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Cutaneous melanoma is one of the most aggressive and deadly types of skin cancer and rates of disease
are continuing to increase worldwide. Currently, no serum biomarkers exist for the early detection of
cutaneous melanoma. Normal human cells cannot make the sialic acid sugar, Neu5Gc, yet human tumor
cells express Neu5Gc and Neu5Gc-containing glycoconjugates have been proposed as tumor biomarkers.
We engineered a Neu5Gc-specific lectin based on the pentameric B-subunit of the Shiga toxigenic
Escherichia coli subtilase cytotoxin, termed SubB2M. We have detected elevated Neu5Gc-containing
biomarkers in the sera of ovarian and breast cancer patients in a highly sensitive surface plasmon
resonance (SPR)-based assay using our SubB2M lectin. Here, we used the SubB2M-SPR assay to inves-
tigate Neu5Gc-containing glycoconjugates in the serum of cutaneous melanoma patients. We found
elevated total serum Neu5Gc levels in primary (n ¼ 24) and metastatic (n ¼ 38) patients compared to
cancer-free controls (n ¼ 34). Serum Neu5Gc levels detected with SubB2M can distinguish cutaneous
melanoma patients from cancer-free controls with high sensitivity and specificity as determined by ROC
curve analysis. These data indicate that serum Neu5Gc-containing glycoconjugates are a novel class of
biomarkers for cutaneous melanoma, particularly for primary melanoma, and have the potential to
contribute to the early diagnosis of this disease.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cutaneous melanoma is one of the most aggressive and deadly
types of skin cancer worldwide. Although there has been progress
in treatment methods, the 5-year survival rate for patients diag-
nosed with distant metastatic melanoma is less than 30% [1]. The
continual increase in the worldwide incidence of melanoma [2]
highlights the need for effective and accessible screening methods
for this disease.

The most common screening method for cutaneous melanoma
is a total body skin examination performed by an experienced
physician supported by dermoscopy or other imaging techniques.
However, even experienced physicians achieve just over 80% in
their ability to differentiate between benign melanocytic lesions
riffith University, Gold Coast
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andmelanoma [3]. If melanoma is suspected, a biopsy is taken from
the patient, but tumor biopsies are not suitable for continuous
disease monitoring. The only circulating serum biomarker used
clinically for melanoma is lactate dehydrogenase (LDH). Measure-
ment of serum LDH levels is included in the American Joint Com-
mittee on Cancer melanoma staging system and is used in stage IV
patients only as a predictor of survival outcomes [4]. There are no
FDA approved serum biomarkers for clinical use as adjuncts in the
early detection and diagnosis of primary cutaneous melanoma.

Aberrant glycosylation is a feature of all cancer cells. Glycans
terminating with the sialic acid N-glycolylneuraminic acid
(Neu5Gc) are found at extremely low levels on healthy human
tissues [5]. Humans express an inactive cytidine monophosphate
N-acetylneuraminic acid (Neu5Ac) hydroxylase (CMAH) enzyme
[6]. CMAH is the only known enzyme responsible for the conver-
sion of Neu5Ac to Neu5Gc, and thus human cells are thought to be
unable to synthesize Neu5Gc [5,6]. Regardless, human tumor cells
express Neu5Gc [7e11], and Neu5Gc-containing glycoconjugates
have been proposed as tumor biomarkers for decades [8,10,12].
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Using structure-aided design, we engineered a Neu5Gc-specific
lectin [13,14] based on the pentameric B-subunit of the Shiga
toxigenic Escherichia coli (STEC) subtilase cytotoxin (SubAB); SubB
preferentially recognizes a2-3 linked Neu5Gc [15,16]. The SubB
lectin was mutated to reduce background recognition of Neu5Ac
and to expand the recognition from only a2-3-linked Neu5Gc to
include both a2-3 and a2-6 Neu5Gc linkages to substituent sugars
[13]. We have used this engineered lectin, termed SubB2M, to
examine Neu5Gc-containing biomarkers in the sera of ovarian and
breast cancer patients in a highly sensitive surface plasmon reso-
nance (SPR)-based assay, and detect elevated levels of Neu5Gc-
biomarkers in both of these cancers [17,18]. In the current study,
we use the SubB2M SPR-based assay [18] to investigate Neu5Gc-
containing glycoconjugates in the serum of cutaneous melanoma
patients to determine its potential as an adjunct in the detection,
diagnosis or monitoring of cutaneous melanoma.

2. Materials and methods

2.1. Human serum samples

Serum samples from cancer-free (normal) individuals (non-
malignant diagnosis, no history of cancer) (n ¼ 34), patients with
primary cutaneous (diagnosed by tumor excised from the skin)
(n ¼ 24) and metastatic melanoma (diagnosed as metastatic mel-
anoma by tumor/s excised from a secondary site) (n ¼ 38) were
obtained from the Victorian Cancer Biobank, Australia, under
Project No. 17020. As described in one of our previous studies [17],
‘normal’ controls are defined as individuals with a non-cancer
condition at the time the sample is taken. The melanoma serum
samples were collected immediately pre-operatively, or for some of
the primary cases, within 1month of excision of the primary lesion,
using Serum Separation Tubes (BD) and were processed and stored
at �80 �C within 2 h of collection. The patient data and serum
samples used in this project were provided by the Victorian Cancer
Biobank with informed consent from all donors and use of the
samples was approved by the Griffith University HREC (GU Ref No:
2017/732) in accordance with the National Statement on Ethical
Conduct in Human Research. Detailed sample information can be
found in Supplementary Table 1.

2.2. SubB2M-A12-SPR assay

The recombinant SubB2M and SubBA12 proteins were expressed
and purified as previously described [13,16]. Briefly, SubB2M and
SubBA12 were expressed in E. coli BL21 (DE3) cells transformed with
the SubB2M or SubBA12 expression constructs, respectively, as His6-
tagged fusion proteins, which were then purified by Ni-NTA affinity
chromatography.

SPR was conducted using the Biacore S200 system (Cytiva) with
immobilization of SubB2M and SubBA12 performed essentially as
described previously [17]. SubB2M was immobilized through flow
cells 2 and 3 and SubBA12 was immobilized through flow cell 4
(capture levels: 5000e6000 Response Units (RU)) onto a series S
sensor chip CM5 (GE) using the EDC/NHS capture kit. After
immobilization, a start-up cycle of 0.5% normal human serum
(Sigma-Aldrich, Cat No. H4522) was run over the immobilized SubB
proteins for 10 steps of 30 s at 30 mL/min flow rate to condition the
chip. A final wash of 10 mM Tris/1 mM EDTA was run for 30 s at a
30 mL/min flow rate prior to beginning the data collection. SPR
analysis was performed using multi-cycle analysis and reference
subtraction (values for 0.5% normal human serum only) using the
Biacore S200 evaluation software. At least two independent SPR
runs were performed for each sample set. Human serum samples
were diluted 1:200 in PBS and analyzed in duplicate in each SPR
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run as described above. RU values obtained for each serum sample
with SubBA12 (flow cell 4) were subtracted from the RU values
obtained with SubB2M from flow cells 2 and 3 and averaged to
obtain the final RUs used for conversion to glycoprotein units
(GPUs). The conversion to GPUs, i.e. Neu5Gc glycoprotein units, was
based on an internal calibration curve consisting of the Neu5Gc-
containing glycoproteins, bAGP and CA125, combined at starting
concentrations of 15 mg/ml and 15 units/ml, respectively, in 0.5%
normal human serum, as previously described [18].

2.3. Statistical analysis

All statistical analyses were performed using GraphPad Prism
9.0. The mean GPUs between normal serum samples compared to
cancer patient serum samples were analyzed by two-tailed, un-
paired t-tests, with a P value of <0.05 considered significant.
Optimal cut-off values from Receiver operating characteristics
(ROC) curve analyses were determined by maximizing the sum of
specificity and sensitivity.

3. Results

3.1. Serum Neu5Gc glycoconjugates are elevated in patients with
cutaneous melanoma relative to cancer-free controls

We acquired a collection of cutaneous melanoma patient sera
from the Victorian Cancer Biobank, along with cancer-free controls,
to screen for total Neu5Gc glycoconjugate levels using our estab-
lished SubB2M-A12-SPR assay [18]. This collection of samples con-
sists of serum taken from 24 primary cutaneous melanoma
patients, 38 metastatic melanoma patients and 34 cancer-free
controls (Table 1, see Supplementary Table 1 for full details of do-
nors). The SubB2M-A12-SPR assay uses a parallel analysis of all
serum samples with SubB2M and with a non-sialic acid binding
version of SubB, called SubBA12 [15], to control for any non-specific,
non-Neu5Gc-dependent binding of serum components to the SubB
protein [18]. Using this assay, we detected significantly elevated
total serum Neu5Gc levels (reported as glycoprotein units (GPUs))
in primary and metastatic patients compared to cancer-free con-
trols (Fig. 1A). ROC curve analysis showed that Neu5Gc biomarker
levels detected with our SPR-based assay can distinguish cancer-
free individuals from melanoma patients (primary and metastatic
combined) with a sensitivity of 85.48% and a specificity of 94.12%
when a cut-off of >15.56 GPUs was applied (Fig. 1B). When ROC
curve analysis was applied to only the primary melanoma patients,
the ability of Neu5Gc serum biomarker levels to distinguish mela-
noma patients from cancer-free individuals increased to a
remarkable 100% specificity and 100% sensitivity (Fig. 2).

3.2. Neu5Gc serum glycoconjugates show variation between
primary and metastatic patients

There was a significant difference in mean SPR response units
(converted to GPUs) detected in the metastatic patients compared
to the primary melanoma patients (Fig. 1A). The basic principle of
SPR is the recognition of an analyte in solution by a biomolecule
immobilized onto the surface of a metal biosensor chip (SubB2M
and SubBA12 in our assay) that results in an increase in the local
refractive index at the metal surface, which is measured as
response units (RUs). This change in the refractive index is pro-
portional to the mass concentration at the surface of the biosensor
chip, therefore the significant reduction in RUs, and thereby
apparent GPUs, detected between primary and metastatic mela-
noma patients (Fig. 1A), may be due to a decrease in the total
concentration of serum Neu5Gc glycoconjugates or by a shift in the



Table 1
Summary of the serum sample donors used in this study.

Normal Primary Metastatic

Age range 18e93 35e94 26e88
Total samples 34 24 38
No. of males 12 6 18
No. of females 22 18 20
Clinical features Non-malignant diagnosis, no

history of cancer
Primary cutaneous melanoma, lesion excised from the
skin and diagnosed

Metastatic melanoma, tumor excised from a secondary
site and diagnosed

Pathological stage N/A Stage I ¼ 5 Stage III/IV
Stage II ¼ 9
Stage III ¼ 8
Stage IV ¼ 1
Unknown ¼ 1

Tumor subtype (if
known)

N/A Acral lentiginous ¼ 3 N/A
Desmoplastic ¼ 1
Lentigo maligna ¼ 3
Nodular ¼ 9
Spindle cell ¼ 1
Superficial spreading ¼ 5
Unknown ¼ 2

Mean GPUs (SD) 6.94 (5.72) 41.5 (14.9) 20.1 (9.19)

Fig. 1. Analysis of Neu5Gc serum glycoconjugates in cutaneous melanoma patients compared to cancer-free controls. A) 34 cancer-free (Normal), 24 primary cutaneous
melanoma and 38 metastatic melanoma serum samples were screened for total Neu5Gc levels, expressed as glycoprotein units (GPUs), using our previously described SubB2M-A12-
SPR assay [18] (see Supplementary Table 1 for details of each donor). The mean GPUs from duplicate analyses of each serum sample are shown. Error bars ¼ ± 1 SD from the mean
for each group. Statistical analysis was performed using two-tailed unpaired t-tests. ****: P-value ¼ <0.0001 compared to Normal. Duplicate, independent assays were performed
with both showing the same trends. One representative assay is shown. B) ROC curve depicting the ability of serum Neu5Gc levels determined by the SubB2M-A12-SPR assay to
distinguish melanoma patients from cancer-free (normal) individuals. Sensitivity% (true positive rate; ability to detect disease) is plotted against 100 %-specificity% (false positive
rate or 100 %-true negative rate; ability to detect lack of disease). ROC analyses were performed with the data shown in Fig. 1A using Graphpad Prism 9.0. AUC ¼ area under the
curve.

L.K. Shewell, C.J. Day, T. Hippolite et al. Biochemical and Biophysical Research Communications 642 (2023) 162e166
molecular weight of the Neu5Gc serum glycoconjugate/s being
detected.

4. Discussion

The worldwide incidence of cutaneous melanoma is increasing
faster than any other solid tumor type [19]. The ability of cutaneous
melanoma to metastasize rapidly to distant organs, particularly the
head and neck, liver and lungs, makes it the most lethal skin cancer
[20]. Early detection of primary tumors before metastasis occurs is
crucial for increasing survival rates [21]. Using our established SPR-
based assay (17,18), in this study we detected significantly elevated
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levels of serum Neu5Gc glycoconjugates in primary cutaneous and
metastatic melanoma patients compared to cancer-free controls.
Our assay can distinguish cancer-free individuals from melanoma
patients (primary þ metastatic) with a sensitivity of 85.48% and a
specificity of 94.12%, and a remarkable 100% sensitivity and 100%
specificity for cancer-free individuals from primary melanoma pa-
tients. Our cohort of primary melanoma patients included 5 in-
dividuals with stage I disease (Supplementary Table 1), and our
assay was able to distinguish these early-stage patients from
cancer-free controls. Furthermore, our cohort of primarymelanoma
patients included patients with all tumor subtypes (acral lentigi-
nous, desmoplastic, lentigo maligna, nodular, spindle cell and the



Fig. 2. Receiver operating characteristics (ROC) curve depicting the ability of
serum Neu5Gc levels determined by the SubB2M-A12-SPR assay to distinguish
primary melanoma patients from cancer-free (normal) individuals. Sensitivity%
(true positive rate; ability to detect disease) is plotted against 100 %-specificity% (false
positive rate or 100 %-true negative rate; ability to detect lack of disease). ROC analyses
were performed with a selection of the data shown in Fig. 1A using Graphpad Prism
9.0.
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more common superficial spreading (also known as low-
cumulative solar damage melanoma) [22]), indicating that our
assay can detect Neu5Gc biomarkers derived from all lesion sub-
types. These data suggest that serum Neu5Gc-containing glyco-
conjugates are a novel class of biomarkers for cutaneous melanoma
and have the potential for early detection of this disease.

Compared to our previous studies investigating serum Neu5Gc
biomarkers in breast and ovarian cancers [17,18], where we
observed an increase in SPR signal as disease progressed, we noted
that the SPR RUs detected in the serum from melanoma patients
with confirmed metastatic disease (late-stage) decreased
compared to primary melanoma patients. These data suggest that
the composition of Neu5Gc-containing serum biomarkers changes
in the transition from primary to metastatic disease. This change is
due to either a reduction in the concentration of Neu5Gc serum
glycoconjugates, or due to a decrease in themolecular weight of the
molecules carrying the Neu5Gc glycosylation, for example, a
glycolipid rather than a high molecular weight molecule, such as a
mucin. Mucin biomarkers are used for disease monitoring in breast
and ovarian cancer. CA15-3, also known as MUC1, is used for
monitoring in breast cancer and CA125, also known as MUC16, is
used for monitoring in ovarian cancer. On the other hand, particular
gangliosides, sialic acid-containing, cell surface glycosphingolipids,
are known to be overexpressed and shed by melanoma cells [23].
The expression of the three major cell surface gangliosides, GM3,
GD3 and GD2, are altered during melanoma development and
progression [24]. For example, an increase in the expression of GD3
relative to GM3 in tissue samples and cultured human cells as
melanoma progresses has been reported by multiple groups
[24e27] and may contribute to the malignant properties of
165
melanoma cells [28].
The ganglioside Neu5Gc-GM3, a variant of GM3 that contains

Neu5Gc instead of the typical Neu5Ac, is known to be expressed in
melanoma tumor samples [29e31] and on the surface of cultured
human melanoma cells [32], but not in or on their normal coun-
terparts. As we observed higher levels of Neu5Gc glycoconjugates
in serum from primary melanoma patients, and previous reports
have shown a shift in GM3 to GD3 gangliosides as melanoma
progresses, we hypothesize that the Neu5Gc serum biomarker we
are detecting in the melanoma patients is Neu5Gc-GM3, with
higher levels of this ganglioside present in primary patients, and
lower levels in metastatic patients, as the expression of GD3 rela-
tive to GM3 increases. Alternatively, in the primary melanoma
patients, the circulating Neu5Gc glycoconjugates may exist as
larger molecular weight structures, such as an aggregate or micelle,
or in a membrane bound vesicle, accounting for the higher RUs
detected in the primary patients compared to the metastatic pa-
tients. Future studies in our lab will focus on the identification and
complete characterisation of the Neu5Gc biomarkers being detec-
ted in melanoma patient serum and will investigate the potential
contribution of Neu5Gc-GM3 to total serum Neu5Gc glyco-
conjugates detected in our assay.

In summary, our data indicate that Neu5Gc-containing glyco-
conjugates are being shed by melanoma cells into the circulation.
Current studies are working to identify the Neu5Gc-containing
glycoconjugates detected by our assay, to resolve the observed
differences between primary and metastatic patients, and to
further support the development of a melanoma-specific, Neu5Gc-
biomarker assay that can detect disease early and potentially pre-
dict clinical outcome.

Funding

This work was supported by the National Health and Medical
Research Council (NHMRC) Principal Research Fellowship 1138466
to MPJ.

Declaration of competing interest

The authors declare the following financial interests/personal
relationships which may be considered as potential competing
interests: Michael P Jennings reports financial support was pro-
vided by National Health and Medical Research Council. Michael P
Jennings has patent #WO2018085888A1 licensed to Inoviq. Chris-
topher J Day has patent #WO2018085888A1 licensed to Inoviq.
James C. Paton has patent #WO2018085888A1 licensed to Inoviq.
Adrienne W. Paton has patent #WO2018085888A1 licensed to
Inoviq. Michael P Jennings has patent #2021901444 licensed to
Inoviq. Lucy K Shewell has patent #2021901444 licensed to Inoviq.
Christopher J Day has patent #2021901444 licensed to Inoviq.
James C Paton has patent #2021901444 licensed to Inoviq. Adri-
enne W. Paton has patent #2021901444 licensed to Inoviq.

Acknowledgements

We thank the Victorian Cancer Biobank for providing all patient
data and serum samples. The Victorian Cancer Biobank, through the
Cancer Council Victoria as Lead Agency, is supported by the
Victorian Government through the Victorian Cancer Agency, a
business unit of the Department of Health and Human Services.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.bbrc.2022.12.053.

https://doi.org/10.1016/j.bbrc.2022.12.053


L.K. Shewell, C.J. Day, T. Hippolite et al. Biochemical and Biophysical Research Communications 642 (2023) 162e166
References

[1] K. Saginala, A. Barsouk, J.S. Aluru, P. Rawla, A. Barsouk, Epidemiology of
melanoma, Med. Sci. 9 (2021), https://doi.org/10.3390/medsci9040063.

[2] R.L. Siegel, K.D. Miller, H.E. Fuchs, A. Jemal, Cancer statistics, 2021, CA A Cancer
J. Clin. 71 (2021) 7e33, https://doi.org/10.3322/caac.21654.

[3] G. Argenziano, H.P. Soyer, S. Chimenti, R. Talamini, R. Corona, F. Sera,
M. Binder, L. Cerroni, G. De Rosa, G. Ferrara, R. Hofmann-Wellenhof,
M. Landthaler, S.W. Menzies, H. Pehamberger, D. Piccolo, H.S. Rabinovitz,
R. Schiffner, S. Staibano, W. Stolz, I. Bartenjev, A. Blum, R. Braun, H. Cabo,
P. Carli, V. De Giorgi, M.G. Fleming, J.M. Grichnik, C.M. Grin, A.C. Halpern,
R. Johr, B. Katz, R.O. Kenet, H. Kittler, J. Kreusch, J. Malvehy, G. Mazzocchetti,
M. Oliviero, F. Ozdemir, K. Peris, R. Perotti, A. Perusquia, M.A. Pizzichetta,
S. Puig, B. Rao, P. Rubegni, T. Saida, M. Scalvenzi, S. Seidenari, I. Stanganelli,
M. Tanaka, K. Westerhoff, I.H. Wolf, O. Braun-Falco, H. Kerl, T. Nishikawa,
K. Wolff, A.W. Kopf, Dermoscopy of pigmented skin lesions: results of a
consensus meeting via the Internet, J. Am. Acad. Dermatol. 48 (2003)
679e693, https://doi.org/10.1067/mjd.2003.281.

[4] C.M. Balch, J.E. Gershenwald, S.J. Soong, J.F. Thompson, M.B. Atkins, D.R. Byrd,
A.C. Buzaid, A.J. Cochran, D.G. Coit, S. Ding, A.M. Eggermont, K.T. Flaherty,
P.A. Gimotty, J.M. Kirkwood, K.M. McMasters, M.C. Mihm Jr., D.L. Morton,
M.I. Ross, A.J. Sober, V.K. Sondak, Final version of 2009 AJCC melanoma staging
and classification, J. Clin. Oncol. 27 (2009) 6199e6206, https://doi.org/
10.1200/JCO.2009.23.4799.

[5] N.M. Varki, A. Varki, Diversity in cell surface sialic acid presentations: impli-
cations for biology and disease, Laboratory investigation, J. Tech. Methods
Pathol. 87 (2007) 851e857, https://doi.org/10.1038/labinvest.3700656.

[6] H.H. Chou, T. Hayakawa, S. Diaz, M. Krings, E. Indriati, M. Leakey, S. Paabo,
Y. Satta, N. Takahata, A. Varki, Inactivation of CMP-N-acetylneuraminic acid
hydroxylase occurred prior to brain expansion during human evolution, Proc.
Natl. Acad. Sci. U.S.A. 99 (2002) 11736e11741, https://doi.org/10.1073/
pnas.182257399.

[7] G.N. Tzanakakis, A. Syrokou, I. Kanakis, N.K. Karamanos, Determination and
distribution of N-acetyl- and N-glycolylneuraminic acids in culture media and
cell-associated glycoconjugates from human malignant mesothelioma and
adenocarcinoma cells, Biomedical chromatography, BMC (Biomed. Chroma-
togr.) 20 (2006) 434e439, https://doi.org/10.1002/bmc.573.

[8] Y.N. Malykh, R. Schauer, L. Shaw, N-Glycolylneuraminic acid in human tu-
mours, Biochimie 83 (2001) 623e634.

[9] S. Inoue, C. Sato, K. Kitajima, Extensive enrichment of N-glycolylneuraminic
acid in extracellular sialoglycoproteins abundantly synthesized and secreted
by human cancer cells, Glycobiology 20 (2010) 752e762, https://doi.org/
10.1093/glycob/cwq030.

[10] A.N. Samraj, H. Laubli, N. Varki, A. Varki, Involvement of a non-human sialic
Acid in human cancer, Front. Oncol. 4 (2014) 33, https://doi.org/10.3389/
fonc.2014.00033.

[11] H. Higashi, Y. Hirabayashi, Y. Fukui, M. Naiki, M. Matsumoto, S. Ueda, S. Kato,
Characterization of N-glycolylneuraminic acid-containing gangliosides as
tumor-associated Hanganutziu-Deicher antigen in human colon cancer,
Cancer Res. 45 (1985) 3796e3802.

[12] H. Teng, Q. Li, M. Gou, G. Liu, X. Cao, J. Lu, Y. Han, Y. Yu, Z. Gao, X. Song,
W. Dong, Y. Pang, Lamprey immunity protein enables early detection and
recurrence monitoring for bladder cancer through recognizing Neu5Gc-
modified uromodulin glycoprotein in urine, Biochim. Biophys. Acta, Mol. Ba-
sis Dis. 1868 (2022), 166493, https://doi.org/10.1016/j.bbadis.2022.166493.

[13] C.J. Day, A.W. Paton, M.A. Higgins, L.K. Shewell, F.E. Jen, B.L. Schulz,
B.P. Herdman, J.C. Paton, M.P. Jennings, Structure aided design of a Neu5Gc
specific lectin, Sci. Rep. 7 (2017) 1495, https://doi.org/10.1038/s41598-017-
01522-9.

[14] J. Wang, L.K. Shewell, A.W. Paton, J.C. Paton, C.J. Day, M.P. Jennings, Specificity
and utility of SubB2M, a new N-glycolylneuraminic acid lectin, Biochem.
Biophys. Res. Commun. 500 (2018) 765e771, https://doi.org/10.1016/
j.bbrc.2018.04.151.

[15] E. Byres, A.W. Paton, J.C. Paton, J.C. Lofling, D.F. Smith, M.C. Wilce, U.M. Talbot,
D.C. Chong, H. Yu, S. Huang, X. Chen, N.M. Varki, A. Varki, J. Rossjohn,
T. Beddoe, Incorporation of a non-human glycan mediates human suscepti-
bility to a bacterial toxin, Nature 456 (2008) 648e652, https://doi.org/
10.1038/nature07428.

[16] A.W. Paton, P. Srimanote, U.M. Talbot, H. Wang, J.C. Paton, A new family of
potent AB(5) cytotoxins produced by Shiga toxigenic Escherichia coli, J. Exp.
Med. 200 (2004) 35e46, https://doi.org/10.1084/jem.20040392.
166
[17] L.K. Shewell, J.J. Wang, J.C. Paton, A.W. Paton, C.J. Day, M.P. Jennings, Detection
of N-glycolylneuraminic acid biomarkers in sera from patients with ovarian
cancer using an engineered N-glycolylneuraminic acid-specific lectin SubB2M,
Biochem. Biophys. Res. Commun. 507 (2018) 173e177, https://doi.org/
10.1016/j.bbrc.2018.11.001.

[18] L.K. Shewell, C.J. Day, J.R. Kutasovic, J.L. Abrahams, J. Wang, J. Poole, C. Niland,
K. Ferguson, J.M. Saunus, S.R. Lakhani, M. von Itzstein, J.C. Paton, A.W. Paton,
M.P. Jennings, N-glycolylneuraminic acid serum biomarker levels are elevated
in breast cancer patients at all stages of disease, BMC Cancer 22 (2022) 334,
https://doi.org/10.1186/s12885-022-09428-0.

[19] A.M. Eggermont, A. Spatz, C. Robert, Cutaneous melanoma, Lancet 383 (2014)
816e827, https://doi.org/10.1016/S0140-6736(13)60802-8.

[20] J.A. Lo, D.E. Fisher, The melanoma revolution: from UV carcinogenesis to a
new era in therapeutics, Science 346 (2014) 945e949, https://doi.org/
10.1126/science.1253735.

[21] J.E. Gershenwald, R.A. Scolyer, K.R. Hess, V.K. Sondak, G.V. Long, M.I. Ross,
A.J. Lazar, M.B. Faries, J.M. Kirkwood, G.A. McArthur, L.E. Haydu,
A.M.M. Eggermont, K.T. Flaherty, C.M. Balch, J.F. Thompson, P. for, Members of
the American Joint committee on cancer melanoma expert, D. The interna-
tional melanoma, P. Discovery, melanoma staging: evidence-based changes in
the American Joint committee on cancer eighth edition cancer staging
manual, CA A Cancer J. Clin. 67 (2017) 472e492, https://doi.org/10.3322/
caac.21409.

[22] D.E. Elder, B.C. Bastian, I.A. Cree, D. Massi, R.A. Scolyer, The 2018 world Health
organization classification of cutaneous, mucosal, and uveal melanoma:
detailed analysis of 9 distinct subtypes defined by their evolutionary pathway,
Arch. Pathol. Lab Med. 144 (2020) 500e522, https://doi.org/10.5858/
arpa.2019-0561-RA.

[23] H. Bernhard, K.H. Meyer zum Buschenfelde, W.G. Dippold, Ganglioside GD3
shedding by human malignant melanoma cells, Int. J. Cancer 44 (1989)
155e160, https://doi.org/10.1002/ijc.2910440127.

[24] R.I. Ramos, M.A. Bustos, J. Wu, P. Jones, S.C. Chang, E. Kiyohara, K. Tran,
X. Zhang, S.L. Stern, S. Izraely, O. Sagi-Assif, I.P. Witz, M.A. Davies, G.B. Mills,
D.F. Kelly, R.F. Irie, D.S.B. Hoon, Upregulation of cell surface GD3 ganglioside
phenotype is associated with human melanoma brain metastasis, Mol Oncol
14 (2020) 1760e1778, https://doi.org/10.1002/1878-0261.12702.

[25] M.H. Ravindranath, T. Tsuchida, D.L. Morton, R.F. Irie, Ganglioside GM3:GD3
ratio as an index for the management of melanoma, Cancer 67 (1991)
3029e3035, https://doi.org/10.1002/1097-0142(19910615)67:12<3029::aid-
cncr2820671217>3.0.co;2-8.

[26] J.M. Carubia, R.K. Yu, L.J. Macala, J.M. Kirkwood, J.M. Varga, Gangliosides of
normal and neoplastic human melanocytes, Biochem. Biophys. Res. Commun.
120 (1984) 500e504, https://doi.org/10.1016/0006-291x(84)91282-8.

[27] K. Hamamura, K. Furukawa, T. Hayashi, T. Hattori, J. Nakano, H. Nakashima,
T. Okuda, H. Mizutani, H. Hattori, M. Ueda, T. Urano, K.O. Lloyd, K. Furukawa,
Ganglioside GD3 promotes cell growth and invasion through p130Cas and
paxillin in malignant melanoma cells, Proc. Natl. Acad. Sci. U.S.A. 102 (2005)
11041e11046, https://doi.org/10.1073/pnas.0503658102.

[28] Y. Ohkawa, S. Miyazaki, K. Hamamura, M. Kambe, M. Miyata, O. Tajima,
Y. Ohmi, Y. Yamauchi, K. Furukawa, K. Furukawa, Ganglioside GD3 enhances
adhesion signals and augments malignant properties of melanoma cells by
recruiting integrins to glycolipid-enriched microdomains, J. Biol. Chem. 285
(2010) 27213e27223, https://doi.org/10.1074/jbc.M109.087791.

[29] R. Blanco, E. Rengifo, C.E. Rengifo, M. Cedeno, M. Frometa, A. Carr, Immuno-
histochemical reactivity of the 14F7 monoclonal antibody raised against N-
glycolyl GM3 ganglioside in some benign and malignant skin neoplasms, ISRN
Dermatol. (2011), 848909, https://doi.org/10.5402/2011/848909, 2011.

[30] A. Carr, A. Mullet, Z. Mazorra, A.M. Vazquez, M. Alfonso, C. Mesa, E. Rengifo,
R. Perez, L.E. Fernandez, A mouse IgG1 monoclonal antibody specific for N-
glycolyl GM3 ganglioside recognized breast and melanoma tumors, Hybrid-
oma 19 (2000) 241e247, https://doi.org/10.1089/02724570050109639.

[31] M. Osorio, E. Gracia, E. Rodriguez, G. Saurez, C. Arango Mdel, E. Noris,
A. Torriella, A. Joan, E. Gomez, L. Anasagasti, J.L. Gonzalez, L. Melgares Mde,
I. Torres, J. Gonzalez, D. Alonso, E. Rengifo, A. Carr, R. Perez, L.E. Fernandez,
Heterophilic NeuGcGM3 ganglioside cancer vaccine in advanced melanoma
patients: results of a Phase Ib/IIa study, Cancer Biol. Ther. 7 (2008) 488e495,
https://doi.org/10.4161/cbt.7.4.5476.

[32] C. Tringali, I. Silvestri, F. Testa, P. Baldassari, L. Anastasia, R. Mortarini,
A. Anichini, A. Lopez-Requena, G. Tettamanti, B. Venerando, Molecular sub-
typing of metastatic melanoma based on cell ganglioside metabolism profiles,
BMC Cancer 14 (2014) 560, https://doi.org/10.1186/1471-2407-14-560.

https://doi.org/10.3390/medsci9040063
https://doi.org/10.3322/caac.21654
https://doi.org/10.1067/mjd.2003.281
https://doi.org/10.1200/JCO.2009.23.4799
https://doi.org/10.1200/JCO.2009.23.4799
https://doi.org/10.1038/labinvest.3700656
https://doi.org/10.1073/pnas.182257399
https://doi.org/10.1073/pnas.182257399
https://doi.org/10.1002/bmc.573
http://refhub.elsevier.com/S0006-291X(22)01718-1/sref8
http://refhub.elsevier.com/S0006-291X(22)01718-1/sref8
http://refhub.elsevier.com/S0006-291X(22)01718-1/sref8
https://doi.org/10.1093/glycob/cwq030
https://doi.org/10.1093/glycob/cwq030
https://doi.org/10.3389/fonc.2014.00033
https://doi.org/10.3389/fonc.2014.00033
http://refhub.elsevier.com/S0006-291X(22)01718-1/sref11
http://refhub.elsevier.com/S0006-291X(22)01718-1/sref11
http://refhub.elsevier.com/S0006-291X(22)01718-1/sref11
http://refhub.elsevier.com/S0006-291X(22)01718-1/sref11
http://refhub.elsevier.com/S0006-291X(22)01718-1/sref11
https://doi.org/10.1016/j.bbadis.2022.166493
https://doi.org/10.1038/s41598-017-01522-9
https://doi.org/10.1038/s41598-017-01522-9
https://doi.org/10.1016/j.bbrc.2018.04.151
https://doi.org/10.1016/j.bbrc.2018.04.151
https://doi.org/10.1038/nature07428
https://doi.org/10.1038/nature07428
https://doi.org/10.1084/jem.20040392
https://doi.org/10.1016/j.bbrc.2018.11.001
https://doi.org/10.1016/j.bbrc.2018.11.001
https://doi.org/10.1186/s12885-022-09428-0
https://doi.org/10.1016/S0140-6736(13)60802-8
https://doi.org/10.1126/science.1253735
https://doi.org/10.1126/science.1253735
https://doi.org/10.3322/caac.21409
https://doi.org/10.3322/caac.21409
https://doi.org/10.5858/arpa.2019-0561-RA
https://doi.org/10.5858/arpa.2019-0561-RA
https://doi.org/10.1002/ijc.2910440127
https://doi.org/10.1002/1878-0261.12702
https://doi.org/10.1002/1097-0142(19910615)67:12<3029::aid-cncr2820671217>3.0.co;2-8
https://doi.org/10.1002/1097-0142(19910615)67:12<3029::aid-cncr2820671217>3.0.co;2-8
https://doi.org/10.1016/0006-291x(84)91282-8
https://doi.org/10.1073/pnas.0503658102
https://doi.org/10.1074/jbc.M109.087791
https://doi.org/10.5402/2011/848909
https://doi.org/10.1089/02724570050109639
https://doi.org/10.4161/cbt.7.4.5476
https://doi.org/10.1186/1471-2407-14-560

	Serum Neu5Gc biomarkers are elevated in primary cutaneous melanoma
	1. Introduction
	2. Materials and methods
	2.1. Human serum samples
	2.2. SubB2M-A12-SPR assay
	2.3. Statistical analysis

	3. Results
	3.1. Serum Neu5Gc glycoconjugates are elevated in patients with cutaneous melanoma relative to cancer-free controls
	3.2. Neu5Gc serum glycoconjugates show variation between primary and metastatic patients

	4. Discussion
	Funding
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


