy

Clinicopathological Total blood samples blood samples
parameters P-value P-value
number (%) Low High Low High
expression expression expression expression

Age (years)
< Mean age 36 (55.4) 26 (72.2) 10 (27.8) 0.002 18 (50.0) 18 (50.0) 0.28
> Mean age 29 (44.6) 11 (37.9) 18 (62.1) 15 (51.7) 14 (48.3)

Tumor types
Invasive ductal carcinoma 33 (50.8) 23 (69.7) 10 (30.3) 14 (42.4) 19 (57.6)
Ductal carcinoma in situ 9(13.8) 7(77.8) 2(22.2) 7(77.8) 2(22.2)
Comedo-type 7 (10.8) 2 (28.6) 5(71.4) 08 5(71.4) 2(28.6) 0.8
Metaplastic 6(9.2) 6 (100.0) 0(0.0) ' 2 (33.3) 4(66.7) ’
Invasive lobular carcinoma 6(9.2) 6 (100.0) 0(0.0) 3(50.0) 3(50.0)
Fibromatosis-like 3(4.6) 1(33.3) 2 (66.7) 0(0.0) 3(100.0)
Micro papillary 1(1.5) 0(0.0) 1(100.0) 1(100.0) 0(0.0)

Histological grade
1 24 (36.9) 15 (62.5) 9 (37.5) 011 13 (54.2) 11 (45.8) 0.20
2 25 (38.5) 15 (60.0) 10 (40.0) : 10 (40.0) 15 (60.0) :
3 16 (24.6) 8 (50.0) 8(50.0) 10 (62.5) 6 (37.5)

Tumor stage
I 14 (21.5) 13 (92.9) 1(7.1) 0.003 9 (64.3) 5(35.7) 0.03
I 11 (16.9) 8(72.7) 3(27.3) 9 (81.8) 2(18.2)
I &IV 40 (61.5) 17 (42.5) 23 (57.5) 16 (40.0) 24 (60.0)

Lymphatic invasion
Yes 36 (55.4) 11 (30.6) 25 (69.4) 0.001 17 (47.2) 19 (52.8) 0.11
No 29 (44.6) 21 (72.4) 8(27.6) 16 (55.2) 13 (44.8)

Vascular invasion
Yes 20 (30.8) 10 (32.3) 10 (29.4) 0.80 8(40.0) 12 (60.0) 0.22
No 45 (69.2) 21 (67.7) 24 (70.6) 25 (55.6) 20 (44.4)

Tumor size (cm)
< Mean size 41 (63.1) 23 (56.1) 18 (43.9) 0.68 21 (51.2) 20 (48.8) 0.11
> Mean size 24 (36.9) 9 (37.5) 15 (62.5) 12 (50.0) 12 (50.0)

P-value of <0.05 was considered statistically significant.
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the expression of GD2 (Cheung et al., 2003). GD2 synthesis is
dependent on the key enzyme GD2S (Furukawa et al., 2002;
Yoshida et al., 2020) and GD2S transcript is found to corre-
late with both progression-free survival and overall survival.
Further to this, GD2S predicts adjuvant treatment efficacy in
neuroblastoma and holds prognostic potential (Chow et al.,
2012). Our goal was to confirm GD2S as a marker for assessing
the response of BC patients to conventional therapies as well
as to provide a CSC marker for diagnostic and monitoring pur-
poses. To this end, we determined GD2S levels in the largest
cohort of human BC fresh blood samples to date and corre-
late circulating GD2S levels to clinicopathologic characteris-
tics in BC patients. By comparison, the majority of previous
studies on GD2S and ganglioside GD2 focused on BC cell lines
(Cheung et al., 2003; Liang et al., 2013). One similar study on
patients’ samples studied 12 BC tissue samples (Sphyris et al.,
2015). To our knowledge no other study has evaluated the as-
sociation of ganglioside GD2 or GD2S with clinicopathologic
characteristics in patients.

Molecular detection of GD2 synthase transcript may have
potential value in detecting rare tumor cells (Lo Piccolo et al.,
2001). Our findings indicate that GD2S mRNA level is higher
in blood samples of BC patients compared to healthy control.
Furthermore, our data show higher levels of GD2S mRNA
in the blood of BC patients after chemotherapy compared to
before chemotherapy. The higher expression of GD2S after
chemotherapy could be explained by an enrichment of CSCs
following chemotherapy due to inherent resistance of CSCs to
chemotherapy. If this were true, chemotherapy, while shrink-
ing bulk tumor size, would give rise to an outgrowth of the
rare subpopulation of CSC in both tumor tissue and blood cir-
culation of BC patients (Lichtinghagen et al., 2002; Pawlik and
Keyomarsi, 2004; Sarro et al., 2010). In our case, the increase
CSCs may have manifested in higher observed levels of GD2S.
CSC enrichment has been described in several tumor types in-
cluding lung cancer (Hamilton and Olszewski, 2013), ovarian
cancer (Abubaker et al., 2013) and colorectal cancer (Dylla et
al., 2008). Our results are in line with previous studies show-
ing that conventional therapies affect only rapidly dividing
bulk tumor cells while failing to eliminate CSCs due to their
drug resistance (Abubaker et al., 2013; Hamilton and Olsze-
wski, 2013; Pawlik and Keyomarsi, 2004).

It is worth noting that CSCs may play important roles in
metastatic spread via the circulatory and lymphatic system.
Consistent with this notion, our study confirmed that the lev-
els of GD2S were elevated in cases with lymph node involve-
ment. By the same virtue, CSCs are associated with more ad-
vanced stages of cancer. As we would expect, high GD2S was
also associated with more advanced stages of BC.

Since the mRNA level of a gene does not necessarily pre-
dict its protein level (Lichtinghagen et al., 2002; Sarro et al,,
2010; Shebl et al., 2010; Taquet et al., 2009), the protein level
of GD2S was assessed along with its mRNA.

As the study design was a retrospective design and data
collection could not be applicable for our study in this step, in
the current study, ER/PR/Her2 information was available only
for 10 out of 65 samples.

Meanwhile, possible sources may exist for GD2 synthase
expression, but the higher level of GD2 expression in breast
cancer patients compared to normal cases may represent the
tumoral source of GD2 that entered the blood circulation as
a matter of cancer progression. Given that GD2 is associated
with BCSCs we make the assertion that GD2S is associated
with BCSCs. In our previous study by immunohistochemistry,

we showed that higher GD2 expression was mainly found in the
patients with advanced histological grade, presence of lymph
node invasion, the larger size of tumors, and more aggressive
tumors behaviour. Furthermore, in combination with other
potential breast CSC markers, including CD44 and CD24, we
found that GD2-high/CD44-high/CD24- cells were frequently
observed in breast cancer samples with positive lymph node
involvement and larger size (Mansoori et al., 2019). While
GD2 was significantly expressed in breast tumors, a very low
expression level of GD2 was confirmed in normal cells. The
cells responsible for GD2 expression could possess the tumor-
al origin of more aggressive states, which possibly may pass to
blood circulation for initiating more advanced stages; there-
fore, it is supposed that CTCs can be the most appropriate cells
in PBMC as the origin of GD2.

In a similar study in colorectal cancer (CRC), circulating
tumor cells also showed higher mRNA and protein expression
of specific CSC markers, DCLK1 and Lgr5, in tumoral tissues
compared to normal adjacent margins, indicating the higher
expression level in patients with higher grade and stages of dis-
ease and patients who underwent neoadjuvant chemo radio-
therapy. The local expression pattern of DCLK1 and Lgr5 was
also in accordance with their expression level in circulation.
Considering the over-expression of CSC markers in circulating
blood of CRC patients compared to controls, the findings em-
phasize the presence of CSCs in the blood of these patients,
which might be attributed to their clinical and pathological
characteristics and may lead to applying in future clinical im-
plications (Mirzaei et al., 2015, 2016).

Indeed, to define the source of CSC markers in blood cir-
culation, cell sorting using multiple CSC markers is the most
probable method. However, CSCs constitute a small fraction of
tumor cells. A very few CSCs enter the blood circulation to com-
plete metastasis cascade, and we only take 10 ml of blood as a
representative sample. As a result, we need a high-throughput
cell sorting method whose sensitivity is comparable to PCR.
Determining whether cells bearing GD2S also co-express oth-
er canonical BCSC markers will also be informative. Whether
GD2S can assist in stratifying BC sub-types should also be fur-
ther examined. The limitation of our study was the unavaila-
bility of the patients’ survival information, as having this data
would help in expanding the findings and also determining the
prognosis of the disease.

To close, increased GD2S marker expression was observed
in tumors of more advanced stages. Considering that GD2S is
highly expressed by tumor cells but not by normal cells, GD2S
is an appealing anti-tumor therapeutic target. Furthermore,
anti-GD2S therapies could be used in combination with con-
ventional therapies.

Conclusions

This study may provide valuable therapeutic insight for clinical
applications in the treatment of BC. In summary GD2S is high-
er after chemotherapy compared to pre-chemotherapy in the
blood of BC patients. As GD2 is indicative of a BCSC, we make
the extrapolation that GD2S also marks BCSCs. Thus, elevated
GD2S following chemotherapy is consistent with the supposed
ineffectiveness of current chemotherapies in eradicating CSCs
in BC. This work also indicates that detection of GD2S using
gRT-PCR and ELISA from liquid biopsy materials may be used
for patient monitoring and response to therapy as a non-inva-
sive clinical method.
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