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Developing a mass spectrometry-based assay for the ovarian cancer biomarker CA125 (MUC16) is a desir-
able goal, because it may enable detection of molecular regions that are not recognized by antibodies
and are therefore analytically silent in the current immunoassay. Additionally, the ability to characterize
the CA125 proteoforms expressed by individuals may offer clinical insight. Enrichment of CA125 from
malignant ascites may provide a high-quality source of this important ovarian cancer biomarker, but a
reliable strategy for such enrichment is currently lacking. Beginning with crude ascites isolated from three
individual patients with high grade serous ovarian cancer, we enriched for MUC16 using filtration, ion

Received 24th August 2020, exchange, and size exclusion chromatography and then performed bottom-up proteomics on the iso-
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lated proteins. This approach of enrichment and analysis reveals that the peptides detected via mass spec-
trometry map to the SEA domain and C-loop regions within the tandem repeat domains of CA125 and
rsc.li/analyst that peptide abundance correlates with clinical CA125 counts.

Introduction brane mucin comprised of three domains: a heavily glycosy-
lated N-terminus; a repeat domain containing 60 or more

Accumulation of ascites (peritoneal fluid) is a common clinical ~“tandem repeats”; and a short intracellular C-terminus.®® The

finding in patients with advanced stage high grade serous

ovarian cancer (HGSOC)."* A majority of patients with ascites

undergo paracentesis, which alleviates symptoms and discom- MUC16 CA125

fort associated with fluid build-up.® Following removal, ascites l

is typically discarded. Ascites can therefore be viewed as an
underused resource in the analytical characterization of
HGSOC biomarkers. Because of its continual contact with N-terminus
ovarian tumors, ascites is enriched with tumor-associated bio-
molecules, and the analytical characterization of this biofluid
may be a fruitful strategy for the identification of new HGSOC

biomarkers.>”® Further, ascites contains high concentrations _ Legend
of known HGSOC biomarkers, including CA125; the concen-
tration of CA125 in ascites is ~27 times higher than in serum.” . . Repeat domain
CA125—an FDA-approved biomarker for ovarian cancer—is — x >— 60+
a peptide epitope found on the mucin MUC16. MUC16 — Repeat - Intracellular domain
(depicted in schematic form in Fig. 1) is a 3-5 MDa transmem- >_ Domains
Clinically Used Antibodies:
“Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, - _< 0C125
IN, USA. E-mail: rwhelan1@nd.edu
bDepartment of Obstetrics and Gynecology, University of Wisconsin-Madison, C-terminus _< M11
Madison, WI, USA. E-mail: patankar@wisc.edu

‘Department of Food Science, University of Wisconsin-Madison, Madison, WI, USA

fElectronic supplementary information (ESI) available: Complete list of identi- ~ Fig. 1 Schematic diagram illustrating the regions of MUC16, the CA125
fied proteins and maps of identified peptide locations. See DOI: 10.1039/ epitope, and the antibodies that provide recognition in the clinical
do0an01701a immunoassay. Adapted from ref. 12.
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amino acid sequences of the tandem repeats are largely con-
served but not identical. Notable structural features found in
each tandem repeat include a SEA domain and a 21-amino
acid long cysteine bound loop (C-loop) that had been hypoth-
esized to contain the CA125 epitopes.'®'! It is currently
unknown if all repeats are expressed in all proteoforms and
individuals, or if expression changes with variables including
disease progression.'”> Serum CA125 levels are currently
measured via a double determinant immunoassay. The
reliability of the two antibodies used in the immunoassay—
0OC125 and M11—has been called into question by several
lines of investigation. In one study, Bressan and co-workers
used a recombinant expression system to purify six tandem
repeats and found that OC125 and M11 did not recognize all
repeats uniformly.”® In a separate study, Hoffman and co-
workers probed a western blot of ascites with OC125 and M11
and found that proteins other than CA125 were stained.'® The
location of the CA125 epitopes remains unknown, despite
extensive effort to characterize antibody binding.'"'*"
Though CA125 is a clinically important biomarker, questions
remain about its biochemistry and the role that MUC16 plays
in the origin and progression of cancer.">'*'8

Achieving a better understanding of CA125/MUC16 will
require reliable methods to isolate a majority of its proteo-
forms in an unbiased way. Nustad and co-workers report six
different isolation methods for MUC16, including antibody-
based affinity chromatography.'® Such antibody-based proto-
cols capture only those proteoforms that have accessible
CA125 epitopes. Post-translational modifications and splicing
events are expected to generate at least a subset of proteoforms
without accessible CA125 epitopes resulting in an underassess-
ment of the total pool of MUC16 molecules by the serum
CA125 diagnostic test. Bias in immunoaffinity purification has
been demonstrated for other proteins and peptides.*’™>*

The primary motivation for this work is to better under-
stand the different proteoforms of MUC16 on the assumption
that such understanding will support the development of novel
analytical methods suitable to the detection of this complex
analyte. Our ultimate goal is advanced characterization of
MUCI16 to enable the development of alternative assays to detect
and quantify CA125 in biofluids. As a step towards this goal, we
recently reported a suspension trap-based bottom-up proteomics
workflow for MUC16 analysis.*® In the present report, we extend
our previous work to the analysis of MUC16 in ascites samples
derived from individual ovarian cancer patients. To enable
bottom-up proteomics of MUC16, ascites samples first undergo
an affinity-free process of filtration, ion exchange, and size exclu-
sion chromatography. This enrichment process is designed to
retain MUC16 while excluding high abundance, low-molecular
weight proteins that interfere with detection of this mucin. Using
this approach, we demonstrate that MUC16 peptides detectable
by mass spectrometry predominantly map to the tandem repeat
region with a few peptides detected from the N-terminal domain.
The number of MUC16 peptides detected is directly proportional
to the CA125 counts from the clinical ELISA, while avoiding the
bias inherent to antibody-based methods.
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Experimental

Reagents and chemicals

Sodium dodecyl sulfate (SDS), iodoacetamide (IAA), triethyl-
ammonium bicarbonate (TEAB), ammonium bicarbonate,
sodium chloride (NaCl), Q-Sepharose and Sepharose CL-4B
were purchased from Millipore Sigma (St Louis, MO). Tris(2-
carboxyethyl)phosphine (TCEP), deoxycholic acid (DCA), phos-
phoric acid, and methanol (Burdick & Jackson) were obtained
through VWR. Formic acid (99% purity) (FA), acetonitrile
(ACN), and C18 ZipTips were purchased from Fisher Scientific
(Hanover Park, IL). S-Traps™ were purchased from Protifi
(Huntington, NY). Mass spectrometry-grade trypsin gold was
obtained from Promega (Madison, WI) and reconstituted
according to manufacturer’s instructions.

Patient recruitment

Patients suspected of ovarian cancer were recruited for this
study. All experiments were performed in accordance with the
United States Health and Human Services Basic Policy for
Protection of Human Research Subjects and approved by the
Institutional Review Board of the University of Wisconsin.
Informed consents were obtained from human participants of
this study. Ascites samples were obtained from patients as
standard-of-care. Only ascites samples from patients (age
range 33-66 years) with a confirmed diagnosis of advanced
stage (stage III or IV) HGSOC were used to develop the affinity-
free method for enriching MUC16. The ascites were obtained
prior to the patients receiving any chemotherapy, cytoreductive
surgery, or other forms of therapy to prevent effects of the
therapy on the molecular presentation of MUC16. This study
investigates ascites collected from three patients. Table 1
reports clinical parameters (age; type and stage of cancer; and
volume of ascites removed) for these three patients.

Concentration of ascites

The workflow used to enrich MUC16 from crude ascites is
shown in Fig. 2a. To prepare the sample for chromatographic
purification of MUC16, ascites samples were first concentrated
using tangential flow ultrafiltration. Initially, the ascites fluid
was sequentially filtered through Whatman no. 4 (25 pm) and
no. 6 (3 pum) filter papers followed by final filtration through a
glass fiber (GF/F) filter (0.7 pm) (Millipore-Sigma). In each fil-
tration step, filters were repeatedly replaced to avoid clogging.
The final clarified filtrate from the GF/F filtration step was
used for subsequent processing. The filtrate was concentrated
using a Pellicon tangential flow filtration cassette (cutoff 1 x
10° Da; Millipore-Sigma) to reduce the volume of the fluid.

Table 1 Clinical information on the three patients sampled in this study

Cancer Volume of
Patient # Age Cancer type stage ascites removed
1 36 Serous ovarian 111 1.5L
2 66 Serous ovarian 1 1.5L
3 n/a Serous ovarian 11 2.0L

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (A) The workflow used to enrich MUC16 from crude ascites. (B) A representative ion-exchange chromatogram, showing the absorbance at
280 nm as a function of fraction number. Wash 3 was taken into further processing. (C) A representative size-exclusion chromatogram showing the
absorbance at 280 nm as a function of fraction number. Pools 1 and 2 were individually concentrated and analyzed by bottom-up proteomics.

The filtrate was placed in a water bath set at 40 °C and
pumped through the cassette at 2 bar using a peristaltic pump
to maintain the flow rates of retentate and permeate at 50 mL
min~' and 4 mL min~", respectively. The permeate flow rate
decreased considerably during this ultrafiltration step (typi-
cally, 3-5 h). Permeate was collected separately and eventually
discarded. Retentate was recirculated through the cassette. On
average, the volume of ascites was reduced to half or a third of
the original volume with care taken to avoid precipitation of
proteins during ultrafiltration. After ultrafiltration, the cassette
was regenerated by sequentially washing for 40 min (at 40 °C)
each with deionized (DI) water, 0.1% Tergazyme, DI water, 0.1
M sodium hydroxide, and finally with DI water.

Ion exchange chromatography

The concentrated ascites samples were separated by ion
exchange chromatography on a Q-Sepharose (1.5 cm x 30 cm)
column. Concentrated ascites fluid (50 mL) was loaded on the
Q-Sepharose column using a low-pressure peristaltic pump.
The column was then connected to a Pharmacia FPLC pump
(P-500) and eluted (400 mL min~") with 150 ml of 10 mM Tris-
HCI (pH 7.0) followed by washing with 250 mL of 10 mM Tris-
HCI (pH 7.0) containing 200 mM NaCl. The eluted solutions
from these two washes contained only minimal titers of CA125
Units and were therefore discarded. Fractions from the
column effluent (1.5 mL each) were collected and monitored
for absorbance at 280 nm (Fig. 2b). The MUC16 bound to the
Q-Sepharose column was eluted with 150 mL of 10 mM Tris-
HCI (pH 7.0) containing 4 M NaCl. The eluted material was
collected and concentrated using the 1 x 10° Da ultrafiltration
cassette using the same general protocol described above.

This journal is © The Royal Society of Chemistry 2021

Size exclusion chromatography

For further enrichment of MUC16, the concentrated 4 M NaCl
wash from the Q-Sepharose column was separated on a
Sepharose CL-4B size exclusion chromatography column
(Millipore-Sigma, St Louis MO). The concentrated 4 M NaCl wash
(5 mL) was loaded on a 2.5 cm x 100 cm Sepharose CL-4B
column using a low-pressure peristaltic pump. The column was
then connected to the Pharmacia FPLC pump (P-500) and eluted
with freshly prepared 10 mM ammonium bicarbonate. Fractions
from the column effluent (1.5 mL) were collected and monitored
for absorbance at 280 nm (Fig. 2c). The first two high molecular
weight fractions contained the majority of the CA125 units and
were designated as pool 1 and pool 2, respectively. Each pool was
concentrated using a Centriprep ultrafiltration cartridge (10 kDa
cut off; Millipore). The concentrated material was stored at
—80 °C prior to mass spectrometry.

CA125 and protein quantification

At each of the major steps of the separation process, the units
of CA125 were monitored using the clinical CA125 assay.
Samples were submitted to the clinical pathology laboratory of
the University of Wisconsin Hospital and Clinics, and CA125
units were monitored using the Abbott Architect assay. Total
protein in each sample was assayed using the bicinchoninic
acid assay (BCA, ThermoFisher) using the recommended pro-
tocols for 96-well plate format.

Proteomics sample processing

Ten micrograms of total protein were denatured and reduced
with 6% SDS and 10 mM TCEP at 95 °C for 10 min. 0.2% DCA

Analyst, 2021,146, 85-94 | 87
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was included as a passivating agent to prevent protein adsorp-
tion, and 100 mM TEAB was included as a buffering agent.
Following reduction, protein was alkylated with 10 mM IAA for
30 min at RT in the dark. The alkylation reaction was
quenched by addition of phosphoric acid to a final concen-
tration of 1.2%. Excess buffer was evaporated using vacuum
centrifugation to increase SDS concentration to 6%. The on-
trap digestion process followed manufacturer’s instructions.
Briefly, the protein solution was precipitated, spun onto a
STrap device and washed. 750 ng trypsin in 100 mM TEAB was
added to the STrap, and protein was digested overnight at
37 °C. Peptides were eluted with 100 mM TEAB and 0.1% FA,
and the digestion reaction was quenched with 10% FA. A third
elution was performed using 50% ACN and 0.1% FA. All
eluates were combined and dried on a SpeedVac. Peptides
were reconstituted in 0.1% FA, desalted using C18 ZipTips,
and reconstituted in water containing 4% ACN and 0.5% FA to
a final volume of 20 pL. From each patient sample, we digested
three portions, yielding three biological replicates per patient
sample. Each biological replicate was analyzed three times
(technical replicates) as described below. In total, each pool of
material derived from one patient was analyzed 9 times (three
biological replicates x three technical replicates).

Mass spectrometry and data analysis

Peptides were analyzed using a Waters NanoAcquity liquid
chromatography (LC) system coupled to a Q-Exactive mass
spectrometer (Thermo Scientific). The LC system was equipped
with a peptide BEH C18 column (Waters, 100 pm x 100 mm,
1.7 pm particle size). Peptides were separated over a 90 min
gradient using a binary solvent system. Solvent A consisted of
water with 0.1% FA while solvent B consisted of ACN with
0.1% FA (Burdick & Jackson, VWR). The following linear gradi-
ent was used for all samples: 4% B for 0-10 min, 4-7% B from
10-12 min, 7-31% B from 12-70 min, 31-90% B from
70-74 min, 90% B until 78 min, 90-4% B for 1 min, and re-
equilibration at 4% B from 79-90 min. The mass spectrometer
was operated in top 15 data-dependent acquisition mode with
automated switching between MS and MS/MS. The ion source
was operated in positive ion mode at 1.8 kV, and the ion trans-
fer tube was maintained at 280 °C. Full MS scans were
acquired from 415 to 1900 m/z at resolution of 70 000, with an
AGC target of 3 x 10° ions and a fill time of 60 ms. MS/MS
scans were performed from 200 to 2000 m/z at a resolution of
17500 and a maximum fill time of 120 ms. The AGC target
was set at 1 x 10° ions. An isolation window of 3.5 m/z was
used for fragmentation with a normalized collision energy of
26.5. Dynamic exclusion was set at 40 s. Ions with a charge of
+1 or greater than +6 were excluded from fragmentation. Raw
data files were searched using Proteome Discoverer (version
2.2) with Mascot and the SwissProt database (July 2014,
546 000 sequences; this is the most complete available build
for MUC16). The taxonomy was set to Homo sapiens and the
digestion enzyme was set to trypsin with a maximum of
2 missed cleavages. The peptide mass tolerance was 10 ppm
and fragment  mass tolerance  was 0.4 Da.
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Carbamidomethylation of C was set as a global modification
and oxidation of M was set as a variable modification. A strict
and relaxed FDR were set at 0.01 and 0.05, respectively. All ker-
atins were filtered out.

Results and discussion
Affinity-free enrichment isolates MUC16

Ascites from patients with HGSOC contains high amounts of
MUC16 that is released from the tumors. Ascites is therefore
an excellent source to enable the analysis of MUC16 from indi-
vidual HGSOC patients. Considering previous reports that the
CA125 epitopes of MUC16 are differentially detected by OC125
and M11—the antibody pair used for quantitation of this bio-
marker in ovarian cancer patients—we hypothesized that anti-
body-based purification methods may lead to selective enrich-
ment of only specific proteoforms of MUC16. Such a bias will
therefore not provide for accurate mapping of the MUC16 pro-
teoform population present in ascites. We therefore developed
a protocol to enrich MUC16 using relatively unbiased separ-
ation techniques.

Ascites from ovarian cancer patients typically ranges from a
few hundred milliliters to liters in volume. The first step for
purification of MUC16 from this fluid therefore requires sig-
nificant concentration of ascites which we accomplished using
tangential flow ultrafiltration on a 1000 kDa cut-off Pellicon
filter. These devices allowed for relatively rapid concentration
of ascites to 40-50% of its original volume. To avoid clogging
due to cellular debris and other solid materials present in
ascites, the fluid was clarified by sequential vacuum filtration
through disc filters of sequentially finer pore size prior to tan-
gential flow ultrafiltration.

The concentrated ascites from each patient was separated
in multiple runs on a Q-Sepharose anion exchange chromato-
graphy column. Initial experiments indicated that the majority
(75-85%) of MUC16 remains bound to the Q-Sepharose
column even after washing with low salt buffer containing
200 mM NaCl. The 200 mM NaCl wash, however, removed sig-
nificant amounts of contaminating non-MUC16 proteins from
the concentrated ascites. The bound MUC16 was eluted using
high salt buffer containing 4 M NaCl. This step resulted in
recovery of approximately 60-70% of the total CA125 counts
present in crude ascites.

For further purification, the 4 M NaCl washes from the
Q-Sepharose column were pooled and concentrated using the
1000 kDa tangential flow ultrafiltration unit. The concentrated
material was subsequently subjected to size exclusion chrom-
atography on a Sepharose CL-4B column. On average, 40-60%
of the CA125-positive material was recovered in the exclusion
volume (referred to as pool 1) of the Sepharose CL-4B column.
An additional 20-30% of the CA125-positive material was
eluted as pool 2. The protein concentration and CA125 units
in pool 1 and 2 from the CL-4B column resulted in significant
enrichment of MUC16 (Table 2). The enriched MUC16
samples from pools 1 and 2 were individually subjected to

This journal is © The Royal Society of Chemistry 2021
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Table 2 Summary of the outcomes (total CA125; total protein; MUC16 purity; and fold enrichment over the fraction isolated in ion exchange

chromatography) of ascites processing for three ovarian cancer patients

Total MUC16 purity Fold enrichment

Patient # Purification step Total CA125 (U) protein (mg) (CA125 U mg ™" total protein) over Q-Sepharose fraction
1 Q-Sepharose 4 M NaCl wash 23254400 1850 12570 n/a

CL-4B pool #1 10710 000 15.2 704 605 56

CL-4B pool #2 6698 000 14.6 458767 37
2 Q-Sepharose 4 M NaCl wash 10422 000 6280 1660 n/a

CL-4B pool #1 7104 000 10.3 689 709 416

CL-4B pool #2 2806 000 17.4 161 264 97
3 Q-Sepharose 4 M NaCl wash 14927 000 760 19 641 n/a

CL-4B pool #1 800 000 2.4 333333 17

CL-4B pool #2 2475000 21 117 857 6

characterization by mass spectrometry. This MUC16 isolation
protocol is now routinely employed in our laboratories to
purify the mucin from HGSOC ascites with consistent results.
Some variation between the level of purification is expected
given the complex nature of the ascites and patient-to-patient
variations in the components of this fluid. Here, we present
data on proteomic characterization of MUC16 that was isolated
from three patients using the new method.

Affinity-free enrichment enables mass spectrometry detection
of MUC16

Ascites has previously been studied using bottom-up proteo-
mics as a potential source of new biomarkers. Kislinger and
co-workers reported the first high-quality proteome of ovarian
cancer ascites.* These researchers performed in-solution and
gel-based protein digestion of ascites followed by LC-MS analysis
and identified over 2500 proteins in crude ascites isolated from a
patient with stage III serous ovarian cancer. Later work from this
group identified 500 protein candidate biomarkers in ascites fol-
lowing depletion of twelve high-abundance plasma proteins.’
Despite accomplishing extensive characterization of ascites and
identification of new biomarker candidates, these studies did not
consistently identify MUC16. To achieve our goal of characteriz-
ing MUC16 from individual patients using mass spectrometry,
an enrichment strategy targeting high molecular weight proteins
was required. The enrichment protocol that we report here
enabled identification of this low-abundance protein biomarker
in patient ascites, and MUC16 peptides were detected in each
ascites sample we analyzed.

After enrichment for MUC16, samples corresponding to
pool 1 and pool 2 (the first two groupings of fractions collected

using size exclusion chromatography, Fig. 2) were processed
using an optimized bottom-up proteomics workflow.”> Our
approach uses suspension trapping (STrap), which requires
microgram amounts of input material, allows the use of harsh
MS-incompatible denaturing agents, and produces results con-
sistent with other digestion protocols.>*® Because there is no
straightforward conversion between the clinical assay measure-
ment (CA125 U mL™") and amount of MUC16, we used the
results from BCA assay to determine total protein amounts.
Ten micrograms of protein were digested from each patient
and pool sample, and the amount of CA125 digested was cal-
culated from the sample purity (Table 2). Table 3 summarizes
the input amount of CA125 (U), the total number of proteins
and peptides identified, the number of MUC16 peptides
detected, and the percent coverage of MUC16. Day-to-day accu-
racy and precision of the mass spectrometer were 3.8 ppm and
2.7 ppm, respectively. Accuracy and precision were determined
from replicate data (N = 17, collected on 14 days spanning
10 months) on the commonly detected MUC16-derived
peptide, VAIYEEFLR.

A greater number of proteins and MUC16 peptides are
identified in pool 1 than pool 2 for all patients (Table 3). We
hypothesized that pool 1 and pool 2 would contain different
proteins because these pools were collected as different frac-
tions following size exclusion chromatography. This hypoth-
esis is partially supported. Fig. 3 shows Venn diagrams com-
paring pool 1 and pool 2 proteins and MUC16 peptides identi-
fied in each patient. We observe molecular heterogeneity in
the population of proteins detected. However, the set of
MUC16 peptides detected in pool 2 is almost entirely con-
tained in the set of MUC16 peptides detected in pool 1.

Table 3 Summary of all patient samples analyzed, showing the amount of CA125 (U) digested, total number of proteins and peptides identified,
number of MUC16 peptides identified, and percent coverage of MUC16. Designations such as “1.1" refer to patient number (1, 2, or 3) and pool
number (1 or 2). All values are reported as the average and standard deviation of three biological replicates analyzed in technical triplicate

Patient #. pool # CA125 (U) Protein IDs Peptide IDs MUC16 peptides % Cov. MUC16
1.1 7044 416 + 32 2740 + 240 53+2 12+ 0
1.2 4570 327 £16 2670 =150 37+£2 8+0
2.1 6912 249 +12 1160 =110 26+4 9+1
2.2 1610 224 +£10 1980 £ 130 17+ 4 6+1
3.1 3440 243 + 34 1330 =150 17+ 2 51
3.2 1185 167 + 35 1250 £ 300 2+1 1+1

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Venn diagrams showing the overlap of proteins (top) and MUC16 peptides identified (bottom) in three individual patients. The total number
of proteins and peptides for each patient and pool is a sum of all biological and technical replicates (N = 9). A list of all identified proteins and pep-

tides are in the ESI} spreadsheet.

Our ultimate goal is a better molecular characterization of
MUC16 that will enable the development of alternative detec-
tion strategies. The overlap of MUC16 peptides identified in
pools 1 and 2 suggests that the MUC16 isolated in pool 2 does
not differ significantly from that found in pool 1 (Table 3,
Fig. 3). Because pool 2 provides little new analytical infor-
mation, future studies will analyze only the proteins enriched
in pool 1, reducing the number of samples and analysis time
required per patient.

Proteins identified in enriched ascites span molecular weights
of 20-2500 kDa

For this affinity-free enrichment method to be most useful it
should retain the majority of MUC16 proteoforms, increasing
their concentration in the sample while excluding lower mole-
cular weight, high abundance proteins that might otherwise
interfere with mass spectrometry detection. We chose to use size
exclusion chromatography on a Sepharose CL-4B column that
should exclude globular proteins of molecular weight <60 kDa.
We expect to see proteins with the largest molecular weight in
the first few fractions (Fig. 2C, pool 1). Subsequent fractions will
have proteins of lower molecular weight. Surprisingly, we found
that later fractions also exhibited high CA125 counts, so they
were also included in analysis (Fig. 2C, pool 2).

To determine if the enrichment process eliminated proteins
<60 kDa, the molecular weights of proteins identified with
high confidence and a Mascot score greater than 100 were
investigated. Fig. 4A-C shows that the molecular weights of
the proteins identified in enriched ascites span three orders of
magnitude. Additionally, MUC16 is the only protein identified
with a molecular weight >1000 kDa. Fig. 4D-F shows an
enlarged view of proteins ranging from 0-150 kDa. There is
substantial overlap in the protein molecular weights identified
in pool 1 and pool 2 (Fig. 4). This finding supports our pre-
vious claim that there is little new information gained by
characterization of pool 2.
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Fig. 4 Scatter plots showing the number of peptides identified vs.
molecular weight of the corresponding protein. Proteins identified in
pool 1 are shown in red and proteins from pool 2 are in blue. A-C rep-
resent the full distribution of molecular weights for patients 1-3
respectively, and D-F show the subset of proteins ranging from
0-150 kDa. MUC16 is highlighted in a black circle in A-C. The list of
proteins can be found in ESL.}

Surprisingly, the proteins identified have a molecular
weight much lower than Sepharose CL-4B column cut-off. One
explanation for this finding is that proteins may aggregate and
function as larger globular proteins. During the enrichment
step using the Sepharose-CL4B size exclusion column, 10 mM
ammonium bicarbonate buffer is used due to its compatibility
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with downstream analyses, however, higher salt concentrations
are typically required to prevent aggregation of proteins. A
related explanation for this finding is that a subset of the
detected proteins may bind specifically or non-specifically to
the protein and glycan epitopes of MUC16. These interactions
are then broken during the denaturation and reduction steps
conducted prior to mass spectrometry. Further investigation
into preventing protein aggregation may help eliminate lower
molecular weight proteins, which will further reduce sample
complexity and lead to detection of an increased percentage of
the low abundance MUC16 proteoforms.

MUC16 peptide identifications correlate to CA125 counts

The clinical assay reports CA125 counts in units mL™". Despite
extensive research, the epitopes of the clinically used anti-
bodies have not been identified. We hypothesize that the

Number of MUC16 Peptides

1 OIOO 20'00 30IOO 40IOO 5()'00
Input CA125 (U)

Fig. 5 MUC16 peptides, identified from mass spectrometry analysis,
versus input CA125 counts, measured using immunoassay. Data points
represent the average number of MUC16 peptides identified in technical
triplicate, and error bars represent the standard deviation.
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number of detectable, tryptic MUC16 peptides correlates with
the input amount of CA125 measured using the clinical assay.
Varied amounts of CA125, ranging from 100 to 5000 U, were
digested and characterized. Fig. 5 shows that as the input
amount of CA125 (U, determined by Abbot Architect assay)
increases (x-axis), the number of MUC16 peptides (y-axis) also
increases. This finding supports our hypothesis and suggests
the epitopes of the CA125 antibodies used in the clinical assay
are amenable to mass spectrometry detection.

MUC16 peptides map to the tandem repeat domain

MUC16 contains three domains: a N-terminus (amino acids
1-12069); a tandem repeat domain (amino acids
12070-21867); and a  C-terminus (amino  acids
21 868-22152).%° The repeat domain consists of 61 complete
and 2 partial 156-amino acid repeats that contain both highly
conserved and highly variable amino acids (data not shown).
Following peptide identification, the MUC16 peptides from
each patient sample were mapped to the MUC16 amino acid
sequence. Fig. 6 shows that almost all peptides detected via
mass spectrometry derive from the repeat domain or
C-terminus; only two peptides are identified in the
N-terminus, and this identification was only observed in two
of the samples (Table 4, patient 1). Fig. 6 highlights the repeat
domain and C-terminus of MUC16. Table 4 shows the number
of peptides identified within each domain of MUC16. We note
that relatively high percent coverage of this protein is possible
even when relatively few peptides are identified. A 10 amino
acid long peptide, for example, represents 0.045% of the entire
MUC16 sequence. Because of the highly conserved nature of
the tandem repeat domain, the identification of 2 peptides
enables 1% coverage of MUC16 (Table 3, Fig. 7, patient 3.2).
Future work will focus on identifying peptides that are con-
served in all tandem repeats and identified in multiple patient
samples. Completion of this goal will enable development of

i i C-T
N-Terminus Repeat Domain -Term
L L 1
L L § L AL
1 2001 4001 6001 8001 10001 12001 14001 16001 18001 20001 22152
1.1 [T T
1 2001 4001 6001 8001 10001 12001 14001 16001 18001 20001 22152
1.2 [ (L1
1 2001 4001 6001 8001 10001 12001 14001 16001 18001 20001 22152
‘
(2.1 [ I |
1 2001 4001 6001 8001 10001 12001 14001 16001 18001 20001 22152
(2.2 |
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1 2001 4001 6001 8001 10001 12001 14001 16001 18001 20001 22152
3.2 |

Fig. 6 Sequence coverage maps of MUC16 isolated from each patient sample. Green vertical bars represent regions of the amino acid sequence

where peptides have been identified.
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Table 4 The total number of peptides identified in each domain of
MUC16 (N =9)

Patient #. pool # N-terminus Repeat domain C-terminus
1.1 2 55 6
1.2 1 37 6
2.1 0 27 5
2.2 0 20 3
3.1 0 20 5
3.2 0 3 1

an affinity agent that binds to the conserved peptides, which
could then be used to create an alternative detection assay for
MUC16 with a known epitope.

The peptides identified in the repeat domain and
C-terminus were mapped to each 156mer repeat using the
CA125 repeat sequence and numbering (beginning at the
repeat proximal to the N-terminus) reported by O’Brien et al.’
We annotated the repeats at each predicted tryptic digestion
site (arginine (R) and lysine (K), except when followed by a
proline (P)). We then mapped the peptides identified from
pool 1 and pool 2 to each individual repeat domain (ESIt). The
peptides that we identify map to the SEA domain and C-loop
but not the serine/threonine-rich region. The peptides we
identified that are unique to pool 1 are located within a 21mer
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sequence that had been hypothesized to be the location of
antibody binding.”?”*® In a previous study, we used solid
phase peptide synthesis to assemble sequence variants of the
C-loop and confirmed that they are not sufficient for immuno-
logical recognition by OC125 or M11.'""> Additionally, pep-
tides that are unique to pool 1 are almost always flanked by
peptides found in both pools 1 and 2. This further confirms
that the analytically useful information is identified in pool 1,
and the contents of pool 2 are redundant. Future mass spec-
trometry analysis of individually expressed tandem repeats
may enable discovery of the CA125 epitope.

Conclusions

The study reported here suggests a path forward to characteriz-
ing MUC16 sourced from patient ascites. We have identified
MUC16 in enriched ascites and are able to map the peptides
to their locations in the tandem repeat domain. Further refine-
ment of the enrichment process will enable elimination of
high abundance, low molecular weight proteins which in turn
will reduce sample complexity and enable deeper sequencing
of MUC16. This study focuses on identifying non-glycosylated
peptides. We hypothesize that deglycosylation would enable
detection of peptides deriving from the highly glycosylated
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Fig. 7 Sequence coverage maps that highlight the repeat domain and C-terminus. The repeat domain begins at AA 12 070 and ends at AA 21 867.
Green vertical bars represent regions of the amino acid sequence where peptides have been identified.
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N-terminus and result in greater coverage of MUC16.”
Detection of glycopeptides may enable characterization of the
N-terminus. Recently reported mucinases are suitable for the
characterization of glycopeptides in mucins.*®
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