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Abstract
Ovarian cancer is the fifth leading cause of cancer death for women in the U.S., yet survival rates
are over 90% when it is diagnosed at an early stage, highlighting the need for biomarkers for early
detection. To enhance the discovery of tumor-specific proteins which could represent novel serum
biomarkers for ovarian cancer, we depleted serum of highly abundant proteins which can mask the
detection of proteins present in serum at low concentrations. Three commercial immunoaffinity
columns were used in parallel to deplete the highly abundant proteins in serum from 60 patients
with serous ovarian carcinoma and 60 non-cancer controls. Medium and low abundance serum
proteins from each serum pool were then evaluated by the quantitative proteomic technique of
Differential-In-Gel-Electrophoresis (DIGE). The number of protein spots that were elevated in
ovarian cancer sera by at least 2-fold ranged from 36 to 248, depending upon the depletion and
separation methods. From the 33 spots picked for MS analysis, nine different proteins were
identified, including the novel candidate ovarian cancer biomarkers leucine-rich alpha-2
glycoprotein-1 and ficolin 3. Western blotting validated the relative increases in serum protein
levels for three of the proteins identified, demonstrating the utility of this approach for the
identification of novel serum biomarkers for ovarian cancer.
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Introduction
Ovarian cancer is the fifth leading cause of cancer-related deaths for women in the United
States [1], a statistic that could be reduced with improved methods for early detection.
Current screening techniques for ovarian cancer are neither adequately sensitive nor specific
[2]. CA125 is an antigen present in the sera of the majority of patients diagnosed with
ovarian cancer [3, 4]. However, CA125 is less commonly elevated in the sera of women
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with early stage ovarian cancer [5] and can be detected in other cancers as well as non-
malignant conditions [4], making it unsuitable as a screening test for the general population.

Researchers have used a variety of techniques to discover novel protein biomarkers to
replace or be used in conjunction with CA125. Gene expression and proteomic profiling of
ovarian tumor tissues and cell lines have identified a large number of proteins with increased
expression in ovarian cancer [6]. Although proteomic techniques have been used to analyze
lysates from ovarian cancer and normal ovary epithelial cells [7-9] and microdissected
ovarian tumors [10], they have not been widely used on serum.

In the past decade, the development of quantitative MS-based proteomic techniques has
allowed the direct comparison of protein levels present in control and diseased samples.
Using Differential-In-Gel-Electrophoresis (DIGE), cancer and control samples are labeled
with different fluorescent dyes, then the samples are combined and proteins are separated by
2-DE. Bengtsson et al. [11] used this technique to identify proteins differentially expressed
in malignant ovarian cancer tissues compared to normal, benign, or borderline ovarian
tissues. It is not known whether any of the proteins identified in these studies are secreted or
released ectopically into the sera of patients.

Although MS identification of tissue-derived proteins in plasma is feasible [12], the dynamic
range and complexity of proteins present in serum or plasma requires additional
fractionation in order to detect low abundance proteins. One approach is to deplete the most
highly abundant proteins, comprising ∼ 95% of serum total protein, using immunoaffinity
columns [13]. Available depletion strategies have demonstrated effective removal of high
abundance proteins and improvement in the detection of less abundant serum proteins [14,
15]. Immunodepletion in combination with DIGE analysis of serum has been used to
identify potential biomarkers in lung [16, 17], pancreatic [18, 19], and prostate cancers [20].

In our study, pooled serum samples from 60 patients with serous ovarian carcinoma and 60
non-cancer controls were depleted of high abundance proteins using immunoaffinity
depletion columns. The remaining medium and low abundance proteins were then subjected
to analyses by DIGE in order to identify proteins with increased abundance in ovarian
cancer sera relative to control sera. To the authors' knowledge, this is the first study of serum
immunodepletion in combination with DIGE as a means to measure relative protein
expression in ovarian cancer patients for the pursuit of serum biomarkers, enabling the
discovery of new and potentially valuable biomarkers of ovarian cancer.

Materials and Methods
Patient Samples

De-identified serum samples from 60 patients with serous ovarian carcinoma and 60 female
non-cancer controls were obtained from the Gynecologic Oncology Group (GOG) Tissue
Bank. The majority of the ovarian cancer serum samples were from patients with stage III
serous tumors (44 samples), seven had stage I and II, and nine had stage IV tumors. The
average CA125 value was 2,289 units/ml (range 12 – 15,000 units/ml) for the 26 ovarian
cancer patients for whom this information was available. The age of ovarian cancer patients
ranged from 35-85 years compared to 19-58 years for the non-cancer controls. Cancer and
non-cancer control sera were separately pooled into six groups containing serum from ten
patients (C1 to C6 for the 60 cancer samples; N1 to N6 for the 60 non-cancer control
samples).
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Serum depletion by MARS spin column
The multiple affinity removal system (MARS) spin column (Agilent Technologies, Santa
Clara, CA) was used to deplete the six most highly abundant proteins present in sera
(albumin, alpha-1 antitrypsin, haptoglobin, transferrin, IgA, and IgG) according to the
manufacturer's specifications. Briefly, 10 μl of each serum pool (∼ 0.5 mg) was diluted and
filtered through a 0.22 μm cellulose acetate spin filter (Agilent Technologies) before
applying to the equilibrated MARS column. To maximize recovery, two additional washes
were performed and combined with the flow-through fraction. Six 10 μl aliquots of each
serum pool (C1 – C6 and N1 – N6) were subjected to depletion and combined. The
combined flow-through and wash fractions for each serum pool were designated the low
abundance fraction. The high abundance (bound) proteins were eluted from the column and
the column was immediately equilibrated for reuse.

Serum depletion by ProteomeLab IgY-12 spin column
The ProteomeLab IgY-12 spin column (Beckman Coulter, Fullerton, CA) was used to
deplete twelve highly abundant serum proteins [albumin, total IgG, alpha-1 antitrypsin, IgA,
IgM, transferrin, haptoglobin, α1-acid glycoprotein (orosomucoid), α2-macroglobulin, HDL
(apolipoproteins A-I and A-II), and fibrinogen] according to the manufacturer's
specifications, except that Dulbecco's PBS without calcium chloride or magnesium chloride
(Invitrogen, Carlsbad, CA) was substituted for the dilution buffer. Ten μl (∼ 0.5 mg) of each
serum pool was diluted and applied to the IgY-12 column, and the medium and low
abundance proteins were collected in the flow-through. Two additional washes with PBS
were conducted and pooled with flow-through to maximize recovery. The high abundance
(bound) proteins were eluted from the column, and complete removal of bound proteins was
ensured by monitoring for absorbance at 280 nm. The column was immediately regenerated
prior to reuse.

Serum depletion by ProteomeLab IgY-12 liquid chromatography
The same 12 high abundance proteins described above were depleted from pooled serum
with the ProteomeLab IgY-12 High Capacity LC10 affinity column (Beckman Coulter)
according to the manufacturer's instructions. For each serum pool, 150 μl (∼ 7.5 mg) was
diluted into loading buffer and loaded onto the column using an Agilent 1100 Series
quaternary pump HPLC (Agilent Technologies). Elution of proteins not bound to the column
(medium and low abundance proteins) was monitored by A280. Bound proteins (high
abundance proteins) were eluted at low pH and then neutralized. The column was
regenerated by washing until the A280 returned to baseline to ensure complete removal of
the high abundance proteins and avoid sample carryover between column runs.

Serum concentration and protein determination
Fractions from the three affinity columns were concentrated and the buffer exchanged to
PBS using a 5000 MW cut off PES membrane concentrator (VivaScience, Hanover,
Germany). Protein concentration was determined using the BCA method (Pierce Protein
Research Products, Rockford, IL).

2-DE
Fifty μg of unlabeled serum proteins were separated by isoelectric point (pI range 3.0 to
10.0) in the first dimension and SDS-PAGE in the second dimension, as described below for
DIGE. Proteins were visualized by silver staining [21].

Andersen et al. Page 3

Electrophoresis. Author manuscript; available in PMC 2012 December 12.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Differential In-Gel Electrophoresis (DIGE)
50 μg of medium and low abundance proteins from each serum pool were minimally labeled
with Amersham CyDye™, per the manufacturer's protocol (GE Healthcare, Piscataway, NJ).
The initial DIGE experiment used sera depleted of high abundance proteins with the MARS
column. Ovarian cancer serum pool (C1) and non-cancer serum pool (N1) were labeled with
Cy5 and Cy3, respectively. IgY-12 spin column depleted cancer serum pools (C1-C6) were
labeled with Cy5 and non-cancer control serum pools (N1-N6) were labeled with Cy3.
Paired C and N samples were run on six DIGE gels. For sera depleted using the IgY-12
HPLC method, cancer serum pools C1-C3 were labeled with Cy5, and non-cancer serum
pools N1-N3 were labeled with Cy3; cancer serum pools C4-C6 were labeled with Cy3, and
non-cancer serum pools N4-N6 were labeled with Cy5. For the IgY-12 HPLC experiments,
Cy2 was designated for labeling a pooled internal standard composed of equal quantities
from all serum pools. The Cy2 labeled internal control was used to determine the
“standardized abundance” (the ratio of Cy3/Cy2 and Cy5/Cy2 channels) for more accurate
spot statistics and quantitation, and better spot matching between gels. Six DIGE gels were
run with paired ovarian cancer and non-cancer samples, and the internal control.

Equal quantities of the labeled samples were combined to a final volume of 250 μl for 13
cm Immobline™ DryStrip (GE Healthcare), or 200 ul for 11 cm ReadyStrip™ (BioRad,
Hercules, CA) with immobilized pH gradient (IPG) running buffer [7 M urea, 2 M thiourea,
bromophenol blue, 0.5% v/v ampholyte buffer (GE Healthcare or BioRad)] and 12 mM
dithiothreitol (DTT). Samples were rehydrated into Immobline™ DryStrips, pH 3-10 or 4-7,
or ReadyStrip™, pH 3.9-5.1 overnight under low current. Immobline™ DryStrip samples
were resolved in an Ettan™ IPGphor ™ IEF apparatus (GE Healthcare), whereas the
ReadyStrip™ samples were resolved on a BioRad Protean® IEF Cell per manufacturer's
protocol. Strips were equilibrated for 0.5 hr in SDS equilibration buffer (50 mM Tris, pH
8.8, 8 M urea, 30% glycerol, 4% SDS, 1% DTT) followed by separation on 8-16% Tris-HCl
SDS-PAGE Criterion™ gels (BioRad).

Gel spots were visualized with either the Typhoon 8610 scanner (GE Healthcare) or the Fuji
Film FLA-5000 digital scanner (Cypress, CA). Fuji Film ImageGauge v4.1 software was
used to export tagged image format (tiff) files for analysis, and composite images consisting
of all CyDyes were made with FluorSep v2.2 software (Molecular Dynamics, Sunnyvale,
CA). Images were cropped for importing into the DeCyder software with Image Quant v5.2
software (Molecular Dynamics). DeCyder v5.02 (GE Healthcare) software was used to
evaluate the differential expression between samples. Spots were considered differentially
expressed if they had an average ratio change greater than 2.0 and a student's t-test p-value
of ≤ 0.05. Differentially expressed spots were picked for MS identification if they had a
volume of at least 5 × 10−6, and were resolved adequately from other spots as determined by
visual inspection.

Protein staining, spot excision and protease digestion
Gels were stained with Deep Purple total protein stain (GE Healthcare), and visualized with
the Typhoon 8610 scanner. Images were imported into the Genomic Solutions® Investigator
ProPic™ instrument (Genomic Solutions Inc, Ann Arbor, MI) for robotic excision. Excised
spots were trypsin digested [22] using a Genomic Solutions® ProPrep™ kit and lyophilized.

MS analysis of protein spots
Lyophilized tryptic peptides were reconstituted in water/ACN/formic acid (95:5:0.1) and
injected into a Michrom Bioresources Paradigm 2D capillary LC system (Auburn, CA)
online with a linear ion trap (LTQ, Thermo Scientific, Waltham, MA). Peptides were
desalted and concentrated on a Paradigm Platinum Peptide Nanotrap (Michrom

Andersen et al. Page 4

Electrophoresis. Author manuscript; available in PMC 2012 December 12.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Bioresources, Inc.) precolumn and eluted onto a Magic C18 AQ reversed-phase column
(Michrom Bioresources, Inc.), at a flow rate of ∼250 nl/min. The peptides were separated
during a 60 min (10-40% ACN) linear gradient and ionized with a voltage of 2.0 kV applied
distally on the column. The LTQ was set to positive polarity and scans were acquired using
a data-dependent acquisition method: one survey (MS) scan followed by MS/MS (relative
collision energy of 35%) on the four most abundant ions detected in the survey scan.
Dynamic exclusion was employed for 30 sec time intervals.

Database searching and protein identification
MS/MS data from the LTQ were analyzed with Sequest embedded in BioWorks Browser (v
3.3, Thermo Scientific) and searched against a database of human, mouse, and rat [NCBI
(http://www.ncbi.nlm.nih.gov)] non-redundant protein sequences (extracted on 122409) in
addition to 179 common contaminant proteins (Thermo Scientific), for a total of 206,318
proteins. Searches were conducted with a fragment ion mass tolerance of 1.00 Da and a
parent ion tolerance of 1.00 Da. The search parameters were: trypsin digestion, fixed
carbamidomethyl modification of cysteine and variable oxidation of methionine, with three
trypsin missed cleavage sites allowed. The dta/out files generated by Bioworks were
analyzed in Scaffold (v_2_00_03, Proteome Software Inc., Portland, OR) to validate MS/
MS based peptide and protein identifications. Peptide identifications were accepted if they
could be established at >95.0% probability as specified by the Peptide Prophet algorithm
[23]. Protein identifications were accepted if they could be established at >99.0% probability
by the Protein Prophet algorithm [24], and contained at least 3 identified peptides. Spots that
could not be identified using the above criteria were assigned to the next highest scoring
protein if, upon manual inspection of the spectra, all peaks could be assigned and greater
than 3 consecutive product ions were present.

Western Blots
Fifty μg of IgY-12 HPLC column depleted sera in Laemmli loading buffer (BioRad)
containing 2% β-mercaptoethanol (v/v), was separated on a 4-20% gradient Tris-HCl
Criterion™ gel (BioRad) in Tris-glycine buffer [0.1% SDS (w/v), 25 mM Tris, 192 mM
glycine, pH 8.3]. Separated proteins were electroblotted using a Criterion™ Blotter
(BioRad) onto PVDF membrane (Pall Corporation, Pensacola, FL) in transfer buffer (20%
methanol, 25 mM Tris base, 192 mM glycine, pH 8.0). The blots were blocked with 5%
non-fat dried milk, in TBS with 0.05% Tween-20, then incubated in antibodies against
human alpha-1 antichymotrypsin (mAb 213907; R&D Systems, Minneapolis, MN); ficolin 3
(mAb 2A6; R&D Systems); and leucine-rich alpha-2 glycoprotein-1 (LRG1) (mAb 2E3;
Abnova, Taiwan). After washing, blots were incubated with a horseradish peroxidase
conjugated secondary antibody (Pierce Protein Research Products). Proteins were visualized
with ECL using SuperSignal West Femto Maximum Sensitivity substrate (Pierce Protein
Research Products). Images were collected by exposure to Kodak x500 film (Midwest
Scientific, Valley Park, MO). A duplicate gel was run and stained with CBB as a loading
control.

Results
Removal of high abundance proteins from serum

Pooled sera were depleted of the high abundance proteins using one of three commercial
immunoaffinity depletion columns: MARS, IgY-12 spin, or the IgY-12 HPLC.

To demonstrate the efficacy of immunodepletion by the MARS spin column, serum proteins
from all twelve serum pools were separated by 2-DE before and after fractionation. Overall,
the immunodepletion was quite reproducible between serum pools. A representative
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example of the protein spot patterns from whole sera for one cancer and one non-cancer
serum pool were visually compared to protein patterns from the different fractions for each
pool (Fig. 1A-C). Spot patterns for the high abundance fractions (Fig. 1B, B′) were similar
between the cancer and non-cancer serum pools. In the low abundance fractions (Fig. 1C, C
′), the number and resolution of spots was superior to that seen for whole sera. In addition,
the medium and low abundance fractions (Fig. 1C, C′; region within white rectangle)
contained numerous protein spots not visible in the unfractionated sera (Fig. 1A, A′),
demonstrating the enrichment of proteins in the low abundance fraction, particularly in the
pI range of 4 to 7. Furthermore, many proteins <60 kDa in size appeared to be present in
higher amounts in cancer sera (Fig. 1C; white rectangle) compared to control sera (Fig. 1C′;
white rectangle); demonstrating the potential of the depletion strategy to enhance the
identification of candidate serum biomarkers for ovarian cancer.

The ProteomeLab™ IgY-12 spin and HPLC affinity columns were also used for serum
depletion. Fractionated sera were then subjected to 1-DE and 2-DE (Supplemental Figs. 1
and 2). As expected, the high abundance proteins were depleted from the whole sera, and the
low abundance proteins enriched. Similar to the results from the MARS depleted sera (Fig.
1A-C), a visual comparison of the numbers and intensities of the medium and low abundant
protein spots observed by 2-DE in cancer and non-cancer sera suggested the differential
expression of various serum proteins in ovarian cancer relative to control sera (Supplemental
Fig. 2).

Identification of candidate biomarkers by DIGE
DIGE analysis was performed for a single pair of pooled samples (C1 and N1)
immunodepleted by MARS. In order to determine the optimal pI and molecular weight
separations for effective DIGE analysis of serum, we started with the pI range 3 – 10. Image
analysis using DeCyder software revealed hundreds of proteins with differential expression
in ovarian cancer sera compared to control sera (Fig. 1D). A total of 1256 protein spots were
detected, of which 145 (11.5%) were 2-fold or more abundant in the cancer vs. control sera;
63 (5%) were 2-fold or less abundant in the cancer vs. control sample; and 1048 (83.4%)
were nearly equal in abundance in both samples (Table 1). In this experiment, spots were not
excised for protein identification since the objective was to optimize the DIGE conditions;
and in many cases the spots were inadequately resolved, or did not contain a sufficient
amount of protein for successful identification by MS.

Six biological replicates of medium and low abundance proteins from pooled IgY-12 spin
column depleted sera were co-resolved in six DIGE gels at pI 4.0 – 7.0 (Fig. 2A). More than
870 protein spots were detected using the Decyder Biological Variance Analysis software,
which compared and analyzed all six gels collectively. Of the total spots detected, 248 spots
(28%) were >2-fold more abundant in the cancer vs. control serum pools (p-value <0.05;
Table 1). Sixteen spots (labeled on Fig. 2B) with a significant increase in abundance in all
the ovarian cancer sample sets were excised for identification by MS. Three subunits of the
serum protein haptoglobin were identified in 8 distinct spots (Table 2). Serum amyloid-P
component, alpha-1 antichymotrypsin, and ficolin 3 were also identified (Table 2).
Identification of ficolin 3 in spot 620 required reducing the search criteria to two peptides;
the spectra for these peptides were verified by manual inspection (Supplemental Fig. 3). No
proteins were identified for five of the excised spots. Peptides used for the identification of
each protein are listed in Supplemental Table 1.

DIGE analysis of the 12 serum pools depleted by the IgY-12 HPLC was conducted using pI
from 3.9 to 5.1 in order to better separate the proteins within this pI range (Fig. 3A). A total
of 961 protein spots were detected collectively among the six DIGE gels (Table 1), of which
36 spots (4%) showed significantly increased levels in all six ovarian cancer samples
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compared to control samples. Seventeen spots were excised from these gels, and MS for 16
of the spots identified at least one protein (Table 3 and Fig. 3B). Inter-alpha (globulin)
inhibitor H4 was identified in three spots with the most peptides of all proteins that met our
criteria. Similarly, alpha-1 antichymotrypsin (AACT) was identified in seven spots, while
complement component 3 and leucine rich alpha-2 glycoprotein 1 (LRG1) were each
identified in three spots (Table 3). Relative to the control serum pools, ten of the proteins
identified were increased by >2-fold in the ovarian cancer serum pools, and three proteins
were increased by 1.5- to 1.8-fold (Table 3). The proteins from each spot that met our
threshold for protein identification are listed in Table 3. Due to comigration of proteins in
the gels, several spots contained more than one protein identified with high probability (99%
probability, three peptide minimum). As a result, the distinct protein(s) that contributed to
the differential expression detected by the DeCyder software were ambiguous. For example,
the proteins inter-alpha (globulin) inhibitor H4, protein S alpha, and complement component
1s were all detected in spot 217. Peptides used in the identification of each protein are listed
in Supplemental Table 1.

Validation of protein expression by immunoblotting
Results of the DIGE experiments were validated by Western blot. We used immunodepleted
serum for the initial validation, as the presence of the highly abundant serum proteins
interferes with detection of low abundance proteins by Western blot. Monoclonal antibodies
to AACT, LRG1, and ficolin 3 were used to probe Western blots of medium and low
abundance proteins from serum pools depleted by the IgY-12 HPLC column. We chose
proteins for validation that showed robust levels of expression in ovarian cancer sera by
DIGE or were identified in multiple spots, and have not been previously reported to be
upregulated in the sera of ovarian cancer patients. We were particularly interested in
validating ficolin 3 and LRG1, as the peptide identification and/or quantitation values were
weak and these are potentially tumor-specific proteins. For example, ficolin 3 was identified
with only two peptides. The mAb against ficolin 3 recognized two protein bands of ∼32 and
∼65 kDa; both bands were more intense in the ovarian cancer serum pools compared to the
control sera (Fig. 4A), supporting the DIGE results. The ficolin 3 monomer is predicted to
be 32 kDa, while the native form is a polymer [25]. Although the levels of LRG1 in ovarian
cancer sera were only modestly increased, it was identified in five spots, and Western blots
probed with a mAb to LRG1 validated the increased levels of LRG1 in ovarian cancer sera
compared to non-cancer sera. AACT was detected as a protein of ∼ 56-65 kDa that was
visibly increased in the cancer serum pools by Western blotting (Fig. 4A). In the DIGE
experiments, six spots were identified as AACT (Tables 2 and 3), with an average 3-fold
increase in the cancer serum pools; this was corroborated by the Western blotting results.
Fig. 4B shows a duplicate gel stained with CBB as a loading control.

Discussion
In this study, we provide evidence that the use of immunodepletion to remove highly
abundant proteins from serum followed by DIGE analysis can be used to quantitate protein
levels in serum from ovarian cancer patients and non-cancer controls for the discovery of
candidate biomarkers. By these techniques, we identified nine proteins present at higher
levels in ovarian cancer sera than in control sera.

Several of the proteins identified in this study, for example, haptoglobin [26-30] and inter-
alpha globulin inhibitor H4 [31], have previously been shown to be increased in the sera of
ovarian cancer patients by proteomic and other techniques, validating our screen for
potential biomarkers in serum. Haptoglobin was first shown to be elevated in the sera of
women with ovarian cancer almost 40 years ago [28]. This finding has subsequently been
confirmed numerous times, most recently by 2-DE [26], SELDI, and ELISA [29].
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Haptoglobin is one of the highly abundant proteins targeted by the immunodepletion
columns, and was visibly depleted from the non-cancer serum (Fig. 1C′, arrow) by the
MARS column. Visual examination of the MARS-fractionated sera by silver stained 2-DE
gels revealed increased levels of haptoglobin in the cancer serum pool in both the high
abundance (Fig. 1B, arrow) and low abundance (Fig. 1C, arrow) fractions. We conclude that
the MARS column effectively depleted haptoglobin from serum except when present at
elevated levels, such as in sera from ovarian cancer patients, in which case the column
depletion capacity is insufficient for complete removal of the protein.

We also identified several less well-studied proteins that were elevated in ovarian cancer
sera and have the potential to serve as biomarkers. For example, LRG1 was expressed at
increased levels in ovarian cancer sera by DIGE, and subsequently was validated by
Western blot (Fig. 4A), and by ELISA in individual, undepleted serum samples (manuscript
in preparation). Although LRG1 has been classified as an “acute phase” protein [32, 33], we
have evidence that LRG1 is also produced by ovarian cancer cells and may contribute to the
increased levels of LRG1 found in patient sera (manuscript in preparation). Others have
found by 2-DE, that specific isoforms of LRG1 have increased expression in the
proliferative endometrium of women undergoing fertility treatment who subsequently
became pregnant independent of treatment [34], and in the peritoneal fluid of women with
uterine leiomyomas [35]. Interestingly, Ferrero and colleagues also saw a significant
correlation between leiomyoma size and LRG1 expression [35]. We identified LRG1
peptides in DIGE spots representing four different isoforms, although only one spot was
significantly increased in ovarian cancer sera, and only a single protein band of ∼51 kDa
was detected by Western blot. Taken together, these data indicate a potential role for at least
one isoform of LRG1 in the physiology of the female reproductive organs, and a potential
biomarker for ovarian cancer.

We also found that ficolin 3 was more than 3-fold elevated in ovarian cancer sera by DIGE
analysis, and its relative expression was validated by Western blot. Although ficolin 3 is
thought to play a role in immune activation [36, 37], it has been identified by MS in ovarian
cancer ascites cells [38, 39] suggesting a potential role in ovarian cancer, as well. Ficolin 3
has also been identified in a DIGE analysis of serum in prostate cancer progression [20].
Thus, ficolin 3 and LRG1 both warrant further investigation into their expression in ovarian
cancer cells and their specificity as potential biomarkers for ovarian cancer.

We also validated the level of serum expression for alpha-1 antichymotrypsin, an acute
phase protein that may play a role in ovarian cancer by binding and regulating members of
the kallikrein family of serine proteases [40]. Alpha-1 antichymotrypsin was detected as a
protein of ∼ 56-65 kDa that was visibly increased in the cancer serum pools by Western
blotting (Fig. 4). In the DIGE experiments, six spots were identified as AACT (Tables 2 and
3), with an average 3-fold increase in the cancer serum pools (ranging from a 2.25 to 4.9-
fold increase in the cancer sera), which is corroborated by the Western blotting results (Fig.
4).

Several of the proteins found to be increased in ovarian cancer serum relative to control
samples were acute phase proteins that can be elevated in response to infection or injury
[32], and as such may not be specific to ovarian cancer. Nevertheless, in a recent analysis of
204 serum markers on a large cohort of sera from women with ovarian cancer as well as
benign gynecological disease, several acute phase and inflammatory proteins were among
the best discriminators of malignancy [41]. These findings support the notion that
inflammation plays a role in cancer initiation and progression [42] and indicate that acute
phase proteins may prove to be critical in the development of a robust “multi-analyte” panel
of ovarian cancer biomarkers.
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Others have used post-translational modifications as a method to detect and enrich for
biomarkers in serum of ovarian cancer patients. Ogata and colleagues used
immunodepletion and 2-DE to analyze post-translationally modified proteins by means of
specific gel staining methods [43]. They identified a phosphorylated isoform of fibrinogen
alpha that was upregulated in ovarian cancer patients. Furthermore, Jackson et al. [44] used
DIGE and 2-D lectin profiling for the discovery of glycoprotein biomarkers. They found the
albumin-related protein, afamin, was present at decreased levels in ovarian cancer compared
to control sera.

Immunodepletion of serum followed by DIGE analysis has been used for biomarker
discovery in a number of other cancer types including prostate [20], pancreatic [18, 19], and
lung cancers [16, 17]. Similar to our results in ovarian cancer, serum levels of haptoglobin,
inter-alpha globulin inhibitor H4, and LRG1 were elevated in the medium and low
abundance serum proteins of lung and pancreatic cancers [16, 18, 19]. Taken together, these
results suggest that these proteins may be indicative of a general response to cancer, rather
than tumor-specific proteins; although in the cases of haptoglobin and LRG1, there is
evidence that these proteins are synthesized by ovarian cancer cells [30].

For biomarker discovery, we used 60 serum samples from patients with primarily stage III
and stage IV serous ovarian carcinoma and 60 serum samples from female non-cancer
“controls” that were randomly pooled into six groups of ten patient samples. The samples
were pooled to reduce variation between individual samples and to increase the overall
number of samples tested. We selected patients with advanced disease under the assumption
that these patients may have higher levels of ovarian cancer proteins in their sera than
patients with early stage disease, thus increasing the likelihood of detecting ovarian cancer
specific biomarkers. There is some evidence that the serum protein profile may change with
disease progression [45, 46], which may limit the utility of late stage samples for the
discovery of early stage biomarkers. However, a recent analysis of 21 tumor biomarkers in a
large cohort of patients demonstrated consistent biomarker expression across stages within a
particular ovarian cancer subtype, suggesting that differential expression of biomarkers is
related to ovarian cancer subtype and not stage [47]. Regardless, it will be important to
validate the candidate biomarkers identified using a large cohort of individual serum
samples, which are age-matched and include samples from women with early stage cancers
and benign gynecological conditions, as well as healthy controls. Moreover, the candidate
biomarkers detected herein may prove useful for the detection of disease recurrence.
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Figure 1. Depletion of highly abundant proteins from sera by MARS column
A) 2-DE of whole sera. Fifty μg of undepleted sera from pooled cancer (A) and non-cancer
(A′) samples were separated by isoelectric point and then by molecular size. Proteins were
visualized by silver stain.
B) 2-DE of sera fractionated by the MARS column. Fifty μg of the high abundance proteins
from cancer (B) and non-cancer (B′) serum pools were separated by 2-DE as described
above.
C) Fifty μg of the medium and low abundance proteins recovered from the MARS column
for one cancer serum pool (C) and non-cancer serum pool (C′) were separated by 2-DE. Box
indicates a region of the gel with protein spots of increased intensity in the ovarian cancer
sera. Arrows show haptoglobin subunits.
D) DIGE analysis of medium and low abundance proteins from sera depleted by the MARS
column. Fifty μg of medium and low abundance proteins from ovarian cancer serum pool
C1 was labeled with Cy5 (red) and 50 μg of medium and low abundance proteins from non-
cancer serum pool N1 was labeled with Cy3 (green). Proteins present equally in both serum
pools appear as yellow spots.
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Figure 2. DIGE analysis of medium and low abundance serum proteins depleted by the IgY-12
spin column
A) DIGE gels for all 12 serum pools depleted of high abundance proteins by the IgY-12 spin
column. Fifty μg of the medium and low abundance proteins recovered from the IgY-12
spin column were labeled with Cy5 (red; cancer serum pools C1-C6) or Cy3 (green; non-
cancer serum pools N1-N6). Proteins present equally in both serum pools appear as yellow
spots. Proteins were separated by isoelectric point and then by molecular size.
B) A representative deep purple stained DIGE gel of sera depleted with the IgY-12 spin
column. Spots picked for identification by MS are labeled with the master spot number
assigned by the Decyder software. Identity of the proteins for each spot is listed in Table 2.
The peptides identified for each protein are listed in Supplemental Table 1.
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Figure 3. DIGE analysis of medium and low abundance serum proteins depleted by the IgY-12
HPLC column
A) DIGE gels for all 12 serum pools depleted of high abundance proteins by the IgY-12
HPLC column. Fifty μg of the medium and low abundance proteins recovered from the
IgY-12 HPLC column were label for each serum pool. Cancer serum pools C1-C3 were
labeled with Cy5 (red), and C4-C6 were labeled with Cy3 (green). Non-cancer serum pools
N1-N3 were labeled with Cy3 (green), and N4-N6 were labeled with Cy5 (red). Proteins
present equally in both serum pools appear as yellow spots. Proteins were separated by
isoelectric point and then by molecular size.
B) A representative deep purple stained DIGE gel of sera depleted with the IgY-12 HPLC
column. Spots picked for identification by MS are labeled with the master spot number
assigned by the Decyder software. The identity of the proteins for each spot is listed in Table
3. The peptides identified for each protein are listed in Supplemental Table 1.
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Figure 4. Western blot validation of proteins overexpressed in cancer sera
A) Western blots of 50 μg of medium and low abundance proteins from each non-cancer
(N1-N6) and cancer (C1-C6) serum pool depleted by the IgY-12 HPLC column were probed
with the antibodies to AACT, LRG1, and ficolin 3.
B) A duplicate gel was stained with CBB as a loading control.
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