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A B S T R A C T

N-glycolylneuraminic acid (Neu5Gc)-containing glycans are a prominent form of aberrant glycosylation
found in human tumor cells and have been proposed as cancer biomarkers. The B subunit of the subtilase cyto-
toxin (SubB) produced by Shiga toxigenic Escherichia coli recognises Neu5Gc containing glycans. We have
previously engineered this lectin, SubB2M, for greater specificity and enhanced recognition of Neu5Gc-con-
taining glycans. Here we further explore the utility of SubB2M to detect Neu5Gc tumor biomarkers in sera
from patients with ovarian cancer. Using surface plasmon resonance (SPR) we show that SubB2M can detect
the established ovarian cancer biomarker, CA125, in a highly sensitive and specific fashion in the context of
human serum. These studies established conditions for screening serum samples from patients with ovarian
cancer for Neu5Gc glycans. We found that serum from patients with all stages of ovarian cancer had signif-
icantly elevated mean levels of Neu5Gc glycans compared to normal controls. Serum from patients with late
stage disease (stages IIIC, IV) had uniformly elevated levels of Neu5Gc glycans. Detection of Neu5Gc-gly-
cans using SubB2M has the potential to be used as a diagnostic ovarian cancer biomarker, as well as a tool for
monitoring treatment and disease progression in late stage disease.

© 2018.

1. Introduction

Ovarian cancer has the highest rate of mortality among the gyneco-
logic malignancies [1]. The five-year survival rate is less than 20% in
women diagnosed with late stage ovarian cancer but increases to over
90% when detected in early stages (stage I-II). However, patients are
typically diagnosed in the late stages due to the largely asymptomatic
nature of this disease in the early stages [2] and the lack of highly sen-
sitive and specific biomarkers. The best currently available biomarker
for ovarian cancer is the human cancer antigen 125 (CA125), also
known as MUC16, a heavily glycosylated mucin [3]. Serum CA125
levels are elevated in approximately 80% of ovarian cancer cases at
the time of diagnosis [4]. However, CA125 serum levels may also be
elevated in nonmalignant conditions such as endometriosis [5], preg-
nancy [6], ovarian cysts [7], pelvic inflammatory disease [8], hepati-
tis [9], cirrhosis [10] and in the follicular phase of the menstrual cycle
[11]. Due to the limitations of CA125 as a biomarker, it is currently
only approved by the FDA to be used to monitor the response to ther-
apy and disease recurrence [12].
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Glycans terminating with N-glycolylneuraminic acid (Neu5Gc) are
not expressed at significant levels on healthy human tissues, as hu-
mans express an inactive cytidine monophosphate N-acetylneuraminic
acid (Neu5Ac) hydroxylase (CMAH) enzyme [13,14]. However,
Neu5Gc-containing glycans are found in human tumor tissues and
cells [15–19] and have been proposed as a tumor antigen [18,20,21].
While there are analytical methods available [22,23] and a commer-
cially available IgY antibody [24] for the detection of Neu5Gc, we
improved upon this by developing a lectin with enhanced sensitivity
and specificity for this glycan in complex biological samples. We en-
gineered the B-subunit of the Shiga toxigenic Escherichia coli (STEC)
Subtilase cytotoxin (SubAB) to reduce the recognition of Neu5Ac and
broaden the Neu5Gc linkage recognition. This improved Neu5Gc-spe-
cific lectin was termed SubB2M [25,26]. Here we describe the analy-
sis of serum samples from patients with ovarian cancer compared to
normal, cancer-free females using SubB2M via surface plasmon reso-
nance (SPR).

2. Materials and methods

2.1. Expression and purification of SubB2M

The recombinant SubB2M protein was expressed and purified as
previously described [25,27]. Briefly, SubB2M was expressed in E.
coli BL21 (DE3) cells transformed with the SubB2M expression con
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struct as a His6-tagged fusion protein, which was purified by Ni-NTA
affinity chromatography.

2.2. SPR analysis of CA125 spiked into normal human serum and
detection of Neu5Gc glycans in human serum samples

SPR was conducted using the Biacore S200 system (GE) with
immobilisation of SubB2M performed as described previously [28].
SubB2M (capture level: 4974–5483 Response Units (RU)) and
anti-CA125 mAb X325 (Bio-Rad) (capture level: 6538–7531 RU)
were immobilized onto flow cell 2 and 3 of a series S sensor chip
CM5 (GE) using the NHS capture kit and flow cell 1 was run as a
blank immobilisation. Human cancer antigen 125 (CA125) was pur-
chased from MyBioSource (San Diego, USA) and was purified from
a human ovarian carcinoma cell line and provided at a concentration
of 84,040 units/ml. Human CA125 was spiked into 1% normal human
serum diluted in PBS (the zero CA125 concentration control). Human
CA125 was serially diluted 1:2 from 75 units/ml to 0.1465 units/ml in
1% normal human serum with the range from 18.75 to 0.1465 units/ml
(equivalent to 1875 units/ml – 14.65 units/ml in 100% serum) shown
in Fig. 1. Normal female serum is reported to contain <35 units/ml of
CA125 [4,29] or similar levels (63.2, 39.8) [28], while serum from pa-
tients with advanced stage ovarian cancer have been reported to con-
tain 215.8–1977 CA125 units/ml [30], a mean of 645 CA125 units/ml
[31] and up to 8100 CA125 units/ml [4]. SPR analysis was performed
using multi-cycle analysis and double reference (values from flow cell
1 and 1% normal human serum only) subtraction using the Biacore
S200 evaluation software, as previously described [26].

SPR analysis of human serum samples was performed as described
above. The serum samples were diluted 1:100 in PBS and analysed in
duplicate individually. SPR analysis was performed using multi-cycle
analysis and double reference (values from flow cell 1 and PBS buffer
only) subtraction using the Biacore S200 evaluation software.

2.3. Human serum samples

22 serum samples from normal human females, 12 serum samples
from patients with stage I ovarian cancer, 11 with stage II ovarian
cancer, 10 with stage IIIC ovarian cancer and 14 with stage IV ovar-
ian cancer were obtained from the Victorian Cancer Biobank under
application 17020. ‘Normal’ controls are defined as patients with an
apparent non-malignancy diagnosis at the time the sample is taken.
The patient data and serum samples used in this project were pro

Fig. 1. SPR analysis of SubB2M and anti-CA125 mAb X325 detecting human
CA125 spiked into normal human serum. 1% normal human serum was spiked with
a concentration range of human CA125 (18.75–0.1465 CA125 units/ml) and detected
with SubB2M and the X325 mAb. 1% normal human serum served as the zero concen-
tration control.

vided by the Victorian Cancer Biobank with appropriate ethical ap-
proval. 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 Depart-
ment of Health and Human Services. Information regarding each of
the serum samples used in this study is summarized in Supplementary
Table 1.

2.4. Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0. The
differences between normal serum samples compared to cancer patient
serum samples were analysed by two-tailed t-tests, with a P value of
<0.05 considered significant.

3. Results

3.1. SubB2M can detect CA125 spiked into normal human serum

In our previous study we showed that SubB2M can detect bovine
glycoproteins, known to be decorated with Neu5Gc, when spiked
into normal human serum [26]. In the current study, we investigated
whether SubB2M could detect the human tumor antigen CA125 when
present in normal human serum. CA125 is heavily glycosylated, with
249 potential N-glycosylation and over 3700 potential O-glycosyla-
tion sites [3,30,32]. It has been shown that CA125 from the serum of
patients with ovarian cancer has increased levels of sialylated glycans
compared to normal controls [30], therefore we used CA125 in our
SPR analysis as an example of the type of Neu5Gc-containing tumor
antigens that would be expected to be overexpressed in human ovarian
cancer.

Purified CA125 from a human ovarian cancer cell line was spiked
into normal human serum at concentrations found in normal female
serum (<35 CA125 units/ml) [4] up to concentrations previously re-
ported for serum from patients with advanced stage ovarian cancer
(215.8–1977 CA125 units/ml) [30]. These spiked samples were pre-
pared in 1% normal human serum, as our previous study showed that
this dilution of human serum gave the best signal-to-noise ratio [26].

To verify that our method of detection using SubB2M was re-
liable, we also analysed the CA125-spiked serum samples with an
anti-CA125 monoclonal antibody, clone X325. This mAb recognises
epitope group B of CA125, similar to the M11 antibody.

SubB2M showed concentration dependent recognition of CA125
(Fig. 1) and was able to detect down to 0.1465 CA125 units/ml in
1% serum. This is equivalent to a sensitivity of 14.65 CA125 units/
ml in 100% serum. These data confirm that SubB2M can detect
Neu5Gc-containing human tumor antigens in the context of a complex
sample, such as human serum, in a concentration-dependent fashion.
The anti-CA125 antibody, X325, also showed concentration-depen-
dent detection of CA125 via SPR, verifying our method for detection
of this human tumor antigen. We note that SubB2M had superior sen-
sitivity in detecting CA125 (14.65 CA125 units/ml) compared to the
anti-CA125 mAb X325, which could only detect down to 58.6 CA125
units/ml.

3.2. SubB2M can detect elevated levels of Neu5Gc in serum samples
in early and late stage ovarian cancer

We next assessed whether the SubB2M lectin could detect ele-
vated levels of Neu5Gc in serum samples from ovarian cancer pa-
tients with both early and late stage cancer. We obtained a collection
of ovarian cancer serum samples, along with normal female serum
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samples from a similar age range, from the Victorian Cancer Biobank.
‘Normal’ controls are defined as patients with an apparent non-malig-
nancy diagnosis at the time the sample is taken. The serum samples
were collected immediately pre-operatively and were processed and
stored within 2h of collection. Fig. 2A shows the analysis of 12 stage
I, 11 stage II, 10 stage IIIC and 14 stage IV ovarian cancer serum sam-
ples, as well as serum from 22 normal females via SPR. We detected
significantly elevated levels of Neu5Gc in serum samples from ovar-
ian cancer patients in stage I, II, IIIC and IV compared to normal fe-
males, with consistently high levels observed in stages IIIC and IV.
Detailed information for each of the serum samples can be found in
Supplementary Table 1.

3.3. Elevated Neu5Gc levels observed are not entirely due to elevated
CA125 levels

CA125 has been shown to be elevated in the serum of up to 80%
of patients with ovarian cancer [4], therefore we were interested to
know if the elevated levels of Neu5Gc being detected by SubB2M
were due to elevated levels of CA125. The CA125 levels in 14 of the
ovarian cancer serum samples were provided by the Victorian Cancer
Biobank and were determined within 7 days before or after collection

Fig. 2. SPR analysis of SubB2M with normal and stage I – IV ovarian cancer serum
samples. A) Average response units from duplicates for each serum sample are shown.
Error bars = ± 1 SD from the mean for each group. Statistical analysis was performed us-
ing two-tailed t-tests. **** = P-value <0.0001. B) Table showing the number of serum
samples, age range and mean Neu5Gc levels in SPR RUs for each group. The values
in parenthesis equal minimum – maximum RU values for each group of samples deter-
mined by SPR.

of the serum sample used in our study. There was no correlation be-
tween levels of Neu5Gc and CA125 levels for these 14 samples, sug-
gesting that there are other Neu5Gc-containing biomarkers elevated in
the serum of these ovarian cancer patients that remain to be identified.

4. Discussion

Ovarian cancer has the highest mortality rate of the female repro-
ductive cancers, mainly due to late diagnosis resulting from the lack
of specific symptoms for this disease [1,2]. Methods for the detec-
tion of ovarian cancer in the early stages would therefore improve sur-
vival rates. Using our engineered Neu5Gc specific lectin, SubB2M,
we showed via SPR that Neu5Gc levels are significantly elevated in
serum samples from ovarian cancer patients at stages I, II, IIIC and IV.
The range of Neu5Gc levels obtained for the normal serum samples
was from 26.32 to 73.48 SPR response units (RUs). Only 3 of the 12
samples with stage I ovarian cancer fell within this range while 5 out
of 11 of the stage II ovarian cancer samples were within this range.
These data indicate that Neu5Gc levels are elevated in the majority of
stage I/II ovarian cancer serum samples analysed in this study and that
Neu5Gc-containing tumor antigens have the potential to serve as diag-
nostic markers for detection of early stage ovarian cancer. None of the
serum samples from the stage IIIC and IV cancer patients fell within
the normal ranges for Neu5Gc levels demonstrating that Neu5Gc is
uniformly elevated in late stage ovarian cancer. Moreover, Neu5Gc
levels in all of the stage IIIC and IV samples exceeded the mean level
plus 3 standard deviations for the age-matched normal sera, indicating
high specificity and sensitivity.

SPR is a highly sensitive, label-free, and rapid optical detection
method and is increasingly being improved for clinical applications
(see reference 33 for a recent review). However, the drawbacks of cur-
rent commercial SPR sensors for clinical settings include their rela-
tively large footprint and high cost [33]. Also, a range of dilutions of
the serum samples had to be performed, with the data presented in this
study obtained from 1% dilutions. While dilution of the serum samples
is advantageous in that very little sample is required from the patient
for analysis, the dilution factor of serum samples from some patients
may need to be individually optimized. We noticed that with some of
the serum samples, at concentrations above 1%, an over-saturation ef-
fect was occurring where the RUs would plateau then decrease. The
molecular weight of the Neu5Gc-conjugates being detected by Sub-
B2M via SPR may influence the RUs detected, with larger molecu-
lar structures potentially causing a greater refractive index shift re-
sulting in higher RUs. For example, we noticed that the patient with
the lowest Neu5Gc value recorded (specimen no. 08SH256) had el-
evated levels of CA19.9 (also known as sialyl Lewis A). This indi-
vidual may have elevated levels of free Neu5Gc containing glycans,
which may result in lower RUs compared to a serum sample with el-
evated levels of high-molecular weight Neu5Gc-containing glycopro-
teins or glycolipids. Identifying and characterizing the Neu5Gc-con-
taining glycoconjugates that are being detected by SubB2M and us-
ing these data to improve current ovarian cancer diagnostic methods is
currently under investigation.

It has been reported that the origin of Neu5Gc in humans is di-
etary incorporation of this non-human glycan from animal sources,
particularly red meat [34], and it is established that ovarian cancer
cells secrete Neu5Gc glycoconjugates [15]. However, it has recently
been proposed that human cancer cells may also produce endogenous
Neu5Gc [35]. Our data showing uniformly elevated levels of Neu5Gc
in the serum of ovarian cancer patients supports the latter hypothesis.
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The capacity to diagnose ovarian cancer in early stages will have a
significant impact on patient survival rates. Biomarkers that can mon-
itor response to treatment and disease progression are also needed.
SubB2M can detect Neu5Gc-glycans at early stages of ovarian cancer
and detects uniformly high levels in late stage disease. The detection
of Neu5Gc-glycans using SubB2M has the potential to be used as a di-
agnostic tool, as well as for monitoring treatment and disease progres-
sion. As a research reagent SubB2M has the potential to help identify
novel Neu5Gc biomarkers for ovarian cancer.
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