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Spontaneous epithelial ovarian cancer (EOC) in the chicken presents a similar pathogenesis compared
with humans including CA-125 expression and genetic mutational frequencies (e.g., p53). The high preva-
lence of spontaneous EOC chickens also provides a unique experimental model for biomarker discovery
at the genomic, proteomic, glycomic, and metabolomic level. In an effort to exploit this unique model for
biomarker discovery, longitudinal plasma samples were collected from chickens at three-month intervals
for one year. The study described herein involved cleaving the N-glycans from these longitudinal chicken

ﬁfiﬁ:ﬁgg&l cans plasma samples and analyzing them via nanoLC-FTMS/MS. Glycans identified in this study were previ-
HILIC gy ously found in human plasma and this work provides a promising methodology to enable longitudinal
FTMS studies of the N-linked plasma glycome profile during EOC progression. The structure, abundance, and

intra-variability and inter-variability for 35 N-linked glycans identified in this study are reported. The
full potential of the chicken model for biomarker discovery has yet to be realized, but the initial interro-
gation of longitudinally-procured samples provides evidence that supports the value of this strategy in

Longitudinal sampling

the search for glycomic biomarkers.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

It is an accepted concept that animal models of human disease
are an invaluable asset in the development, pathologic morphol-
ogy, and response to therapeutic treatment of disease [1]. These
models aid in the understanding of disease etiology and pathologic
progression at an accelerated and accessible rate. Animal models
of disease can provide evidence in clinical research as to whether
certain treatment options are effective in bringing about remission
of cancers or other illnesses. Common examples of animal models
that aid in the study of human disease etiology, progression, and
treatment therapies are the chicken [2,3], zebra fish (Danio rerio)
[4], dog [5], mouse [6-8], rabbit [9], and monkey [10]. Recent work
has been devoted to the study of the chicken (Gallus domesticus)
as a potential animal model for human epithelial ovarian cancer
(EOC) [11]. Briefly, the incessant ovulation hypothesis [12], along
with the expression of CA-125 [13,14], and the correlation of p53
tumor suppressor gene mutation and other oncogenes [15] (i.e.,
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ras and HER2/neu) similar to human give reasonable evidence to
develop this model. This work presents data demonstrating that
the cleaved N-linked glycans identified from plasma have the same
composition whether their origin is from chickens or humans.
The availability of these chicken samples for longitudinal sampling
has enabled this subset of the entire sample cohort for the intra-
variability and inter-variability of N-linked glycans to be studied.
Glycosylation of proteins play key roles as a regulator for many
biochemical processes such as cellular signaling, division, adhesion,
protein folding, stability and disease. Generally, glycans are cat-
egorized as either O-linked to serine or threonine or N-linked to
asparagine residues on approximately 50% of gene products [16].
Glycosylationis highly sensitive toits cellular environment [17] and
aberrant protein glycosylation is known to occur in various diseases
[17-20]. The association of deregulated uptake of glucose in can-
cer was first described by Warburg starting in the 1920s [21]. Wu
et al. were the first to correlate this increase in glucose uptake to
protein post-translational modification when they observed that
larger membrane glycoproteins occur in cancerous fibroblasts as
compared to healthy fibroblasts [22]. Rostenberg et al. pursued this
implication further and reported that glycosylation patterns were
altered in alpha-1-antitrypsin in several cancers [23]. In the 1980s,
Gehrke and coworkers linked glycan abundance to ovarian and
lung carcinomas by gas-liquid chromatography (GLC) [24]. Recent
research continues to emphasize that glycosylation has a signifi-
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cant role in the progression of human carcinomas and as a potential
biomarker [17,20,25-31]. For example, it has been reported that
sialylation of glycoproteins is altered between normal and malig-
nant conditions [17,32,33]. This has led to numerous studies of
glycans cleaved from glycosylated proteins endogenous to biolog-
ical matrices (e.g., serum or plasma). In addition, there are reports
which attribute an increase in the size and branching of N-linked
glycans characteristic of cancer cells to an increase in activity of
various glycotransferases [34,35]. These observations stimulated
subsequent studies that reported similar unique glycan structures
as putative molecular markers of cancer in several tissues includ-
ing prostate [32,36,37], liver [38], breast [39,40], and ovary [41,42].
Oligosaccharides associated with the current EOC clinical marker
CA-125 have also been characterized [43]. Furthermore, the impor-
tance of post-translational modifications in the context of cancer
has been recently reviewed [44].

In birds, as in mammals, oligosaccharides are synthesized
in the ER-Golgi pathway where glycotransferases are localized.
Often, the expression of glycotransferases and the glycosylation
of proteins are developmentally regulated and cell-type specific.
Likewise, glycosylation moieties can be cell-type specific. Never-
theless, protein glycosylation in birds share significant similarities
with that observed for human proteins. Comparative glycosyla-
tion of immunoglobulins has revealed interesting and significant
commonalities between the domestic fowl and human patterns of
oligoscaccharides [45]. Terminal sialylation and galactosylation of
human and chicken IgG appears to be similar. Analysis of neutral
sugar content between human, several mammals (pig, cow sheep,
mouse, rat, dog, cat), rhesus monkey serum IgG, and chicken serum
IgG(IgY) revealed variation in total neutral sugars/protein but only
chicken and human shared one form of sialic acid residues, sug-
gesting a similar distribution between human and chicken [45].
None of the other species matched the human composition in
this regard. Differences were found between chicken and human
in the presence of high mannose type N-linked oligosaccharides
in chicken IgG, while all forms of human complex type N-linked
oligosaccharides were represented in chicken. Finally, human and
chicken acidic oligosaccharides contain exclusively the sialic acid
form N-acetylneuraminic acid (NANA) while other species con-
tained various proportions of NANA and N-glycolylneuraminic acid
(NGNA) [45]. This latter feature is biologically important. Terminal
structures on the cell surface in the form of sialic acids are involved
in intercellular function and “cross-talk”. The fact that humans and
chickens contain exclusively NANA has suggested that avian glyco-
sylation patterns would be less immunogenic to human.

In addition to immunoglobulins, other studies have suggested
conserved glycan species on the cell surface of avian tissue.
The major N-linked glycans of the chick brain synaptic plasma
membrane appear to be highly conserved, particularly neutral gly-
cans, such as oligomannosidic structures, LewisX, core-fucose, and
bisecting GIcNAc [46]. The conservation of glycosylation patterns
in avian tissues is best reflected in the efforts to produce human
recombinant, biologically active, therapeutic proteins in chicken
embryos and eggs. Recombinant human lactoferrin produced in
chick embryo allantoic fluid has a similar glycosylation, while the
glycosylation of human lactoferrin in the milk of transgenic mice
was found to be highly modified [20,47]. Likewise, transgenic hens
that were developed to produce human interferon in their eggs
generated recombinant protein with a major glycoform found in
naturally occurring human interferon [48]. Taken together, it is
reasonable to expect that the glycosylation profiles of avian ovar-
ian carcinomas will also yield biologically significant results that
are applicable to or provide insight to the secreted glycoprotein
changes associated with human tumors.

Alarge-scale collection of longitudinal plasma samples from 239
chickens over a one-year period recently concluded resulting in a

substantial biorepository for early-stage EOC biomarker discovery.
Arecently developed plasma N-linked glycan assay for nLC-LTQ-FT
MS [49] was used in this study to interrogate the longitudinal sam-
ple sets from four birds out of the original 239. Out of the four birds,
two were assessed to be healthy, one had early-stage EOC, and one
had advanced EOC or oviductal cancer (OVD). A total of 35 N-linked
glycans cleaved from the 4 longitudinal plasma sample sets were
identified. These identified glycans were compared to the N-linked
glycans cleaved from a pooled human plasma sample and all were
found to be in common. The intra- and inter-individual variability
for the plasma N-linked glycan HexsHexNAcsFuc was calculated
from all four birds and shown to be specific to individual birds. The
nLC-LTQ-FT MS results, statistical analysis, and discussion of the
dataset are provided.

2. Experimental
2.1. Materials

Peptide-N-glycosidase F (PNGase F; 2.5 mU/pL) was pur-
chased from Prozyme (San Leandro, CA). Formic acid, trifluoracetic
acid (TFA), ammonium acetate, lacto-N-difucohexaose [ (LND),
lacto-N-fucopentose (LNF), maltoheptaose, [3-mercaptoethanol,
and sodium dodecyl sulfate were purchased from Sigma Aldrich (St
Louis, MO). Pooled human plasma was purchased from Innovative
Research (Novi, MI). Graphitized solid-phase extraction cartridges
(Part Number 210101) were purchased from Alltech (Deerfield, IL).
HPLC grade acetonitrile and water were purchased from Burdick &
Jackson (Muskegon, MI). Nitrogen (99.98%) and LTQ helium bath gas
(99.999%) were obtained from MWSC High Purity Gases (Raleigh,
NC).

2.2. Methods

The glycan cleavage method was previously described in detail
by Bereman et al. [49] and is summarized on the right side Fig. 1.
The four birds were Normal 1 (bird i.d.# 612W), Normal 2 (bird
i.d.# 646W), EOC (bird i.d.# 666B), and EOC/OVD (bird i.d.# 621W).
The denaturing solutions consisting of 1 M 3-mercaptoethanol and
2% (w/w) sodium dodecylsulfate were made from stock solutions.
The sample preparation process can be summarized by the follow-
ing steps: denaturation, glycan release, solid-phase extraction, and
reconstitution/dilution for nanoLC-MS.

2.2.1. Denaturation

Briefly, 50 pL of chicken plasma was lyophilized for about an
hour at 35°C. To this, 250 pL of 50mM Tris HCL buffer (pH 7.5)
was added and the samples were vortexed. 28 L of 2% SDS/1 M [3-
mercaptoethanol denaturating solution was then added followed
by centrifugation, vortexing and heating in a water bath (95 °C) for
5 min. The samples were then placed on the lab bench and cooled
to room temperature (~20 min).

2.2.2. Glycan release

5 uL of enzyme solution (12.5 mU PNGase F) was added to each
sample, followed by vortexing and centrifugation. The samples
were incubated at 37 °C for 18 h. To quench the enzymatic activity,
500 L of 99.9% water/0.1% TFA was added to each sample.

2.2.3. Solid-phase extraction

Nonporous graphitized carbon extraction columns were con-
ditioned with (a) 14 mL of 99.9% water/0.1% TFA, (b) 7 mL of 80%
ACN/20% water[0.05% TFA, (c) 14 mL of 99.9% water/0.1% TFA. Sam-
ples were loaded onto the column bed, and the sample vials were
rinsed and vortexed twice with 500 L of wash solution to ensure
complete loading of sample. Loaded samples were washed with
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Fig. 1. Longitudinal sample procurement and processing method to investigate the N-linked plasma glycome in the avian model of epithelial ovarian cancer.

50 mL of 99.9% water/0.1% TFA. Elution of the samples was per-
formed by washing the column bed with 25% ACN/75% water/0.1%
TFA and collecting the eluent in a 1.5 mL eppendorf tube. Four elu-
tions were collected for each sample under identical conditions.

2.2.4. Sample preparation for nanoLC-LTQ-FT MS

The eluent was lyophilized for ~4h at 35°C. Samples were
reconstituted by addition of 10 pL water, followed by vortexing,
centrifugation, and combination of the four elution fractions for
each sample. Of each sample, 5 pL was aliquoted to a sample vial to
be analyzed by nanoLC-MS. To this vial, 100 wL of internal standard
solution (0.4 WM each) containing lacto-N-difucohexaose I (LND),
lacto-N-fucopentose (LNF), and maltoheptaose, was added. Each
sample was further diluted by adding 100 p.L of mobile phase B (80%
ACN/20% water). The resulting solution was vortexed and added to
a low-volume LC vial.

2.2.5. Nano-flow liquid chromatography

An Eksigent nanoLC-2D system (Dublin, CA) was used under
conditions for hydrophilic interaction liquid chromatography
(HILIC) in these experiments [50]. Mobile phase A was 50 mM
ammonium acetate (pH 4.5), and mobile phase B was 100% ace-
tonitrile. HILIC chromatography was performed over a continuous
bed column, known as the vented column configuration with a
“dummy” column [51]. The “dummy” column provides a continu-
ous backpressure during valve switching. The nanoLC method used
herein has been previously described [52]. The trap and analytical
and dummy columns were slurry packed in house with TSK-Gel
Amide80 stationary phase (Tosoh Biosciences, San Francisco, CA)
to lengths of 5, 10 and 15 cm, respectively. The trap and dummy
columns were packed into IntegraFrit capillaries (New Objective,
Woburn, MA) and the analytical column was packed into PicoFrit

capillary column with a 15 pm LD. tip (New Objective, Woburn,
MA).

4 L of sample were injected into a 10 p.L loop and washed onto
the trap column at a flow rate of 2 pL/min (80% ACN). While the
loading pump was washing over the trap column, the nano-flow
pumps were equilibrated with the dummy column such that mini-
mal pressure fluctuations would occur during valve switching. The
loaded sample was washed with 10 trap column volumes prior to
the switching of the 10-port valve (VICI, Houston, TX) in-line with
the gradient flow at 500 nL/min. At this time data collection was
initiated. After 3 min, mobile phase A was increased from 20% to
60% over 37 min, and remained at 60% for an additional 5 min prior
to decreasing to 20% over 5 min. The system was then allowed to
re-equilibrate for 10 min resulting in total run time of 60 min.

2.2.6. LTQ-FT MS

All mass spectra were acquired on a hybrid LTQ-FT-ICR mass
spectrometer (Thermo Fisher, San Jose, CA) equipped with an
Oxford Instruments actively shielded 7T superconducting magnet
(Concord, MA) operating in positive ion, FT mode. The MS heated
metal capillary temperature was held constant at 250°C. A 2kV
potential was applied to a zero dead volume union to achieve
electrospray ionization. Resolving power was set to 100,000gwym
at m/z 400; one precursor scan and up to four MS/MS events
were recorded. Dynamic exclusion was enabled with 120s dura-
tion. The AGC limits for the FT and LTQ were 1x10% for a
maximum of 1s and 1 x 104 for a maximum of 400 ms, respec-
tively. The MS heated metal capillary was set to 42V, and the
tube lens was set to 120V. Identification of glycans was aided
by the use of OSCAL software (personal communication; Lebrilla
and coworkers). Peak integration was performed using Xcalibur
2.0.7. Interrogation of glycan data was also aided by SimGlycan
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Fig. 2. Comparison of five selected N-linked glycans from human plasma (A), and avian plasma (B). Similar retention times are observed, along with comparable mass
measurement accuracy and MS/MS spectra. This data supports the hypothesis that the same compositions are observed in both species. The composition and detected m/z
values are provided in the text. The following symbols are used in the schematics: N-acetylglucosamine (blue square), mannose (green circle), galactose (yellow circle), and
sialic acid (purple diamond). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

2.7 (http://www.premierbiosoft.com), and GlycoWorkbench ver-
sion 1.1 which is part of the European Carbohydrates DataBase
project (http://www.eurocarbdb.org/) [53].

3. Results and discussion

A major limitation of biomarker discovery using the clinical
samples from human EOC patients is that these studies are typically
limited to single-time point analysis due in large part to very low
incidence of the disease and the logistical complexities of obtain-
ing multiple samples from a human subject. The chicken model
allows us to have a large cohort of animals with a well-defined
genetic and environmental (e.g., diet, lifestyle, exercise, etc.) back-
ground that can be sampled longitudinally and then subsequently
obtain matched tissue specimens. Thus, as the chicken progresses
from normal/healthy to disease, changes in the N-linked glycome
can be correlated to the disease. This experimental strategy results
in significant and quantitative information as to how the N-linked
glycome is altered by EOC.

The experimental workflow for this study is outlined in Fig. 1.
The goal of this research strategy is to determine the biochemical
variability with respect to the integrated glycan peak area within
(intra) and between (inter) normal, EOC, and EOC+other cancer
samples; this topic has been discussed in the literature for over
half of a century [54-57]. Plasma samples were obtained from
chickens over a one-year period at three-month intervals start-

ing at 2.5 years of age. The birds selected for this study included
two normal (healthy) birds, one bird with early-stage EOC (tumor
confined to the ovary), and one bird with EOC or oviductal can-
cer (OVD). The two birds with cancer were evaluated by a board
certified veterinary pathologist and confirmed to be adenocarci-
nomas. When neoplastic lesions are found on both the ovary and
oviduct in a chicken and then both confirmed through pathology
to be adenocarcinomas, there is no present way to determine the
tissue of origin. Thus, the bird with adenocarcinomas on both the
ovary and oviduct is denoted “EOC/OVD”. The nLC-LTQ-FT MS anal-
ysis of the longitudinal plasma samples from the four birds allowed
for a differential analysis between normal/healthy and EOC. The
data presented in this report represents an initial use of quanti-
tative mass spectrometry-based technology to measure the intra-
and inter-individuality of N-linked glycans in plasma. The frame-
work of this study will serve as a foundation for ongoing studies
in our laboratory involving larger numbers of birds combined with
matched ovarian tissue specimens.

A human plasma control sample was processed and analyzed
in parallel with the 4 longitudinal chicken sample sets to com-
pare both the structures and the relative intensities of the N-linked
glycans measured by nHILIC-LTQ-FT MS. The results from this
comparison are shown in Fig. 2. As an example of the over-
lap observed between human (Fig. 2A) and chicken (Fig. 2B)
samples, five extracted ion chromatograms are plotted. The five
extracted ion chromatograms represent the following glycan com-
positions with their m/z values in ascending chronological order
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Table 1

Identified N-glycans from avian plasma. All glycans have been previously identified and reported for human plasma. Many glycans were observed as (M+2H*)?*. The bolded
N-glycans are further described in Fig. 2. The third column provides the 95% CI of the MMA while the final column provides the CI values for the retention times.

Composition Theoretical (M+1H)'™*

MMAaverage (ppm)

95% Cl (n=4) RTayerage (min) 95% Cl (n=4) (s)

HexsHexNAc, 911.3350 0.52
Hex4HexNAc; 1073.3878 0.98
HexsHexNAc3 1114.4150 1.62
Hexs;HexNAc; 1235.4410 1.78
Hex4HexNAcs 1276.4670 1.08
HexsHexNAcy 1317.4940 1.31
HexgHexNAC; 1397.4940 1.90
Hex3H exNAczNeuAc, 1405.5100 0.73
HexsHexNAcs 1438.5176 0.36
HexsHexNAcsFucy 1463.5520 0.02
HexsHexNAcy 1479.5470 0.95
HexsHexNAcs 1520.5732 0.66
HexgHexNAcs 1600.5728 0.47
Hex4HexNAc4Fucy 1625.6050 0.34
HexsHexNAcy 1641.5994 0.85
Hexs;HexNAcsFucy 1666.6310 1.41
Hex4HexNAcs 1682.6260 1.16
HexsHexNAcszNeuAc; 1729.6154 0.92
Hex4sHexNAcsNeuAcy 1770.6520 0.79
HexsHexNAcsFucy 1787.6573 0.22
HexsHexNAcsFuc, 1828.6839 1.37
HexsHexNAcs 1844.6788 1.27
HexgHexNAcsNeuAc; 1891.6682 0.63
HexsHexNAcsNeuAc; 1932.6848 1.60
HexsHexNAcsFucy 1990.7367 1.10
Hex4sHexNAc4Fucy NeuAcy 2078.7527 0.75
Hex4sHexNAcsFucy NeuAcy 2119.7793 0.40
HexsHexNAcsNeuAc, 2135.7742 1.45
HexsHexNAcsNeuAc; 2223.7902 1.91
Hexs HexNAcsFuci NeuAc; 2281.8321 1.38
HexsHexNAcsNeuAcy 2297.8270 0.33
HexsHexNAc4Fucy NeuAc, 2369.8481 1.58
HexsHexNAcsNeuAc, 2426.8696 0.95
HexsHexNAcsFucy NeuAc; 2572.9275 1.28
HexgHexNAcsNeuAc; 2588.9224 1.08

1.38 20.14 15.23
0.55 22.78 8.48
0.37 21.86 19.04
0.11 24.94 15.13
0.95 24.07 15.55
0.82 23.16 13.07
0.29 26.71 17.09
1.07 24.55 15.37
1.68 oN/S 8.62
1.11 25.75 13.07
1.14 25.31 5.45
0.45 23.83 5.88
0.71 27.51 9.08
0.68 25.41 4.83
0.57 26.70 13.68
0.29 24.33 6.67
0.32 2533 7.01
0.40 27.57 14.12
0.44 26.74 8.00
1.71 27.32 16.49
0.22 25.84 14.07
0.26 26.85 7.65
1.22 28.85 6.75
0.16 28.12 6.86
0.23 27.33 14.55
0.78 28.41 4.58
0.54 27.58 15.79
0.56 28.31 11.19
0.14 29.37 8.13
0.47 28.71 9.74
1.65 29.30 13.59
0.54 29.64 7.67
1.18 29.50 8.43
0.51 29.75 8.15
0.22 30.55 13.34

(based onretention times): (1) HexsHexNAcsFucy m/z833.8193,(2)
Hex4HexNAcs m/z 841.8168, (3) HexgHexNAc, m/z 1397.4940, (4)
HexsHexNAcsNeuAc; m/z 966.8512, and (5) HexsHexNAc4NeuAc;
m/z 1112.3990. The gray column in Fig. 2 highlights a representa-
tive precursor ion found in both chicken and human plasma at the
same retention time (within 1.5s) with a charge state of 2* and
similar mass measurement accuracy. In addition to the identical
retention times and precursor ion mass accuracy, the fragmen-
tation patterns for the human sample (Fig. 2A) and the chicken
sample (Fig. 2B) have several similar prominent spectral features.
Furthermore, every N-glycan composition identified in the chicken
sample by combined accurate mass and MS/MS has been identi-
fied in human plasma. These results are promising with regard to
translating insights from longitudinal chicken plasma to human
EOC in the form of candidate biomarkers. Having established that
the human and chicken plasma N-linked glycomes have significant
compositional similarities, longitudinal plasma samples from birds
across a spectrum of health and disease states can be interrogated
in the context of EOC biomarker discovery and its translation to
humans.

A list of all 35 N-linked glycan compositions identified in this
study from chicken plasma is given in Table 1. These encompass
several characteristic N-glycans including high mannose, complex
and hybrid structures. These identified species were composed of
a number of combinations of hexose, N-acetylhexosamine, fucose
and sialic acid. Predominately (M+H*)!* and (M+2H*)2* along with
some ammonium adducted species were detected. In the case of
ammonium adducted species, both the protonated and ammonium
adducted species peak areas were integrated. Accurate mass and
MS/MS data for the N-linked glycans highlighted in Table 1 are
further described in Fig. 3.

Fig. 3 highlights three major classes N-glycan structures that
were observed. The precursor mass spectra shown on the left of
Fig. 3 were measured in the FT-ICR cell to provide high resolv-
ing power and mass measurement accuracy (MMA) of the N-linked
glycan species. Fig. 3A (HexsHexNAc, ) and Fig. 3B (HexgHexNAc;)
represents two high mannose structures that were identified from
precursor MS (left) and MS/MS (right) data. The intact species
detected were 1* and sequencing information from this precur-
sor was obtained in the MS/MS spectrum. Assigned structures for
each N-linked glycan are shown in the insets of their respective
MS data. Fig. 3C and D represents MS and MS/MS data from the 2+
charge states of a hybrid glycan structure (HexsHexNAcsNeuAc;)
and a complex structure (Hexs HexNAcy4NeuAc ).

Fig. 4 shows the integrated peak areas of an N-linked glycan
(composition HexsHexNAcsFuc) in triplicate for the two normal
(Normal 1 & Normal 2), the early-stage EOC, and the EOC/OVD
chickens as a function of plasma sampling time point. From this
experimental design a comparison of the integrated peak areas as
afunction of time can be made. From the upper left column, the Nor-
mal 1 bird has a consistently higher level of the HexsHexNAcsFuc
glycan compared with EOC. Interestingly, the HexsHexNAcsFuc
level in the Normal 1 bird stays relatively constant yet the EOC bird
steadily increases over the same time period. The data plotted in
the lower left column in Fig. 4 includes the Hexs HexNAcsFuc levels
in plasma for the Normal 2 and EOC/OVD birds as a function of time.
Unlike the Normal 1 and EOC birds, the HexsHexNAcsFuc levels for
the EOC/OVD bird are consistently higher than the Normal 2 bird for
the one-year period. Furthermore, the HexsHexNAcsFuc levels for
the EOC/OVD remain relatively constant over the one-year period in
comparison to the EOC bird. The gray columns provide a graphical
representation of the intra- and inter-individual variability for the
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Fig. 3. Assigned structures and representative MS and tandem MS spectra of four
N-glycans identified in this study. (A and B) High mannose structures observed as
(M+H*)™ intact ions. Their tandem MS spectra show characteristic fragmentation
with extensive loss of both hexose and HexNAc. (C) A hybrid structure and the
tandem MS spectrum reveal losses of NeuAc, hexose and HexNAc. (D) A complex
structure and has characteristic losses of NeuAc, hexose and HexNAc. The following
symbols are used in the schematics: N-acetylglucosamine (blue square), mannose
(green circle), galactose (yellow circle), and sialic acid (purple diamond). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

4 datasets. The raw data in the gray columns are given in Table 2.
In the middle column, the following data is reported: the intra-
normal variability — how does this N-linked glycan change during
the course of aging in a normal chicken? The box plot in the mid-
dle column shows a 95% confidence interval range of 1.22 x 107 for
Normal 1 and a smaller 95% confidence interval range of 3.92 x 106
for Normal 2 indicating the normal range for fluctuations in the
peak area of this glycan. Additionally, the intra-EOC variability is
reported — how does this N-linked glycan change during progres-
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Fig. 4. Data across the longitudinal study for a fucosylated N-glycan
HexsHexNAcsFuc; m/z 995.87 (M+2H*)?*. The detected peak area for each
sample is plotted as a function of the sample procurement time point. The longi-
tudinal trends based on peak area are plotted for each chicken as follows: normal
1 (upper left, pink squares), EOC (upper left, black circles), EOC/OVD (lower left,
red triangles), normal 2 (lower left, blue diamonds). There are major differences
between distinct normal and EOC & EOC/OVD chickens. The inter-individuality of
the range between the normal samples is greater than the inter-individuality of the
EOC samples. These data emphasize the need for longitudinal sampling strategies
to determine intra-individual variability for normal and disease samples. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

sion towards EOC? The 95% confidence interval range shown in
the box plot for EOC is 2.49 x 107 and the 95% confidence inter-
val range for EOC/OVD is 9.26 x 108, The 95% confidence interval
for EOC is larger than either of the Normal ranges, and each of the
EOC ranges is larger than the corresponding Normal individual uti-
lized in this comparison. Considering both the upward trend and
the larger 95% confidence interval, this glycan may be suggestive of
the onset of disease for EOC. The right gray column of Fig. 4 shows
the inter-normal variability - how does the integrated N-linked
glycan peak area differ between normal chickens as they age? The
95% confidence interval range for Normal chickens is 6.76 x 107.
The inter-EOC & EOC/OVD variability is also presented - how does
the integrated N-linked glycan peak area differ between chickens
as they progress to disease? The 95% confidence interval range for
EOC & EOC/OVD chickens is 1.03 x 107.

These data are very interesting as they show the normal range
for this N-glycan as being much larger than that of the diseased pop-
ulation (see Table 2). From these data, it would be clear that this

Table 2
Calculated median and 95% confidence interval values for the integrated peak areas of the Hexs HexNAcsFuc intra-individuality and inter-individuality plots shown in Fig. 3.
# Min (x107) Median (x107) 95% CI (x107) Max
(A) Intra-individuality
Normal 1 15 103 109 10.6-11.8 133
EOC 15 3.8 53 4.5-7.0 8.6
(B) Intra-individuality
Normal 2 15 33 4.0 3.9-4.2 5.0
EOC/OVD 15 49 6.0 5.5-6.4 6.6
(C) Inter-individuality
Normal 30 33 7.7 4,0-10.8 133
EOC & EOC/OVD 30 3.8 5.6 5.3-6.3 8.6
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N-linked glycan would not be effective for this population, how-
ever by looking at individual ranges, it becomes evident that the
upward trend across time for EOC would make it diagnostic for that
individual assuming the onset of EOC is indicative of the trending
data. In other words, the mean HexsHexNAcsFuc levels in plasma
and their corresponding variabilities over time are specific to indi-
vidual chickens. Yet, if the EOC bird is indicative of early-stage
EOC with regards to onset time and theHexsHexNAcsFuc levels are
related to the onset of disease, this example clearly underscores the
value of longitudinal sampling. For example, if single-time point
samples were collected from the Normal 1 and EOC birds at “Lon-
gitudinal Sample Point 5”, the differences would suggest a slight
down-regulation of HexsHexNAcsFuc in EOC compared with Nor-
mal 1. However, the longitudinal data for EOC clearly shows the
HexsHexNAcsFuc levels trending up (i.e., up-regulation). Thus, the
direction of glycan regulation would be mis-interpreted if these
two birds were indicative of a population of birds at time point “5”.

If we are to assume that HexsHexNAcsFuc levels are indicative
of EOC onset, how can the EOC/OVD data be explained where the
abundances are relatively constant over the one-year period? Three
explanations are considered here. First, HexsHexNAcsFuc levels
may have nothing to do with the onset of EOC which would be borne
out of a larger-scale study with more birds. A second explanation
could be that the EOC/OVD bird’s tumor originated in the oviduct
and that HexsHexNAcsFuc is only specific to adenocarcinomas of
the ovary. A third explanation could be that if the EOC/OVD tumor
originated in the ovary, the onset of EOC may have occurred prior
to 2.5 years of age. The onset and progression of cancer are believed
to be the result of multiple somatic gene mutations (4-6) accumu-
lated over time [58,59]. Thus, if HexsHexNAcsFuc is indicative of
EOC, the one-year widow between 2.5 and 3.5 years of age may be
a homeostatic plateau resulting from an earlier increase. The point
of these speculative scenarios is to illustrate the inherent value of
longitudinal samples in establishing personalized reference ranges
for multiple glycans as a function of health and disease. By studying
multiple glycan species over time, biomarkers may reveal them-
selves in ways otherwise impossible with conventional single-time
point approaches.

4. Conclusions

The N-linked glycomes from chickens and humans were char-
acterized by nLC-LTQ-FT MS and found to be similar with regard
to the compositions of identified species. A total of 35 plasma N-
linked glycans were identified from chickens in this study and all
of these have been previously found in humans [49]. The similar-
ity of the N-linked glycome is yet another piece of molecular-level
evidence supporting the similarities between EOC in chickens ver-
sus humans. Quantitative changes of the N-linked glycome from 4
chickens were studied as a function of time using nLC-LTQ-FT MS.
The plasma levels of HexsHexNAcsFuc were shown to be specific
to each of the 4 chickens. The levels of HexsHexNAcsFuc in the two
normal birds were relatively constant for samples collected over
the one-year period but the inter-individual means were differ-
ent by almost 3-fold. The increasing HexsHexNAcsFuc levels in the
EOC bird provided an important illustration of the power of longi-
tudinal sampling. Although the levels in the EOC bird increased by
approximately 2-fold over the one-year period, the final measured
abundance did not exceed the intra-individual mean for the Normal
1 bird. In other words, comparative analysis of time point “5” for the
Normal 1 and EOC birds would have suggested a down-regulation
of HexsHexNAcsFuc as a result of EOC onset. The strategy described
in this study provides a foundation for studying the onset of EOC as
a function of time to establish “personalized” reference ranges and
ultimately novel glycan biomarkers for early-stage EOC.

5. Supporting Information

All of the nLC-LTQ-FT MS/MS data files associated with
this manuscript may be downloaded from the ProteomeCom-
mons.org Tranche network using the following hash: xNrry+
SE2MHKMBY7EH4g290kz02ZLOmmq1MPVd1MYC/iXPwVAe
CUMW/PN + A3GIWw/dZ]Ja8uoN + SXxFmI8WnlY + JTKqHUAAAAAA
ACgew==.
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