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ABSTRACT

The biomarker CA125, a peptide epitope located in several tandem repeats
of the mucin MUC16, is the gold standard for monitoring regression and
recurrence of high-grade serous ovarian cancer in response to therapy.
However, the CA125 epitope along with several structural features of the
MUC16 molecule are ill defined. One central aspect still unresolved is the
number of tandem repeats in MUC16 and how many of these repeats con-
tain the CA125 epitope. Studies from the early 2000s assembled short DNA
reads to estimate that MUC16 contained 63 repeats.

Here, we conduct Nanopore long-read sequencing of MUC16 transcripts
from three primary ovarian tumors and established cell lines (OVCAR3,
OVCAR5, and Kuramochi) for a more exhaustive and accurate estimation
and sequencing of the MUC16 tandem repeats.

The consensus sequence derived from these six sources was confirmed
by proteomics validation and agrees with recent additions to the NCBI
database. We propose a model of MUC16 containing 19—not 63—tandem

repeats. In addition, we predict the structure of the tandem repeat domain
using the deep learning algorithm, AlphaFold.

The predicted structure displays an SEA domain and unstructured linker
region rich in proline, serine, and threonine residues in all 19 tandem re-
peats. These studies now pave the way for a detailed characterization of the
CA125 epitope. Sequencing and modeling of the MUC16 tandem repeats
along with their glycoproteomic characterization, currently underway in
our laboratories, will help identify novel epitopes in the MUC16 molecule
that improve on the sensitivity and clinical utility of the current CA125
assay.

Significance:Despite its crucial role in clinicalmanagement of ovarian can-
cer, the exact molecular sequence and structure of the biomarker, CA125,
are not defined. Here, we combine long-read sequencing, mass spectrom-
etry, and in silico modeling to provide the foundational dataset for a more
complete characterization of the CA125 epitope.

Introduction
There is an unmet need for innovative molecular tools that can support the
clinical management of high-grade serous ovarian cancer, given that more than
220,000 women in the United States are living with ovarian cancer and at risk of
recurrence (1). Improving the performance of validated biomarkers by consid-
ering not just the known epitope but the entire molecule and glycoproteoform
variants is a compelling and underused approach to meet this need. CA125 is
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a crucial biomarker in the clinical management of ovarian cancer (2, 3) whose
molecular structure remains incompletely characterized (4–6). Efforts to deter-
mine the molecular nature of the CA125 epitope(s) have revealed mechanisms
of both false positive and false negative recognition of CA125 in patient samples
(7, 8), and the exact location of the epitope(s) remains unknown (9, 10).

Current understanding of the molecular structure of CA125 derives from
studies conducted in the early 2000s that located the epitopes within the repet-
itive tandem repeat domain of the highly glycosylated mucin, MUC16 (11–14).
The prevailing model describes MUC16 as containing a large glycosylated
N-terminal domain, a tandem repeat domain containing approximately 60
epitope-presenting subunits, and a short C-terminal region. This model was
derived using short-read genome assembly (11). The short reads of first- and
second-generationDNA sequencing technologywere limited in their scope and
accuracy especially for sequencing near-identical repeat arrays such as the tan-
dem repeat domains of MUC16. In part because of this technical limitation and
the highly repetitive nature of its tandem repeat region, the three-dimensional
(3D) structure of the complete MUC16 protein has not been determined.
Newer long-read DNA sequencing platforms enable more accurate characteri-
zation of repetitive domains of genes such asMUC (15, 16). Long-read DNA
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sequencingmethods—commercialized byPacBio andOxfordNanopore—were
recently used to generate a gap-free human reference genome using a com-
plete hydatiform mole as the source material (17). The goal of that effort was
the completion of a high-quality reference genome, not the characterization of
genomes or transcriptomes associatedwith particular disease states. To support
ongoing efforts to identify the CA125 epitope, and as one of the steps necessary
to identify source-specific glycoproteoforms of MUC16, we chose to leverage
third-generation DNA sequencing technologies to clarify the molecular model
of CA125 (MUC16).

Here, we report a revised model of the tandem repeat region of CA125
(MUC16) that contains 19 tandem repeats. The MUC16 tandem repeat do-
main and C-terminus in three human cancer cell lines (OVCAR3, OVCAR5,
and Kuramochi) and three patient-derived tumors were sequenced on an
Oxford Nanopore platform. The sequences were verified by bottom-up pro-
teomics analyses. The 3D structures of the 19 tandem repeats were predicted by
AlphaFold. The model proposed here—comprising 19 units in the tandem re-
peat domain—should become the standard description of CA125 (MUC16)
in the future, replacing the approximately 60 tandem repeat domain model
that continues to be cited in the ovarian cancer literature to describe CA125
(MUC16; refs. 10, 18–21). Improved understanding of the structure of CA125
(MUC16)may enable the development of novel therapeutic and diagnostic tools
by helping to identify the CA125 epitopes.

Materials and Methods
Patient Recruitment
All experiments were approved by the Institutional Review Board of the Uni-
versity of Wisconsin–Madison and conducted in accordance with the U.S.
Health and Human Services Basic Policy for Protection of Human Research
Subjects. Patients suspected of ovarian cancer were recruited, and written
informed consents were obtained from participants. This study investigates
tumor tissue collected from 3 patients: OV1 (endometrioid adenocarcinoma),
OV2 (high-grade serous ovarian cancer), and OV3 (mixed low-grade serous
and endometrioid adenocarcinoma).

Cytoplasmic RNA Isolation
The identity of three cell lines (OVCAR3, RRID: CVCL_0465; OVCAR5, RRID:
CVCL_1628; Kuramochi, RRID: CVCL_1345) was validated by human cell
short tandem repeat profiling (ATCC), and cell lines were confirmed to be free
ofMycoplasma contamination using a PCR kit from Genlantis. Cell lines were
cultured in RPMI1640 supplemented with 10% FBS and 2 mmol/L l-glutamine
until they reached 100% confluency. Cytoplasmic RNA was isolated from cul-
tured cells using the Invitrogen PARIS kit (Thermo Fisher Scientific) following
manufacturer’s instructions. Briefly, 107 cells were harvested and lysed by addi-
tion of 500 μL Cell Fractionation Buffer. Cell debris and nuclear material were
pelleted (500× g) and the cytoplasmic fractionwasmixedwith an equal volume
of 2 × Lysis/Binding Solution and 100% ethanol. The mixture was filtered and
RNA was eluted into 50 μL elution buffer and immediately used for RT-PCR.

Tumor RNA Isolation
Tumors from patients with ovarian cancer (serous and endometrioid adeno-
carcinoma) were collected and stored at –80°C for later use. Tumors weighing
30–40 mg were placed in 750 μL Invitrogen TRIzol (Thermo Fisher Scientific)
and cut into smaller pieces with scissors. To each sample 150 μL of chloro-
form was added, and samples were mixed for 30 seconds and centrifuged at

TABLE 1 Primer sequences used for RT-PCR

Primer name Sequence

Forward TTGGTTTACTAGAGACTACAGGCTTAC
Reverse TTGCAGATCCTCCAGGTCTAGG

20,854 × g for 15minutes at 4°C to separate RNA into the aqueous phase. The
aqueous phase was mixed with approximately 0.53 × volume of 100% ethanol
and transferred to an RNeasy spin column (Qiagen). Total RNA was purified
with RNeasy Mini kit (Qiagen) as per manufacturer’s protocol with RNAse
free DNase (Qiagen) on-column treatment. RNA concentration and integrity
were measured on the 2100 Bioanalyzer (Agilent Technologies) using the RNA
NanoChip Kit (Agilent).

cDNA Preparation
A reverse primer targeting the 3′ end of MUC and a forward primer target-
ing a binding site 600 bps upstream of the tandem repeat region were used
for cDNA generation. Primer sequences are found in Table 1. First-strand
cDNA generation and cDNA amplification were done in one reaction using the
SuperScript IV RT-PCR system (Thermo Fisher Scientific). A total of 1 μg of cy-
toplasmic RNA was used as template for each reaction. All other reagents were
prepared according to the manufacturer’s instructions. The reverse transcrip-
tion reaction was done at 60°C for 10 minutes followed by heating to 98°C for
2 minutes to inactivate RNase. cDNA was amplified immediately after reverse
transcription using the following temperature cycling steps: 35 cycles of 98°C
for 10 seconds, 64.8°C for 15 seconds, and 72°C for 330 seconds. A final exten-
sion was done at 72°C for 5 minutes. The cDNA was separated by 0.5% agarose
gel electrophoresis and purified using a gel cleanup kit (Qiagen).

Sample Preparation for Nanopore Sequencing
cDNA (40 fmol) amplified from five independent reactions of each cell line or
tumor sample were combined in equal proportions for Nanopore sequencing.
The combined cDNA was prepared by Q20+ ligation sequencing kit (Oxford
Nanopore). In brief, 48 μL cDNAwas incubatedwith 3.5 μLNEBNext formalin-
fixed paraffin-embedded (FFPE)DNARepair Buffer, 2 μLNEBNext FFPEDNA
Repair Mix, 3.5 μL Ultra II End-prep reaction buffer, and 3 μL Ultra II End-
prep enzyme mix (NEB) at 20°C for 5 minutes and 65°C for 5 minutes followed
by AMPure XP beads purification (Beckman Coulter). cDNA (60 μL) eluted
from AMPure XP bead purification was ligated with sequencing adapters by
incubation with 5 μL Adapter Mix H, 10 μL NEBNext Quick T4 DNA Ligase
(NEB), and 25 μL Ligation Buffer (Oxford Nanopore) at room temperature for
10 minutes. The cDNA was then purified one additional time by AMPure XP
beads with L fragment buffer.

Nanopore Sequencing and Consensus
Sequence Generation
The R10.4 flow cell with K12 chemistry was assembled withMinION sequencer
and primed with priming mix following manufacturer’s instructions. cDNA
(12 μL)wasmixedwith 37.5 μL sequencing buffer II and 25.5 μL loading solution
and immediately loaded into the sample port. The sequencing was run byMin-
KNOW (RRID: SCR_003756) version 22.03.6 for 5 hours with minimal read
length 1,000 bp. Raw signalwas base called by guppy base caller version 6.1.2 un-
der superaccuracy mode with read splitting and adapter trimming. Raw reads
with average quality score above 20 and read length between 10 and 10.5 kbp
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were selected as high-quality reads. The read with highest quality score was
used as a template and all other high-quality reads were used as the input for
consensus generation by Medaka version 1.6.0.

MUC16 Immunoprecipitation
OVCAR3 cells were grown on a Petri dish, harvested by scraping, and lysed
by sonication in RIPA buffer (Thermo Fisher Scientific) with protease inhibitor
(RocheDiagnostics). Cell lysate was centrifuged at 16.1 relative centrifugal force
(RCF) at 4°C for 30minutes. Total protein concentration of the supernatant was
measured by bicinchoninic acid protein assay (Thermo Fisher Scientific). A to-
tal of 1 mg of total protein was mixed with 5 μg anti-CA125 antibody (M11-like,
Fitzgerald, catalog no. 10-C02G, cloneM61703) and incubated at 4°C overnight.
After overnight incubation, 25 μL protein A magnetic beads (Thermo Fisher
Scientific) were pre-equilibrated with RIPA buffer andmixed with the reaction.
The reaction was incubated at room temperature for 1 hour and the magnetic
beads were collected and washed three times with TBS-T buffer (TBS with
0.05% Tween 20) and once with water. PurifiedMUC16 was eluted by 0.1 mol/L
glycine at pH 2.0 and precipitated by acetone for proteomics analysis. MUC16
from commercially available pooled ascites (Fitzgerald) was repurified by the
same immunoprecipitation method described above.

Proteomics Sample Preparation and Mass Spectrometry
A total of 10 μg of total protein eluted from immunoprecipitation (IP) was
precipitated in 70% acetone (VWR) at –20°C overnight and resuspended in
100 mmol/L triethyl ammonium bicarbonate (TEAB, Sigma) buffer with 0.2%
deoxycholic acid, 6% SDS, and 10 mmol/L tris(2-carboxyethyl)phosphine (all
from VWR). Protein was denatured and reduced by incubation at 95°C for
10 minutes. Reduced protein was alkylated with 10 mmol/L iodoacetamide
(Sigma) for 30 minutes at room temperature in the dark. The alkylation reac-
tion was quenched by 1.2% phosphoric acid (VWR). The protein solution was
spun onto an S-Trap device (Protifi) and digested with 0.75 μg Trypsin Gold
(Promega) in 100 mmol/L TEAB buffer at 37°C overnight. Digested peptides
were eluted by three elution buffers: 100 mmol/L TEAB, 0.1% formic acid (FA)
inwater, and 50%acetonitrile with 0.1%FA. Eluted peptideswere combined and
desalted using C18 ZipTips (Thermo Fisher Scientific). Desalted peptides were
reconstituted in water with 4% acetonitrile and 0.5% FA (both from Thermo
Fisher Scientific) and analyzed by a Waters NanoAcquity liquid chromatogra-
phy (LC) system coupled to a Q-Exactive mass spectrometer (Thermo Fisher
Scientific). The LC/MS-MS used conditions previously optimized by our group
for MUC16 identification (19). Each sample was run in technical triplicate
with the following linear gradient, where solvent A was water with 0.1% FA
(Burdick & Jackson, VWR) and solvent B was acetonitrile with 0.1% FA: 4% B
for 0–10minutes, 4%–7%B from 10–12minutes, 7%–31%B from 12–70minutes,
31%–90%B from70–74minutes, 90%Buntil 78minutes, 90%–94%B for 1min-
utes, and re-equilibration at 4% B from 79–90 minutes. The mass spectrometer
settings were identical to those described previously (22).

Database Searching
Triplicate injections for each IP sample were searched using PEAKS proteomics
software de novo assisted database search (23) using the following parameters:
Precursor Mass Error Tolerance: 10 ppm, Fragment Mass Error Tolerance: 0.02
Da, Enzyme: Trypsin, FixedModifications (using one-letter amino acid codes):
Carbamidomethylation of C, Variable Modifications: Deamidation of N&Q;
Oxidation of M; Pyroglutamic acid formation from E&Q; Sodium Adduct;
maximumof 3missed cleavages; PSMFDRof 1%; Protein−10logP of 20 (equiv-

alent to a FDR of 1%). Peptides 6 to 45 amino acids in length were considered.
For OVCAR3 IP samples, the database used was the Uniprot Human Protein
Database (downloaded July 7, 2022; ref. 24) with the MUC16 entry replaced
with the OVCAR3 amino acid sequence predicted by Nanopore sequencing
of OVCAR3 RNA as described above. For pooled ascites MUC16 IP samples,
the database used was the same as above, but with the MUC16 entry replaced
with the consensus sequence created by combining all Nanopore sequencing
results as described above. Peptide results files were exported for further data
analysis. In addition, data previously collected (19) from a bottom-up pro-
teomics analysis of MUC16 enriched from ascites using an affinity-free method
were reanalyzed using the searchingmethod described above for pooled ascites
MUC16 IP samples.

Proteomic Data Analysis
Peptides from the database searches were analyzed using R (version 4.1.3; ref.
25) and the following packages: stringr (26), readxl (27), seqinr (28), dplyr (29).
Plots were created with ggplot2 (30). Peptides mapping to MUC16 were ex-
tracted, and only peptides unique to MUC16 (not mapping to other proteins
in the database) were considered. Peptides that mapped to repeats 8–12 were
checked to see whether they mapped to other repeats in MUC16, and if they
did not, they were flagged as unique to those five repeats. Coverage maps of
the MUC16 peptides were created by plotting the amino acid sequence ver-
sus repeat number, and peptides were shown as boxes where they mapped
to the sequence, colored by whether they were unique to repeats 8–12. The
R script used to perform proteomics data analysis is found as Supplementary
Document S1.

AlphaFold Protein Structure Prediction
AlphaFold structure prediction was performed on each tandem repeat in-
dividually and on the entire MUC16 tandem repeat region plus C-terminal
domain. The prediction was run using AlphaFold (version 2.3.1) with A100
GPU on the Bigjay cluster at the University of Kansas (Lawrence, Kansas).
“--model_preset = monomer”, “--db_preset = full_dbs”, “--max_template_
date = 2023-01-01”, and “--use_gpu_relax = True” were set to use monomer
model with full database for structure prediction. The top rank relaxed model
was colored with pLDDT score and visualized by ChimeraX (version 1.5).

Data Availability
Nanopore sequencing raw reads are available in the NCBI sequence read
archive (BioProject: PRJNA986150). All consensus sequences are available in
NCBI Genbank (OV1: OR339648, OV2: OR339649, OV3: OR339650, Ku-
ramochi: OR339651, OVCAR3: OR339652, OVCAR5: OR339653). The mass
spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier
PXD044117.

Results
MUC16 cDNA Preparation
Three cell lines—Kuramochi, OVCAR3, and OVCAR5—were chosen for
mRNA sequencing of MUC16. To avoid pre-mRNA contamination, cytoplas-
mic RNA was isolated from cell culture and used as the template for cDNA
generation. Our initial sequencing experiments were designed on the basis of
the 63 tandem repeat model (GenBank: AF41442.2) and used three MUC
gene-specific primer sets to amplify the tandem repeat region, as shown in
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FIGURE 1 Gel image of cDNA products from RT-PCR. Lane 1: NEB 1 kb
Extend DNA Ladder. Lanes 2–4: RT-PCR product from Kuramochi,
OVCAR3 and OVCAR5 cells, respectively. The asterisk indicates the
location of the approximate 10 kbp cDNA product.

Supplementary Fig. S1. Surprisingly, RT-PCR using these primer sets resulted
in cDNA that was shorter than expected on the basis of the 63 tandem re-
peat model. Moreover, the sequence containing a portion of the N-terminus
(produced by primer set 1) and the sequence containing a portion of the C-
terminus (produced by primer set 3) share a 3 kbp overlap region with 100%
agreement. Taken together, these results suggested that the tandem repeat re-
gion of MUC is less than 9 kbp and encodes a protein containing only 19
tandem repeats. Therefore, we decided to use only one set of MUC gene-
specific primers (Table 1) to amplify the complete tandem repeat region and
C-terminus. The reverse primer targeted the 3′ end of MUC16 mRNA, and
the forward primer targeted the N-terminal domain, 600 bp upstream of the
tandem repeat domain. Primer sequences were designed on the basis of speci-
ficity for the target gene and an annealing temperature near 60°C. The amplified
cDNA was predicted to contain a short fragment of the N-terminal region, the
complete tandem repeat region, and the C-terminal region. RT-PCR products
at the expected size, slightly larger than 10 kbp, were observed and purified from
all three cell lines. A representative gel image for the three cell lines is shown
in Fig. 1. RNA isolated from three patient tumors was reverse-transcribed and
amplified using identical RT-PCR conditions. A representative gel image for the
three patient samples is shown in Supplementary Fig. S2. Although the DNA
polymerase used for the RT-PCR reaction has a low error rate, with fidelity
300 × greater than Taq, the reverse transcriptase does not have proofreading
function. To prevent potential errors fromRT-PCR fromdominating the cDNA
library, we combined equal volumes of cDNA from five independent reactions
for sequencing.

Nanopore Sequencing
To achieve high consensus accuracy for our sequence of interest, the K12 chem-
istry released in 2021 with R10.4 flow cell and Q20+ ligation sequencing was
used. The cDNA library from RT-PCR was prepared and sequenced. The raw
signals were base called by guppy base caller with superaccuracy mode. More
than 100K reads were generated from each cell line. Nanopore sequencing dot
plots for the three cell lines and three tumor samples are found in Supple-
mentary Fig. S3. Sequencing raw reads are available in the NCBI sequence
read archive (BioProject: PRJNA986150). Raw reads with average quality score
greater than 20 and read length between 10 and 10.5 kbps were selected as
high-quality reads for consensus sequence generation. We chose the read with
highest quality score as a template for consensus generation. The template was
then polished by Medaka with more than 10K high-quality reads to generate a
consensus sequence with 99.999% minimum accuracy (>Q50).

Consensus Sequences of MUC16 from Cell Lines and
Primary Tumors
The consensus sequences of three cell lines and three primary tumors all
contain 10,322 nucleotides that encode 3,440 amino acids containing a small
section of the N-terminal domain, the complete tandem repeat domain
and the entire C-terminal domain. All consensus sequences are available
in NCBI Genbank (OV1: OR339648, OV2: OR339649, OV3: OR339650,
Kuramochi: OR339651, OVCAR3: OR339652, OVCAR5: OR339653). These
consensus sequences were aligned with the MUC16 isoform 3 mRNA script
(NM_001414687.1) that was previously deposited in NCBI to generate an over-
all consensus sequence. The DNA alignment of the seven input sequences with
the overall consensus sequence (labeled “Consensus” on the top line) is shown
in Supplementary Document S2. All six consensus sequences (from three cell
lines and three primary tumors) have the same structure as the isoform3mRNA
script, with no insertions, deletions, or frame shifts. Each consensus sequence
differs slightly in nucleotide sequence from the overall consensus sequence:
8 nt differences for Kuramochi; 8 nt differences for OVCAR3; 9 nt differences
for OVCAR5; 3 nt differences for OV1; 10 nt differences for OV2; and 12 nt dif-
ferences forOV3.MUC16 isoform3differs from the overall consensus sequence
at 15 nt. These nucleotide differences result in an alteration of the encoded
amino acid as follows: 8 aa differences forMUC16 isoform 3; 3 aa differences for
Kuramochi; 4 aa differences for OVCAR3; 5 aa differences for OVCAR5; no aa
differences for OV1; 8 aa differences for OV2; and 9 aa differences for OV3.
The protein alignment of the seven input sequences with the overall consensus
sequence is found in Supplementary Document S3.

Proteomic Confirmation
The other MUC16 mRNA script deposited in NCBI as of November 2023 is
MUC16 isoform 4 mRNA (NM_024690.2). Isoform 4 contains 2,340 fewer
nucleotides than isoform 3 and all six consensus sequences that we obtained
through long-read sequencing. This difference of 2,340 nucleotides corre-
sponds to five fewer tandem repeats in isoform4. Because cytoplasmicRNAwas
used as the input for our RT-PCR and sequencing, it is not likely that these 2,340
nucleotides are contained in an intron or pre-mRNA. To confirm that the 2,340
nucleotides, coding for five tandem repeats, that appear in our consensus se-
quence and isoform 3 (but not isoform 4) are an exon that is actively translated,
we performed bottom-up proteomics analysis. MUC16 protein from OVCAR3
cells and from pooled patient ascites was purified by immunoprecipitation.
MUC16 was pulled down by anti-CA125 antibody and protein A beads, fol-
lowed by trypsin digestion and LC/MS-MS analysis. For the OVCAR3 sample,
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FIGURE 2 Proteomic analysis of immunoprecipitated MUC16. Identified MUC16 peptides from immunoprecipitated (A) OVCAR3 cell lysate and
(B) pooled ascites mapped onto the proposed repeat domains of MUC16. The repeat domains are each represented by a horizontal line, and the amino
acid position within the repeat is on the x-axis. Repeats shown in green (8–12) are the five repeats not included in the NM_024690.2 sequence (MUC16
isoform 4). Rectangles represent peptides, where the pink peptides are unique to repeats 8–12 (map to nowhere else in MUC16) and blue peptides are
not unique to repeats 8–12. All peptides shown are unique to MUC16 (map to nowhere else in the proteome).

we searched the tandem mass spectrometry results against the newly gener-
ated OVCAR3 consensus sequence. For the pooled ascites sample, we searched
the tandem mass spectrometry results against the overall consensus sequence.
In the OVCAR3 sample, we identified 10 peptides from the five tandem re-
peats, resulting in 18% coverage. Five of the identified peptides were unique
to this region (Fig. 2A). In the pooled ascites sample, we identified 17 peptides
from the five tandem repeats, resulting in 28% coverage. Ten of the identified
peptides were unique to this region (Fig. 2B). These unique peptides do not
appear elsewhere in MUC16, or the rest of the proteome database, leading us
to conclude that they originate from this region of MUC16. In addition, data
collected on MUC16 enriched from the ascites of three individual patients us-
ing an immunoaffinity-free method in our previous study (19) were reanalyzed
using the same method as the pooled ascites sample. In three patient-derived
samples, MUC16 peptides from the five tandem repeats were detected. Percent
coverage of the five tandem repeats ranged from a minimum of 31% from 15
peptides to a maximum of 45% from 25 peptides. Seven to 16 of the identified
peptides were unique to the five tandem repeats. These data support the conclu-
sion that the 2,340 nucleotides are both transcribed and translated. A coverage
map of immunoaffinity-free enriched MUC16 is found in Supplementary
Fig. S4.

Mass spectrometry data from five proteomics samples were also searched
against the MUC16 model with 63 tandem repeats. In the analyses of all five
samples, no peptides were identified that map uniquely to the 44 repeats found
in the 63-repeat model but not in our model (Fig. 3). The observation that the
extra tandem repeats found in the 63-repeat model are not detected in protein
digests of MUC16 from IP pulldown is not conclusive evidence but supports
our long-read sequence and resulting molecular model.

New Proposed Molecular Model of MUC16
An amino acid consensus sequence from all seven sources of MUC16 was
generated using the MUSCLE algorithm (Supplementary Document S3). The

consensus sequence contains 19 tandem repeats. An alignment of these 19 re-
peats is shown in Supplementary Fig. S5. Repeats 1–17 have high sequence
similarity, while repeats 18 and 19 are more variable. Each tandem repeat con-
tains two cysteine residues (Cys59 and Cys79) that in oxidizing conditions
could engage in intramolecular disulfide bonding to form a “C-loop” with 19
intervening amino acids (31). These Cys residues are completely conserved.We
propose a new numbering system for these 19 repeats (Table 2).

Comparing our MUC16 sequence with the 63-repeat version (AF414442.2), we
note that repeats 6, 10, and 12 through 53 in the 63-repeat version do not appear
in our consensus sequence. Figure 4 shows a simple schematic comparison of
the 63-repeat MUC16 model with the model proposed here. There are 8 re-
peats in our version that are identical to the 63-repeat version, while the others
differ by fewer than two amino acids. Supplementary Figure S6 compares the
model proposed in this study to the model predicted on the basis of the se-
quence reported by O’Brien and co-workers. We attribute the difference in the
number of tandem repeat domains to the use of primer walking and assem-
bly of short reads used to make the 63-repeat model. Figure 5 presents a more
detailed model of MUC16 that is consistent with the new consensus sequence.

AlphaFold Protein Structure Prediction
To date, there is no experimentally determined structure of intact MUC16. A
major advance in MUC16 structural characterization was achieved in 2022,
with the publication of a crystal structure of the SEA domain of one tan-
dem repeat (21). To better understand the structure of the MUC16 tandem
repeat domain, we used AlphaFold to predict the structure of each tandem
repeat. AlphaFold is a high-accuracy protein structure prediction software de-
veloped by the DeepMind group. (32) We used its monomer model with full
database to create five predictedmodels. The five predictedmodels of all repeats
have highly similar structure. Top-ranked models of individual tandem repeats
predicted by AlphaFold are shown in an overlaid plot in Fig. 6 and as individ-
ual images in Supplementary Fig. S7A–S7S. Each tandem repeat contains two
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FIGURE 3 Proteomic analysis of immunoprecipitated and patient-derived samples. Identified MUC16 peptides from immunoprecipitated
(A) OVCAR3 cell lysate and (B) pooled ascites mapped onto the 63 tandem repeat model. Identified MUC16 peptides from patient-derived ascites (C)
Patient 1, (D) Patient 2, and (E) Patient 3 mapped onto the 63 tandem repeat model. The repeat domains are each represented by a horizontal line, and
the amino acid position within the repeat is on the x-axis. Repeats shown in green (6, 10, 12–53) are the 44 repeats in the 63 tandem repeat model, but
not our 19 tandem repeat model. No peptides are identified to be unique to repeats 6, 10, 12–53. All peptides shown are unique to MUC16 (map to
nowhere else in the proteome).

alpha helices and one beta sheet that match the MUC16 SEA5 domain struc-
ture solved by diffractionmethods. This structural similarity is notable because
AlphaFold does not require templates for generating predicted structures. Use
of a templating protein structure prediction tool [i-Tasser (33–35)] gives re-
sults indistinguishable from those predicted by AlphaFold (Supplementary Fig.
S8). The SEA domain predicted by AlphaFold is also in good agreement with
the nuclear magnetic resonance solution structure of a murine SEA domain
(ref. 36; Supplementary Fig. S9).

Discussion
The characterization of the molecule bearing the CA125 epitopes has been
an area of active interest in the ovarian cancer field since CA125 was first re-
ported as a biomarker by Bast and co-workers in the early 1980s (37, 38). In

2001 and 2002, publications from two independent research teams advanced
the field considerably. Yin and Lloyd reported the isolation of a long, but
partial, cDNA corresponding to the CA125 antigen which enabled the identifi-
cation of MUC16 as a new mucin that carried the CA125 epitope. The deduced
amino acid sequence reported in 2001 by Yin and Lloyd contains nine partially
conserved tandem repeats of 156 amino acids each. The assignment was con-
firmed in a follow-up study, by transfecting a partial MUC16 cDNA into two
CA125-negative cell lines and observing that CA125 expression resulted (14).

Also in 2001 and 2002, two articles were published by O’Brien and co-workers,
the first describing their work on cloning the CA125 gene and the second
extending the size of the glycosylated N-terminal domain (11, 13). In the
2001 report, repeat sequences were placed in order using regions of overlap
from cloned 400 bp PCR products. The authors remark that “there is some

FIGURE 4 Schematic models of MUC16. Top, The model derived from the sequence determined by O’Brien and colleagues (2001) containing 63
units in the tandem repeat domain. Bottom, The model proposed in this study, containing 19 units in the tandem repeat domain. The repeats that are
not included in the proposed model (6, 10, and 12 through 53) are shown as white circles. Ellipses represent repeats that are not shown for clarity. The
N-terminal domain is much larger than shown here and is also compressed for clarity.
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TABLE 2 The amino acid consensus sequence derived from long-read cDNA sequencing of six sources of MUC16 mRNA

Repeat Amino Acid Sequence

R1 ATVPFMVPFTLNFTITNLQYEEDMRHPGSRKFNATERELQGLLKPLFRNSSLEYLYSGCRLASLRPEKDSSATAVDAICTHRPDPEDLGLDRERLYWE
LSNLTNGIQELGPYTLDRNSLYVNGFTHRSSMPTTSTPGTSTVDVGTSGTPSSSPSPT

R2 TAGPLLMPFTLNFTITNLQYEEDMRRTGSRKFNTMESVLQGLLKPLFKNTSVGPLYSGCRLTLLRPEKDGAATGVDAICTHRLDPKSPGLNREQLY
WELSKLTNDIEELGPYTLDRNSLYVNGFTHQSSVSTTSTPGTSTVDLRTSGTPSSLSSPTIM

R3 AAGPLLVPFTLNFTITNLQYGEDMGHPGSRKFNTTERVLQGLLGPIFKNTSVGPLYSGCRLTSLRSEKDGAATGVDAICIHHLDPKSPGLNRERLYW
ELSQLTNGIKELGPYTLDRNSLYVNGFTHRTSVPTTSTPGTSTVDLGTSGTPFSLPSPA

R4 TAGPLLVLFTLNFTITNLKYEEDMHRPGSRKFNTTERVLQTLLGPMFKNTSVGLLYSGCRLTLLRSEKDGAATGVDAICTHRLDPKSPGVDREQLY
WELSQLTNGIKELGPYTLDRNSLYVNGFTHWIPVPTSSTPGTSTVDLGSGTPSSLPSPT

R5 TAGPLLVPFTLNFTITNLKYEEDMHCPGSRKFNTTERVLQSLLGPMFKNTSVGPLYSGCRLTLLRSEKDGAATGVDAICTHRLDPKSPGVDREQLY
WELSQLTNGIKELGPYTLDRNSLYVNGFTHQTSAPNTSTPGTSTVDLGTSGTPSSLPSPT

R6 SAGPLLVPFTLNFTITNLQYEEDMHHPGSRKFNTTERVLQGLLGPMFKNTSVGLLYSGCRLTLLRPEKNGAATGMDAICSHRLDPKSPGLNREQLY
WELSQLTHGIKELGPYTLDRNSLYVNGFTHRSSVAPTSTPGTSTVDLGTSGTPSSLPSPT

R7 TAVPLLVPFTLNFTITNLQYGEDMRHPGSRKFNTTERVLQGLLGPLFKNSSVGPLYSGCRLISLRSEKDGAATGVDAICTHHLNPQSPGLDREQLY
WQLSQMTNGIKELGPYTLDRNSLYVNGFTHRSSGLTTSTPWTSTVDLGTSGTPSPVPSPT

R8 TAGPLLVPFTLNFTITNLQYEEDMHRPGSRKFNTTERVLQGLLSPIFKNSSVGPLYSGCRLTSLRPEKDGAATGMDAVCLYHPNPKRPGLDREQLY
WELSQLTHNITELGPYSLDRDSLYVNGFTHQNSVPTTSTPGTSTVYWATTGTPSSFPGHT

R9 EPGPLLIPFTFNFTITNLHYEENMQHPGSRKFNTTERVLQGLLTPLFKNTSVGPLYSGCRLTLLRPEKHEAATGVDTICTHRVDPIGPGLDRERLY
WELSQLTNSITELGPYTLDRDSLYVNGFNPWSSVPTTSTPGTSTVHLATSGTPSSLPGHT

R10 APVPLLIPFTLNFTITNLHYEENMQHPGSRKFNTTERVLQGLLKPLFKSTSVGPLYSGCRLTLLRPEKHGAATGVDAICTLRLDPTGPGLDRERLY
WELSQLTNSVTELGPYTLDRDSLYVNGFTHRSSVPTTSIPGTSAVHLETSGTPASLPGHT

R11 APGPLLVPFTLNFTITNLQYEEDMRHPGSRKFNTTERVLQGLLKPLFKSTSVGPLYSGCRLTLLRPEKRGAATGVDTICTHRLDPLNPGLDREQLY
WELSKLTRGIIELGPYLLDRGSLYVNGFTHRNFVPITSTPGTSTVHLGTSETPSSLPRPI

R12 VPGPLLVPFTLNFTITNLQYEEAMRHPGSRKFNTTERVLQGLLRPLFKNTSIGPLYSSCRLTLLRPEKDKAATRVDAICTHHPDPQSPGLNREQLY
WELSQLTHGITELGPYTLDRDSLYVDGFTHWSPIPTTSTPGTSIVNLGTSGIPPSLPETT

R13 ATGPLLVPFTLNFTITNLQYEENMGHPGSRKFNITESVLQGLLKPLFKSTSVGPLYSGCRLTLLRPEKDGVATRVDAICTHRPDPKIPGLDRQQLY
WELSQLTHSITELGPYTLDRDSLYVNGFTQRSSVPTTSTPGTFTVQPETSETPSSLPGPT

R14 ATGPVLLPFTLNFTIINLQYEEDMHRPGSRKFNTTERVLQGLLMPLFKNTSVSSLYSGCRLTLLRPEKDGAATRVDAVCTHRPDPKSPGLDRERLY
WKLSQLTHGITELGPYTLDRHSLYVNGFTHQSSMTTTRTPDTSTMHLATSRTPASLSGPT

R15 TASPLLVLFTINFTITNLRYEENMHHPGSRKFNTTERVLQGLLRPVFKNTSVGPLYSGCRLTLLRPKKDGAATKVDAICTYRPDPKSPGLDREQLY
WELSQLTHSITELGPYTLDRDSLYVNGFTQRSSVPTTSIPGTPTVDLGTSGTPVSKPGPS

R16 AASPLLVLFTLNFTITNLRYEENMQHPGSRKFNTTERVLQGLLRSLFKSTSVGPLYSGCRLTLLRPEKDGTATGVDAICTHHPDPKSPRLDREQLY
WELSQLTHNITELGPYALDNDSLFVNGFTHRSSVSTTSTPGTPTVYLGASKTPASIFGPS

R17 AASHLLILFTLNFTITNLRYEENMWPGSRKFNTTERVLQGLLRPLFKNTSVGPLYSGCRLTLLRPEKDGEATGVDAICTHRPDPTGPGLDREQLY
LELSQLTHSITELGPYTLDRDSLYVNGFTHRSSVPTTSTGVVSEE

R18 PFTLNFTINNLRYMADMGQPGSLKFNITDNVMQHLLSPLFQRSSLGARYTGCRVIALRSVKNGAETRVDLLCTYLQPLSGPGLPIKQVFHELSQQTH
GITRLGPYSLDKDSLYLNGYNEPGPDEPPTTPKPATTFLPPLSEATT

R19 AMGYHLKTLTLNFTISNLQYSPDMGKGSATFNSTEGVLQHLLRPLFQKSSMGPFYLGCQLISLRPEKDGAATGVDTTCTYHPDPVGPGLDIQQLY
WELSQLTHGVTQLGFYVLDRDSLFINGYAPQNLSIRGEYQINFHIVNWNLSNPDPT

potential redundancy and we have evidence that some repeats exist in more
than one location in the sequence giving a total of 60+ repeats in the CA125
molecule” (11). This statement was the origin of the 63 tandem repeat model
that has been reported in the ovarian cancer literature for two decades. Exam-
ination of the complete list of repeat sequences (Table 1 in ref. 11) reveals that
28 out of 61 repeats have uncalled bases, represented by “X” in the sequences.
These include R12, R17, R18, R24, R26, R28, R29, R31–R44, R46–R53, and R57.
There is high correlation between the set of repeats in the 2001 O’Brien publi-
cation with uncalled bases and the set of repeats excluded from the 19 tandem
repeat model proposed here. We suggest that the high number of unassigned
bases, along with the relatively short lengths (400 bp) of the PCR products used
to assemble the 60+ tandem repeat sequence, are responsible for the difference

between that model and the shorter molecular model reported here. It is cru-
cial to emphasize that the technical innovation of long-read sequencing enabled
cDNA transcripts from MUC16 mRNA of approximately 10,000 bp to be se-
quenced in a single pass through theNanopore, andmany long transcripts were
sequenced in parallel through the array of pores. These considerations provide
confidence in the validity of the 19 tandem repeat model that we propose.

The major finding in this study is that MUC16 from six sources (three cancer
cell lines and three ovarian tumors) contains 19 tandem repeats, rather than 63
as was previously reported. Evidence supporting this structural model comes
from transcriptomics and from proteomics, which are independent methods
of molecular characterization. Regarding transcriptomics, three primer sets
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FIGURE 5 MUC16 model proposed in this study. The model includes: a
highly glycosylated N-terminal domain, a 19-unit tandem repeat domain
that contains the CA125 epitopes, and a short C-terminal domain that
includes a membrane-spanning region. The inset shows a representative
3D structure of one tandem repeat domain, predicted by AlphaFold. The
C-loop (residues 59–79) is shown in red, with the cysteine residues
shown in salmon. The unstructured proline/serine/threonine-rich region
is omitted for clarity. White slashes within the N-terminal domain and
tandem repeat domain show locations where amino acids are not
explicitly shown for clarity. Figure created with https://Biorender.com.

(shown in Supplementary Fig. S1) that were designed to cover the 63 tandem
repeat region were found to amplify a transcript shorter than expected, with
perfect overlap between the products of two primer sets that were expected
to yield the extrema of the tandem repeat region. This observation prompted
the use of a single primer set (Table 1) that yielded a transcript of similar size
(∼10 kbp) from all cell lines and patient samples analyzed. Further corrobo-
rating evidence comes from proteomics. First, we detect no peptides that map
uniquely to the 44 tandem repeats that appear in the 63 tandem repeat model
but not in the 19 tandem repeat model. Although the 19 tandem repeat model is
supported by this observation, it is difficult to reach a conclusion based on the
absence of an observation. To address this concern, we performed an in silico
digest of the 63 tandem repeat sequence and of the 19 tandem repeat sequence
andmade Venn diagrams comparing the detected peptides (Fig. 7). Among the
peptides, 65.7% were common to both the 63-repeat and 19-repeat sequence;
27.9% were unique to the 63-repeat sequence; and 6.4% were unique to the 19-
repeat sequence. We searched for peptides unique to the 63-repeat sequence

FIGURE 6 AlphaFold predicted MUC16 tandem repeat model. The 19
tandem repeat structures were predicted individually and overlaid. All
repeats contain a similar structure including two alpha helices, one beta
sheet, and a proline/serine/threonine-rich disordered region (this region
is not predicted with high confidence and is omitted for clarity).

in eight datasets collected from patient-derived ascites (a biofluid with high
concentrations of MUC16). In none of the eight datasets did a peptide “unique
to the 63” appear. Further corroborating evidence for our model comes from
consideration of the coverage typically attained in bottom-up proteomics of
MUC16 tandem repeats. Among the 19 tandem repeats from MUC16 isolated
from pooled ascites, the average peptide coverage is 55% when peptides of size

FIGURE 7 Venn diagram comparing peptides from two MUC16
models. An in silico tryptic digest was done of the 63 and 19 tandem
repeat models of MUC16. The Venn diagram compares the peptides from
the two models that would be detectable by mass spectrometry.
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amenable to detection with our mass spectrometer are considered. It is there-
fore more likely than not that mass spectrometry would have detected peptides
derived from the 44 “missing” repeats. While no one piece of data is conclu-
sive, taken together, they provide additional support for our claim that the 19
tandem repeat structure is correct.

None of the input samples yielded sequences that were identical (Supplemen-
tary Fig. S5). Each sequence also differs from a deposited MUC16 sequence
(isoform 3, NM_001414687.1) at a small number of amino acids. Supplementary
Document S4 compares the sequences from three cell lines and three ovarian
tumors to MUC16 isoform 3. Kuramochi differs from isoform 3 at 6 amino
acids; OVCAR3 differs from isoform 3 at 7 amino acids; OVCAR5 differs from
isoform 3 at 12 amino acids; and the three patient tumor samples differ from
isoform 3 at 7, 12, and 12 amino acids, respectively. We note that the amino acid
differences are not clustered as might be expected in mutations, but are dis-
tributed among repeat numbers from 1 to 18 and among the positions within
the repeats from 7 to 156. Amino acid differences are found in both the SEA
domain proposed to contain the CA125 epitopes and in the unstructured P/S/T
rich region. In no case does the amino acid difference add or remove a pos-
sible site for N-linked glycosylation. An equal number of additions (A13216T,
M14274T, P14668T) and deletions (T14134I, T12162M, T13382K) of possible O-
linked glycosylation sites are observed in multiple samples. Among the amino
acid differences reported in Supplementary Document S4, some are unique
to one cell line (L12828P in Kuramochi; R13142W and V14786M in OVCAR3;
R12216Q and E12963K in OVCAR5). Some are unique to one patient sample
(T12162M, E12312K, and P14668T in OV2; R12588W, R13754H; V13969M, and
Q14759K in OV3). Seven amino acid differences (A13216T, Q13407H, T14134I,
M14274T,W13279C, T13382K,W13465R) are found inmultiple cell lines and/or
patient samples. Three amino acid differences from isoform 3 are shared among
all six samples (S12536T, V13444I, R14143H). We note that among the cell lines
studied, the largest number of amino acid differences from deposited MUC16
isoform 3 is found in OVCAR5, which was originally identified as ovarian in
nature, having been derived from an untreated patient with ovarian cancer (39)
but later identified through gene expression compositional analysis to be gas-
trointestinal in origin (40). MUC16 isoform 3 is a reference sequence, curated
by NCBI staff, derived from two complete mappings of Homo sapiens chro-
mosome 19 (May 2002 and November 2002) and two whole-genome shotgun
sequencing datasets (July 2013 and August 2018). MUC16 isoform 4 has more
sources, including a sequence deposited by Yin and Lloyd (21,112 pb, 7,037 aa), a
sequence deposited byO’Brien (55,765 bpmRNA, 22,255 aa), and deposits from
uterus tissue (3613 bp mRNA), lung tumor (245 bp mRNA), trachea (5,459 bp
mRNA), and cervical cancer cell line (578 bp mRNA). This wide range of
mRNA transcript size, which may derive from differences in sample prepara-
tion, has contributed to the confusion over the molecular nature of MUC16 as
expressed by different tissue types, including ovarian tumors.

The three patient samples used for long-read sequencing and analysis de-
rive from patients with MUC16-expressing tumors. The serum CA125 levels
from these patients were 474, 1,135, and 652 U/mL, respectively, at the time of
surgery. In healthy women, by contrast, CA125 serum levels are below 35U/mL.
The high amount of CA125 detected in the serum indicates that tumors from
these patients express MUC16 and are therefore appropriate to be included for
MUC16 transcript analysis. We note that MUC16 is not only expressed by ovar-
ian cancer cells. CA125 is also a proven or potential biomarker in endometriosis
(41), urothelial carcinoma of the bladder (42), lung cancer (43), gastric cancer
(44), and colorectal cancer (45, 46). MUC16 from different sources may differ

from the overall consensus sequence reported here. Additional investigation
should be undertaken to compare the proteoforms of MUC16 relevant to these
diseases with the model derived here. The characterization tools used in this
study (long-read mRNA sequencing and bottom-up proteomics) will enable us
and others to identify structural features of MUC16 that are most relevant for
differential diagnosis and will aid in the development of multiplexed assays that
may be amenable for clinical screening.

Efforts to identify the epitopes of CA125 have been ongoing since shortly after
the biomarker was first reported but have not yet reached a successful con-
clusion. Most epitope characterization efforts have taken an (understandably)
reductionistic approach, testing the antibody-binding behavior of individual
tandem repeats (8, 47), portions of two subdomains and the intervening linkers
(9) or conserved subdomains of individual tandem repeats (31). As demon-
strated by our group and others (8, 10), different tandem repeats of MUC16
are recognized to different extents by CA125 antibodies. The model that we
propose here—derived from high-quality long-read Nanopore sequencing and
supported by proteomics—should be referred to as the source of sequence and
numbering/naming in future epitope mapping and identification efforts. It is
probable that with only 19 tandem repeat domains—rather than 63 as was pre-
viously thought—as possible binding locations, the epitopes of CA125 will soon
be defined. Efforts in our group remain directed toward this objective. An
additional benefit of the revised model reported here is its use in improving
and informing studies of the biological function of MUC16 in health and dis-
ease. The interaction of MUC16 with mesothelin has been shown to mediate
cell adhesion (48) and facilitate peritoneal metastasis of ovarian tumors (49).
Agents targeting MUC16/mesothelin interactions—such as TRAIL ligands,
single-chain mAbs, nanobodies, or immunoadhesins—may be useful tools in
the efforts to prevent intraperitoneal metastasis (50). Drug design and molec-
ular docking studies directed toward the development of MUC16/mesothelin
targeting agents should use the corrected molecular model of MUC16 reported
here. Design of novel affinity reagents such as aptamers (51, 52) and antibodies
(18, 53) for diagnostic and therapeutic applications will also benefit from the
use of the revised and corrected MUC16 structural model reported here.

Conclusions
In this study, we report the results of long-read sequencing ofmRNA from three
cancer cell lines and three ovarian tumorswhich enabled us to propose a revised
molecular model of MUC16. While sequencing mRNA from ovarian tumors,
we noted shorter cDNA transcripts in the samples from one patient (OV1).
These shorter transcripts coded for versions of MUC16 with fewer than 19 tan-
dem repeats. The observation of MUC16 proteforms that differ by the deletion
of entire tandem repeats is supported by the existence of a similarly truncated
sequence (MUC16 isoform4) deposited in theNCBI database. These shorter se-
quencesmay result fromalternative splicing, butmore patient sampleswill need
to be sequenced to support or refute the hypothesis that alternative splicing of
MUC16 occurs in ovarian tumors. In addition tomore thoroughly investigating
the possibility of tumor-specific splice variant formation, our ongoing efforts
include identifying the amino acid sequences that form the CA125 epitopes, de-
veloping CA125-specific affinity agents that complement the antibodies used in
the clinical assay, and elucidating the cellular processes behind MUC16’s role
in immune evasion and metastasis. An accurate molecular model of CA125
(MUC16) will support these efforts and is hoped to bring the realization of
improved molecular tools for ovarian cancer management into being.

AACRJournals.org Cancer Res Commun; 4(1) January 2024 261



Wang et al.

Authors’ Disclosures
S.D.Weaver reports grants from Berthiaume Institute For Precision Health and
National Institute of General Medical Sciences during the conduct of the study.
No disclosures were reported by the other authors.

Authors’ Contributions
C.-W. Wang: Conceptualization, data curation, investigation, visualization,
writing-original draft, writing-review and editing. S.D.Weaver:Data curation,
investigation, visualization, writing-original draft, writing-review and editing.
N. Boonpattrawong: Data curation, investigation, writing-review and editing.
N. Schuster-Little: Data curation, investigation, writing-review and editing.
M. Patankar: Supervision, funding acquisition, writing-review and editing.
R.J. Whelan: Conceptualization, supervision, funding acquisition, writing-
original draft, writing-review and editing.

Acknowledgments
The authors thank Bill Boggess and the Notre Dame Mass Spectrometry and
Proteomics Facility for expert technical assistance and Professor Matthew
Champion for use of a Nanopore sequencer. The authors thank the Univer-
sity of Notre Dame Genomics and Bioinformatics Core Facility for technical
advice. Alphafold computational modeling was done on the Research Comput-
ing Cluster and BigJay Cluster funded through NSF Grant MRI-2117449 at the

University of Kansas. This work was supported by award R21CA267532 from
the NCI and a Medical Research Program award from Tell Every Amazing
Lady About Ovarian Cancer Louisa M. McGregor Ovarian Cancer Foundation
(T.E.A.L.). Additional support came from a University of Notre Dame Advanc-
ing Our Vision Fund in Analytical Science and Engineering. SDW and NSL
were fellows of theChemistry-Biology-Biochemistry Interface (CBBI) Program
at the University of Notre Dame, supported by training grant T32GM075762
from the National Institute of General Medical Sciences. The content is solely
the responsibility of the authors and does not necessarily represent the offi-
cial views of the National Institute of General Medical Sciences or the NIH.
S.D. Waver is supported by a Berry Family Foundation Fellowship through
the Berthiaume Institute for Precision Health. Additional support was re-
ceived from the University of Kansas. M. Patankar is supported by the VA
MERIT grant (5I01BX005627), philanthropic support from the Diane Lind-
strom Funds, pilot grants from the University of Wisconsin Comprehensive
Cancer Center and the Department of Obstetrics andGynecology of University
of Wisconsin–Madison.

Note
Supplementary data for this article are available at Cancer Research Comm-
unications Online (https://aacrjournals.org/cancerrescommun/).

Received August 01, 2023; revised December 01, 2023; accepted January 04,
2024; published first January 31, 2024.

References
1. Bast RC Jr. CA 125 and the detection of recurrent ovarian cancer: a reasonably

accurate biomarker for a difficult disease. Cancer 2010;116: 2850-3.

2. Trinidad CV, Tetlow AL, Bantis LE, Godwin AK. Reducing ovarian cancer mor-
tality through early detection: approaches using circulating biomarkers. Cancer
Prev Res 2020;13: 241-52.

3. Charkhchi P, Cybulski C, Gronwald J, Wong FO, Narod SA, Akbari MR. CA125
and ovarian cancer: a comprehensive review. Cancers 2020;12: 3730.

4. Bouanene H, Miled A. Conflicting views on themolecular structure of the cancer
antigen CA125/MUC16. Dis Markers 2010;28: 385-94.

5. Weiland F, Martin K, Oehler MK, Hoffmann P. Deciphering the molecular
nature of ovarian cancer biomarker CA125. Int J Mol Sci 2012;13: 10568-
82.

6. Felder M, Kapur A, Gonzalez-Bosquet J, Horibata S, Heintz J, Albrecht R, et al.
MUC16 (CA125): tumor biomarker to cancer therapy, a work in progress. Mol
Cancer 2014;13: 129.

7. Weiland F, Fritz K, Oehler MK, Hoffmann P. Methods for identification of CA125
from ovarian cancer ascites by high resolution mass spectrometry. Int J Mol Sci
2012;13: 9942-58.

8. Bressan A, Bozzo F, Maggi CA, Binaschi M. OC125, M11 and OV197 epitopes are
not uniformly distributed in the tandem-repeat region of CA125 and require the
entire SEA domain. Dis Markers 2013;34: 257-67.

9. Marcos-Silva L, Narimatsu Y, Halim A, Campos D, Yang Z, Tarp MA, et al. Char-
acterization of binding epitopes of CA125 monoclonal antibodies. J Proteome
Res 2014;13: 3349-59.

10. Wang CW, Hanson EK, Minkoff L, Whelan RJ. Individual recombinant repeats of
MUC16 display variable binding to CA125 antibodies. Cancer Biomark 2023;37:
85-94.

11. O’Brien TJ, Beard JB, Underwood LJ, Dennis RA, Santin AD, York L. The CA 125
gene: an extracellular superstructure dominated by repeat sequences. Tumour
Biol 2001;22: 348-66.

12. Yin BW, Lloyd KO. Molecular cloning of the CA125 ovarian cancer antigen:
identification as a new mucin, MUC16. J Biol Chem 2001;276: 27371-5.

13. O’Brien TJ, Beard JB, Underwood LJ, Shigemasa K. The CA 125 gene: a newly
discovered extension of the glycosylated N-terminal domain doubles the size
of this extracellular superstructure. Tumour Biol 2002;23: 154-69.

14. Yin BW, Dnistrian A, Lloyd KO. Ovarian cancer antigen CA125 is encoded by the
MUC16 mucin gene. Int J Cancer 2002;98: 737-40.

15. Karst SM, Ziels RM, Kirkegaard RH, Sorensen EA, McDonald D, ZhuQ, et al. High-
accuracy long-read amplicon sequences using uniquemolecular identifiers with
Nanopore or PacBio sequencing. Nat Methods 2021;18: 165-9.

16. Wohlers I, Garg S, Hehir-Kwa JY. Editorial: Long-read sequencing-Pitfalls,
benefits and success stories. Front Genet 2022;13: 1114542.

17. Nurk S, Koren S, Rhie A, Rautiainen M, Bzikadze AV, Mikheenko A, et al. The
complete sequence of a human genome. Science 2022;376: 44-53.

18. Aithal A, JunkerWM, Kshirsagar P, Das S, Kaur S, Orzechowski C, et al. Develop-
ment and characterization of carboxy-terminus specific monoclonal antibodies
for understanding MUC16 cleavage in human ovarian cancer. PLoS One 2018;13:
e0193907.

19. Schuster-Little N, Fritz-Klaus R, Etzel M, Patankar N, Javeri S, Patankar MS, et al.
Affinity-free enrichment and mass spectrometry analysis of the ovarian cancer
biomarker CA125 (MUC16) from patient-derived ascites. Analyst 2021;146: 85-
94.

20. Yue E, Yang G, Yao Y, Wang G, Mohanty A, Fan F, et al. Targeting CA-125 tran-
scription by development of a conditionally replicative adenovirus for ovarian
cancer treatment. Cancers 2021;13: 4265.

21. White B, PattersonM, Karnwal S, Brooks CL. Crystal structure of a humanMUC16
SEA domain reveals insight into the nature of the CA125 tumor marker. Proteins
2022;90: 1210-8.

22. Weaver SD, Schuster-Little N, Whelan RJ. Preparative capillary electrophore-
sis (CE) fractionation of protein digests improves protein and peptide
identification in bottom-up proteomics. Anal Methods 2022;14: 1103-10.

262 Cancer Res Commun; 4(1) January 2024 https://doi.org/10.1158/2767-9764.CRC-23-0327 | CANCER RESEARCH COMMUNICATIONS

https://aacrjournals.org/cancerrescommun/


Revised Model of CA125 (MUC16)

23. Zhang J, Xin L, Shan B, Chen W, Xie M, Yuen D, et al. PEAKS DB: de
novo sequencing assisted database search for sensitive and accurate peptide
identification. Mol Cell Proteomics 2012;11: M111.010587.

24. UniProt Consortium. UniProt: the universal protein knowledgebase in 2023.
Nucleic Acids Res 2023;51: D523-31.

25. R Core Team. R: a language and environment for statistical computing. R
Foundation for Statistical Computing; 2022.

26. Wickham H; 2019. Available from: https://CRAN.R-project.org/.

27. Wickham H, Bryan J; 2022. Available from: https://cran.r-project.org/web/
packages/readxl/readxl.pdf.

28. Charif D, Lobry J. SeqinR 1.0–2: a contributed package to the R project for
statistical computing devoted to biological sequences retrieval and analysis.
In: Bastolla UPM, Roman H, Vendruscolo M, editors. Structural approaches to
sequence evolution: molecules, networks, populations, series Biological and
medical physics, biomedical engineering. Berlin, Heidelberg: Springer-Verlag;
2007. p. 207-32.

29. Wickham H, François R, Henry L, Müller K. dplyr: a grammar of data manip-
ulation; 2022. Availabe from: https://dplyr.tidyverse.org, https://github.com/
tidyverse/dplyr.

30. Wickham H. ggplot2: elegant graphics for data analysis. New York (NY):
Springer-Verlag; 2016.

31. Berman ZT, Moore LJ, Knudson KE, Whelan RJ. Synthesis and structural char-
acterization of the peptide epitope of the ovarian cancer biomarker CA125
(MUC16). Tumour Biol 2010;31: 495-502.

32. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. Highly
accurate protein structure prediction with AlphaFold. Nature 2021;596: 583-9.

33. Yang J, Zhang Y. I-TASSER server: new development for protein structure and
function predictions. Nucleic Acids Res 2015;43: W174-181.

34. Zhang C, Freddolino PL, Zhang Y. COFACTOR: improved protein function
prediction by combining structure, sequence and protein-protein interaction
information. Nucleic Acids Res 2017;45: W291-9.

35. Zheng W, Zhang C, Li Y, Pearce R, Bell EW, Zhang Y. Folding non-homologous
proteins by coupling deep-learning contact maps with I-TASSER assembly
simulations. Cell Rep Methods 2021;1: 100014.

36. Maeda T, Inoue M, Koshiba S, Yabuki T, Aoki M, Nunokawa E, et al. Solution
structure of the SEA domain from the murine homologue of ovarian cancer
antigen CA125 (MUC16). J Biol Chem 2004;279: 13174-82.

37. Bast RC Jr, Feeney M, Lazarus H, Nadler LM, Colvin RB, Knapp RC. Reactivity
of a monoclonal antibody with human ovarian carcinoma. J Clin Invest 1981;68:
1331-7.

38. Bast RC Jr, Klug TL, St John E, Jenison E, Niloff JM, Lazarus H, et al. A radioim-
munoassay using a monoclonal antibody to monitor the course of epithelial
ovarian cancer. N Engl J Med 1983;309: 883-7.

39. Johnson SW, Laub PB, Beesley JS, Ozols RF, Hamilton TC. Increased
platinum-DNA damage tolerance is associated with cisplatin resistance and

cross-resistance to various chemotherapeutic agents in unrelated human
ovarian cancer cell lines. Cancer Res 1997;57: 850-6.

40. Blayney JK, Davison T, McCabe N, Walker S, Keating K, Delaney T, et al. Prior
knowledge transfer across transcriptional data sets and technologies using
compositional statistics yields new mislabelled ovarian cell line. Nucleic Acids
Res 2016;44: e137.

41. Chen Y, Pan M, Zuo Y, Yang B, Wang S. Research progress of CA125 in en-
dometriosis: teaching an old dog new tricks. Gynecol Obstet Clin Med 2022;2:
191-8.

42. Lin HJ, Hu RM, Chen HC, Lin CC, Lee CY, Chou CY. CA125 for the diagnosis of
advanced urothelial carcinoma of the bladder: a systematic review and meta-
analysis. Cancers 2023;15: 813.

43. Saad HM, Tourky GF, Al-Kuraishy HM, Al-Gareeb AI, Khattab AM, Elmasry SA,
et al. The potential role of MUC16 (CA125) biomarker in lung cancer: a magic
biomarker but with adversity. Diagnostics 2022;12: 2985.

44. Huang C, Liu Z, Xiao L, Xia Y, Huang J, Luo H, et al. Clinical significance of serum
CA125, CA19–9, CA72–4, and fibrinogen-to-lymphocyte ratio in gastric cancer
with peritoneal dissemination. Front Oncol 2019;9: 1159.

45. Huang CJ, Jiang JK, Chang SC, Lin JK, Yang SH. Serum CA125 concentration as
a predictor of peritoneal dissemination of colorectal cancer in men and women.
Medicine 2016;95: e5177.

46. Huang JH, Liu HS, Hu T, Zhang ZJ, He XW, Mo TW, et al. Elevated preoperative
CA125 is associated with poor survival in patients with metastatic colorec-
tal cancer undergoing primary tumor resection: a retrospective cohort study.
Gastroenterol Rep 2022;10: goac020.

47. Warren DJ, Nustad K, Beard JB, O’Brien TJ. Expression and epitope charac-
terization of a recombinant CA 125 repeat: fourth report from the ISOBM TD-1
workshop. Tumour Biol 2009;30: 51-60.

48. Rump A, Morikawa Y, Tanaka M, Minami S, Umesaki N, Takeuchi M, et al. Binding
of ovarian cancer antigen CA125/MUC16 to mesothelin mediates cell adhesion.
J Biol Chem 2004;279: 9190-8.

49. Gubbels JA, Belisle J, Onda M, Rancourt C, Migneault M, Ho M, et al. Mesothelin-
MUC16 binding is a high affinity, N-glycan dependent interaction that facilitates
peritoneal metastasis of ovarian tumors. Mol Cancer 2006;5: 50.

50. Coelho R, Marcos-Silva L, Ricardo S, Ponte F, Costa A, Lopes JM, et al. Peri-
toneal dissemination of ovarian cancer: role of MUC16-mesothelin interaction
and implications for treatment. Expert Rev Anticancer Ther 2018;18: 177-86.

51. Scoville DJ, Uhm TK, Shallcross JA, Whelan RJ. Selection of DNA aptamers for
ovarian cancer biomarker CA125 using one-pot SELEX and high-throughput
sequencing. J Nucleic Acids 2017;2017: 9879135.

52. Tripathi P, Kumar A, Sachan M, Gupta S, Nara S. Aptamer-gold nanozyme based
competitive lateral flow assay for rapid detection of CA125 in human serum.
Biosens Bioelectron 2020;165: 112368.

53. Gipson IK, Mandel U, Menon B, Michaud S, Tisdale A, CamposD, et al. Generation
and characterization of amonoclonal antibody to the cytoplasmic tail of MUC16.
Glycobiology 2017;27: 920-6.

AACRJournals.org Cancer Res Commun; 4(1) January 2024 263

https://CRAN.R-project.org/
https://cran.r-project.org/web/packages/readxl/readxl.pdf
https://dplyr.tidyverse.org
https://github.com/tidyverse/dplyr


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


