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Abstract
Background

Early diagnosis is the key to cure endometrial cancer. However, current cancer biomarkers, such as CA125, have
low specificity and sensitivity for endometrial cancer diagnosis even at late stages. Glycans, containing both
genetic and environmental information, are the most promising biomolecules to serve as early diagnostic
biomarkers. To simplifying the structural information residing in the circulating glycans, the monosaccharide
composite was investigated as a biomarker in the current study.

Methods

Acid hydrolysis, pre-column derivation, and HPLC analysis were used to quantify monosaccharide
compositions of serum glycans for pathological confirmed endometrial cancer patients (n = 30), uterine fibroid
patients (n = 35), and the healthy controls (n = 30). The levels of CA125 were also measured for all the serum
samples from the patients and healthy controls. Receiver operating characteristic and logistic regression were
used to assess the reliability of the biomarker.

Results

Galactosamine, glucosamine, and galactose concentrations were significantly increased (P < 0.05), whereas
mannose and fucose concentrations were decreased (for fucose, P < 0.05) in hydrolyzed serum glycans of
endometrial cancer patients compared to the healthy control. The area under curve (AUC), 95% confidence
interval, sensitivity, specificity, and accuracy were 0.96, 0.92-1.00, 86.7%, 93.3%, and 90.0% for monosaccharide
composite and 0.58, 0.43-0.73, 40.0%, 83.3%, and 61.7% for CA125, respectively. Furthermore, the
monosaccharide composite detected 28 while CA125 only detected 5 out of the 30 patients with pathologically
confirmed endometrial cancer.

Conclusions

The serum monosaccharide composition analysis was a simple and quantitative assay for biomarker
development. The monosaccharide composite of hydrolyzed serum glycans was an excellent biomarker for
endometrial cancer early detection. The abnormal environmental information present in the circulating glycans
explained its ability to detect cancers at early stages.

Background

The American Cancer Society estimates 66,620 new endometrial cancer (EC) cases will be diagnosed in 2020,
and 12,590 will succumb to the disease[1]. By 2030, EC will be the third most common cancer among
American women [2]. EC is diagnosed by a combination of transvaginal ultrasound scans of (TVUS) and
endometrial biopsies clinically. The invasiveness and discomfort in postmenopausal women have a visual
analog scale (VAS) pain score of 6.5[3, 4]. In addition, a large number of technical problems (12-23%) and
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insufficient tissue quantity (16—68%) in obtaining an endometrial biopsy are also reported [5]. Therefore, it is
necessary to develop non-invasive blood-based biomarkers. The ideal biomarkers must accurately improve
early diagnosis and outcomes, including the survival of EC patients[6]. However, there is no reliable circulating
biomarker for EC detection even though CA125 is one of the most reported biomarkers for EC[7, 8].

Animal glycome is estimated to be 10* times larger than the proteome due to the compact genetic and
environmental information stored in glycan structures [9—12]. It has been well documented that total serum O-
or Nglycans are different among healthy individuals and patients suffering from different types of cancers
[13-16]. Over 125 congenital disorders of glycosylation (CDG) discovered in humans are associated with
multi-systems dysfunctions [17]. Thus, abnormal glycan structures are the common features for both inherited
and environment-related diseases. In addition, different Nglycan structures in serum IgGs that have no direct
relationships with cancer cells can distinguish healthy individuals from patients with lung, gastric, prostate,
ovarian, and breast cancers[18-22]. These published facts indicate cancers are systems diseases, and the
diverse glycan structures, abundantly present in human blood circulation and tissues, are the most promising
biomolecules for biomarker discovery [23]. However, glycan structure-based biomarkers are difficult to translate
into clinical use due to the structural heterogeneity among patients with different blood types and other
technical and time-consuming issues [24-26].

All clinically used cancer biomarkers established during the past 40 years are either specific glycan structures
or heavily glycosylated proteins [27, 28]. Among clinically used cancer biomarkers, CA125 is a heavily
glycosylated protein, which was first identified as an ovarian cancer biomarker by hybridoma monoclonal
antibody technology[29, 30]. Our recent study showed that serum CA125 levels are increased in patients
suffering fibrosis-associated diseases, such as lung fibrosis, cirrhosis, and nephrotic syndrome, more than
ovarian and other types of cancers[31]. These observations indicated that the limited amount of glycan
information in CA125 fails to serve as a cancer biomarker.

The human serum glycan structures are difficult to characterize [27]. However, they all consist of 10
monosaccharides, i.e., glucose, Glc; galactose, Gal; glucosamine, GIcN; galactosamine, GalN; fucose, Fuc;
mannose, Man; xylose, Xyl; glucuronic acid, GIcA; iduronic acid, IdoA; and 5-N-acetylneuraminic acid or sialic
acid. However, few methods have been developed to quantify monosaccharide compositions in human sera or
plasmas for biomarker development. Thus, we have taken the approach by optimizing the assay over the past
nine years[32]. We subsequently discovered that plasma monosaccharide compositions are different in 11
different types of cancers[33]. Using this method [34, 35], we obtained the monosaccharide compositions in
patients suffering from EC (n = 30) and uterine fibroid (n = 35) and in the healthy individuals (n = 30). We also
used the serum CA125 levels as references for patients suffering EC or uterine fibroid. Our data showed that
the monosaccharide composite of hydrolyzed serum glycans was a much better diagnostic biomarker over
CA125 for EC early diagnosis.

Methods

Patient cohort

In this hospital-based case-control study, all participants were those who visited the Affiliated Hospital of

Qingdao University between June 2015 to January 2016 (Table 1). Patients with a history of chronic infection
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diseases, abnormal kidney function, pregnancy, and neoplastic disease were excluded from the study. The
medical records of 30 EC and 35 uterine fibroid patients included in the current study were reviewed clinically
and pathologically from the first onset of symptoms to hospitalization at the Department of Obstetrics and
Gynecology. FIGO staging was available for all 30 EC patients. Among them, 26 were in stage | and II; 3 were in
stage lll, and 1 was in stage IV. Age-matched healthy individuals (n= 30) free from any signs or symptoms of
the endometrial disease were served as healthy control. These individuals were recruited from a geographic
background similar to that of the patients. Informed consent was obtained from each patient included in the
study. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki and was
conducted following the guidelines set by the Ethics Committee of the Affiliated Hospital of Qingdao University.

Sample processing

Fasting blood samples were collected for both patients and healthy individuals, while the fasting blood from
EC patients were drawn prior to surgery. The serum samples were obtained by centrifuging at 3500 rpm for 5
minutes. The serum samples were aliquoted and stored at -80 °C for further analysis.

CA125 measurement

Serum CA125 levels were quantified by the Roche automatic electro-chemiluminescence immunoassay system
(Roche Diagnostic GmbH) according to manufacturer's instructions.

Pre-column derivation by HPLC for monosaccharide composition analysis of serum samples

The monosaccharide composition analysis was conducted by using ampule sealed acidolysis followed by
PMP-labeling and HPLC analysis. The detailed experimental procedures we have optimized and used for the
current study can be found in[32].

Statistical analysis

All data were analyzed with SPSS statistical software (version 23.0; SPSS Inc., Chicago, lllinois, USA),
GraphPad Prism Software 8.0 (GraphPad Software Inc.,

San Diego, CA, USA). We used the multi-sample Shapiro-Wilk test to examine the normality of continuous
variables. Categorical variables are presented as percentages, and continuous variables are presented as mean
+ standard deviation or median (25th percentile, 75th percentile). Use Student's t test (normal distribution) or
Mann-Whitney U test (skew distribution) to compare the difference of continuous variables and use the Chi-
square test to compare the distribution of categorical variables. Kruskal-Wallis test (a non-parametric ANOVA)
was used to compare differences between groups.

Logistic regression was used to test the interactive effects of CA125, serum monosaccharides on the observed
association between the healthy and EC group. Receiver operating characteristic (ROC) curves analysis was
established to evaluate the diagnostic ability of CA125 and monosaccharide composite as biomarkers. The
best statistical cutoff values of serum monosaccharides were calculated. The sensitivity and specificity for
selected cutoff points were then assessed. The P < 0.05 was considered statistically significant. AUC values of
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<0.50.5t0<0.7,0.710<0.8,and 0.8 to < 0.9 and = 0.9 indicate no, poor, acceptable, excellent and
outstanding discrimination, respectively.

Results

Serum CA125 levels and the six monosaccharide concentrations in hydrolyzed serum glycans were different
among the control, EC, and uterine fibroid groups.

The demographic and clinical characteristics for patients and healthy individuals are summarized in (Table 1).
The average ages were 57.00 + 1.65 years for EC patients, 55.69 + 1.14 years for patients suffering uterine
fibroid, and 57.23 + 1.69 years for the healthy control group (P =0.719). There were also no statistically
significant differences in BMI (P = 0.060), menopausal status (P =0.361), hypertension (P =0.467), and
diabetes (P =0.792).

Serum CA125 levels were shown in (Fig. 1a) for the three groups. The increased median CA125 levels were
observed in the uterine fibroid group compared to that in the EC, and the control groups. Uterine fibroid group
had significantly increased serum CA125 levels compared to the control group (p <0.0001) as well as to the EC
group (p < 0.01), which was consistent with our previous finding that CA125 is associated with fibrosis-
associated diseases more than with cancers[31].

The concentrations of six monosaccharides, including Fuc, Gal, GalN, Glc, GIcN, and Man, in hydrolyzed serum
samples of all three groups obtained by our optimized method[32] were summarized in (Fig. 1b). Median Gal
and Glc concentrations were significantly increased (P < 0.05), whereas Fuc concentration was significantly
decreased (P < 0.05) in hydrolyzed serum glycans of the EC group compared to the control groups.
Unexpectedly, all six monosaccharide concentrations were significantly different (P < 0.05) between the EC and
uterine fibroid groups. Remarkably, Man, GIcN, and Gal concentrations were only significantly decreased in the
uterine fibroid group compared to the control group. Moreover, Glc concentration was significantly increased (P
<0.05) in the EC group but significantly decreased (P < 0.05) in the uterine fibroid group compared to the
control group.

Monosaccharide concentrations in hydrolyzed serum glycans were potential early diagnostic biomarkers for
EC.

Early diagnosis will be critical in preventing EC-related death. We next tested if the monosaccharide
concentration changed at the early stages of EC development. Figure 2 showed significantly changes in Fuc (P
=0.001), GalN (P = 0.04), and Glc (P = 0.04) concentrations were present in stage I/1l. No significant changes in
six monosaccharide concentrations were observed between the EC patients at stage I/l and stage K/IV. Thus,
the monosaccharide concentration changes occurred in the stage I/ll of the EC development, which made them
suitable for the early EC diagnosis.

Monosaccharide composite of hydrolyzed serum glycans was a better biomarker than CA125 for the EC
diagnosis

We next investigated the diagnostic properties of CA125, six monosaccharides from hydrolyzed serum glycans,
and the monosaccharide composite as EC biomarkers by performing the receiving operator curve (ROC)
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analysis (Fig. 3). Since all six monosaccharide concentrations were obtained and quantified in the same
chromatogram of a HPLC analysis, we used logistic regression analysis to test the monosaccharide composite
as biomarker for EC diagnosis. The following logistic regression model for monosaccharide composite was
established:

-12.131-13.909Man-1.666GIcN + 41.358GalN + 1.873Glc + 20.977Gal - 26.359Fuc. The detailed AUC, 95%
confidence interval (Cl), sensitivity, specificity, accuracy, positive predicting value (PPV), negative predicting
value (NPV) and P values for CA125, each monosaccharide, and the logistic regression model were
summarized in Table 2.

Among the monosaccharides, the AUC value for Fuc was the highest (0.75, 95% confidence interval, 0.63-0.87,
P <0.001). Using 0.32 mmol/L as the cutoff value, the sensitivity and specificity for Fuc as a biomarker for EC
diagnosis were 56.7% and 86.7%, respectively (Fig. 3), which were better than CA125 as a biomarker for EC
diagnosis. The AUC for monosaccharide composite as a biomarker for EC diagnosis was further increased to
0.96. The area under curve (AUC), 95% confidence interval, sensitivity, specificity, and accuracy were 0.96, 0.92-
1.00, 86.7%, 93.3%, and 90.0% for monosaccharide composite biomarker and 0.58, 0.43-0.73, 40.0%, 83.3%,
and 61.7% for CA125, respectively (Table 2). Therefore, the monosaccharide composite had the advantage
over any single monosaccharide or CA125 as a circulating biomarker for EC diagnosis.

When the cutoff value was set at 0.396 for the logistic regression model, the novel monosaccharide composite
biomarker detected 28while CA125 only detected 5 out of 30 EC patients (Fig. 4). Thus, monosaccharide
composite was an excellent biomarker for EC diagnosis.

Discussion

No reliable biomarker in blood circulation for EC diagnosis is clinically available. Thus, a simple, low-cost, and
non-invasive circulating monosaccharide composite-based biomarker was developed for EC diagnosis while
using clinical cancer biomarker CA125 and patients suffering uterine fibroid as references. Our data
demonstrated that the monosaccharide composite of hydrolyzed serum glycans was an excellent biomarker
for EC diagnosis (Fig. 3 and Table 2) in that it detected 28, while the current clinically used cancer biomarker,
CA125, only detected 5 out of 30 patients suffering from EC (Fig. 4). Increased fucose concentration alone in
hydrolyzed serum samples of EC patients served as a better biomarker than CA125 for EC detection (AUCs:
0.75 vs.0.58, Table 2). Furthermore, CA125 was a better circulating biomarker for uterine fibroid than EC

(Fig. 1), which was consistent with our previous report that CA125 is a better biomarker for fibroid-associated
diseases than for cancers [31].

The molecular building blocks in blood circulation include 20 amino acids that make proteins, eight
nucleotides that build up DNA and RNA, ten monosaccharides in glycans, and eight lipids[36]. Unlike RNAs and
proteins, glycans and lipids are not directly encoded by DNAs but contribute to the pathogenesis and severity
of an increasing number of human diseases[37, 38]. Therefore, valid plasm/serum-based cancer biomarkers
could be protein/peptides, DNA, RNA, glycans, lipids, and metabolites present in blood circulation. In recent
years, the “OMICS” technologies including genomics[39], epigenomics[40], proteomics[41], glycomics[42],
lipidomics[43], and metabolomics[44] have been used to compare the molecular differences between the
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plasm/serum samples from healthy individuals and patients suffering cancers systematically. However, no
biomarkers have been developed into clinical applications yet.

Glycans are the most information-dense and structurally dynamic biomolecules, which are structurally
different in health and diseases [45]. Thus, serum glycans are the most attractive biomolecules for biomarker
discovery. However, over 30 clinically used serum cancer biomarkers have relatively low sensitivity and
specificity due to their limited glycan information contents [27, 46]. Currently, nearly all studies of serum
glycans as possible cancer biomarkers have been focused on resolving complicated serum glycan structures
by the complicated preparation procedures plus expensive instrumentations, such as LC-MS, which makes it
hard to translate such research results into clinical applications. Thus, our approach is novel to simplify the
serum glycan information into quantitative monosaccharide compositions.

The bottleneck of our approach is to optimize the serum glycan hydrolysis conditions. In our previous study, we
used a Picotag station to optimize acid hydrolysis conditions for glycosaminoglycans[47-49]. By using the
Picotag station-based hydrolysis condition, we found that the serum GIcN and GalN concentrations in patients
with lung cancers were significantly higher than that of healthy individuals, and the same assay also detects
the contaminant in heparin [47, 50]. Since no Picotag station was available in China, we optimized a workable
hydrolysis condition for serum or plasma samples[32]. However, the ampule sealed acid hydrolysis used in the
current study is time-consuming. Moreover, even using the optimized acidolysis condition, we found that when
adding monosaccharide standards into serum, the added GlcA had the highest loss rate of 52.78%, followed by
Glc (23.70%) and Xyl (30.94%)[32]. Thus, further optimizing acid hydrolysis conditions is desirable for clinical
applications.

Our study has several advantages for blood circulation-based biomarker development and clinical
applications. First, our method includes a simple PMP-labeling procedure, a clean chromatograph with
baseline separation of all monosaccharides, excellent sensitivity, and linearity that were reported 21 years ago
[35]. Secondly, this method can be readily implemented in any laboratory with typical HPLC equipment. Thirdly,
only 10 pl of sera from either EC patients or healthy individuals were used for the assay without any other
manipulation. Fourthly, the data of six monosaccharides from a serum sample were obtained simultaneously
from a single HPLC profile, which made the logistic regression analysis straightforward to generate
quantitative data reports for each patient. Moreover, we found that monosaccharide composites of hydrolyzed
serum glycans could serve as early diagnostic biomarkers for most types of cancers that we have studied
during the past[51-53]. To further understand the molecular mechanisms, we have employed tumor and non-
tumor mouse models to pinpoint the source of abnormal serum glycans in diseases[54, 55]. We found that
livers and spleens but not tumors in the mouse model were mainly responsible for the increased
monosaccharide concentrations of hydrolyzed plasma glycans[55, 56].

The weakness of the study was the limited sample size of EC patients. Another limitation was that most of the
EC patients in our study were in the early stage of disease development, which did not allow for more detailed
correlations between monosaccharide concentration changes with the EC progression.

Conclusions
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Monosaccharide composite of hydrolyzed serum glycans was an excellent biomarker for EC early detection.
The monosaccharide composite could replace currently used clinical cancer biomarkers, such as CA125, or
substitute complex glycan structures to serve as a quantitative circulating biomarker for EC diagnosis. The
simple and reliable monosaccharide quantification method used in the current study should reduce costs and
patient risks and make the non-invasive diagnosis of EC possible. However, further studies will be required to
investigate if the monosaccharide composite could also serve as the long-sought prognostic and treatment
effect evaluating biomarkers for EC.
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Due to technical limitations, table 1 is only available as a download in the Supplemental Files section.
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Table 2

CA125, six monosaccharides, and monosaccharide composite (MC) as biomarkers for EC diagnosis. Area
under the receiver operating characteristic curve (AUC), 95% confidence interval (Cl), sensitivity, specificity,
positive predictable values (PPV), negative predictable values (NPV), accuracy, and P values of CA125, six

monosaccharides, and monosaccharide composite as diagnostic biomarkers for EC.

Variables AUC 95%CL Sensitivity/%  Specificity/% PPV/% NPV/% Accuracy/% PI
value

CA125 0.58 0.43- 40.0 83.3 70.0 41.9 61.7 0.25
0.73

Fuc 0.75 0.63- 56.7 86.7 77.3 65.8 70.0 <
0.87 0.001

Gal 0.55 0.40- 46.7 76.7 69.6 37.8 65.0 0.49
0.70

GaiN 0.68 0.54- 90.0 40.0 61.4 81.3 66.7 <0.05
0.81

Glc 0.65 0.51- 66.7 63.3 54.1 56.5 55.0 <0.05
0.79

GlcN 0.51 0.37- 20.0 93.3 66.7 471 55.0 0.80
0.66

Man 0.57 0.43- 36.4 83.0 68.8 56.8 60.0 0.30
0.72

MC 0.96 0.92- 86.7 93.3 92.9 87.5 90.0 <
1.00 0.0001

Figures
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Figure 1

Serum CA125 levels and monosaccharides concentrations were different among control and uterine fibroid
groups. a. Serum CA125 levels. b. Six monosaccharide concentrations in the hydrolyzed serum glycans. The
lower (25%), median (50%), and upper (75%) quartiles as well as 95% confident intervals (2.5% to 97.5%) were
marked for EC(n=30), uterine fibroid(n=35), and control(n=30). ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, **:
p < 0.01. Kruskal-Wallis test (a non-parametric ANOVA)) was used to compare differences between groups.

Page 15/18



_ 604
ot
2
@ 40 T
=
© 55 E
0 : > v
Control il v
b
1.5+ p=0.04 G-
] =U.DD1 1 _
= f 1 =
o | -
3 104 £ 4- —‘7
£ E
2 é ; F 1 | 1
&= g 24 —— L 1 I 1
e = s =
i 1 | ] O
0.0 ~ T - 0 r T T
Contral Im i Control i v
p=0.03
0.8+ M p=0.04 1 10- p=0.04
= 1 ¥
% — a_-
£ 0.64 =
g [=]
2 E 61
E 0.44 g |
3 " : r—:I:-1 Ef:::fj E 44 =
8 024 [ = E ml 1y
o 2- -
1]
(U]
UID L) L] L] G T L] L
Control I/ iy Control 1] i
104
— 8-
=
5 81 -
E =
: ° RO« i
-E _—1 E I ] |_-=|
E 4 L 1 § | |
E J_ E 2 I—_l._—I
3 24 g
Q
n Ll T L] D T T T
Control 1111 1A% Control Il iy
Figure 2

Serum monosaccharides concentrations of EC patients at early and late stages were different from controls.
The lower (25%), median (50%), and upper (75%) quartiles as well as 95% confident intervals (2.5% to 97.5%)
were marked for EC patients at stages I/1l vs. lll/IV in contrast to control. Groups were compared using the
Kruskal-Wallis test (a non-parametric one-way ANOVA).
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Figure 3

Monosaccharide composite was better biomarker than CA125 for EC diagnosis assessed by ROC curve

analysis. a. CA125 (AUC=0.58); b. Six monosaccharides (AUC=0.75 for Fuc). C. Monosaccharides composite
(AUC = 0.96).
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Figure 4

Monosaccharide composite (MC) was an excellent biomarker for EC diagnosis. Among 30 pathologically
confirmed EC patients, 5 patients were positive for both MC and CA125, 23 patients were positive for MC and
negative for CA125, and 2 patients were negative for both MC and CA125.
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