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Mucin domains are denselyO-glycosylatedmodular protein domains
that are found in a wide variety of cell surface and secreted proteins.
Mucin-domain glycoproteins are known to be key players in a host
of human diseases, especially cancer, wherein mucin expression and
glycosylation patterns are altered. Mucin biology has been difficult
to study at the molecular level, in part, because methods to manip-
ulate and structurally characterize mucin domains are lacking. Here,
we demonstrate that secreted protease of C1 esterase inhibitor
(StcE), a bacterial protease from Escherichia coli, cleaves mucin do-
mains by recognizing a discrete peptide- and glycan-based motif.
We exploited StcE’s unique properties to improve sequence cover-
age, glycosite mapping, and glycoform analysis of recombinant hu-
man mucins by mass spectrometry. We also found that StcE digests
cancer-associated mucins from cultured cells and from ascites
fluid derived from patients with ovarian cancer. Finally, using
StcE, we discovered that sialic acid-binding Ig-type lectin-7
(Siglec-7), a glycoimmune checkpoint receptor, selectively binds
sialomucins as biological ligands, whereas the related receptor
Siglec-9 does not. Mucin-selective proteolysis, as exemplified by
StcE, is therefore a powerful tool for the study of mucin domain
structure and function.

O-glycosylation | mucin | protease | glycoproteomics | Siglec

Mucin domains are modular protein domains characterized
by a high frequency of Ser and Thr residues that are O-

glycosylated with α-N-acetylgalactosamine (α-GalNAc). The
initial glycosylation with α-GalNAc and elaboration to larger
glycan structures occur through complex, interdependent meta-
bolic pathways to which hundreds of genes can contribute. The
resulting glycoprotein population is highly heterogeneous and
dynamic, and cannot be predicted based on genomic information
alone (1). Dense spacing of these heterogeneous O-glycans
forces the underlying polypeptide to adopt a unique “mucin
fold,” which is rigid and extended (2) (Fig. 1A, Left). The mucin
fold is found in a wide variety of cell surface and secreted pro-
teins of various families, analogous to the common Ig fold (3).
Mucin-domain glycoproteins contribute to many biological

processes. For example, they are involved in embryogenesis (4),
barrier formation (5), host–pathogen interactions (6), and im-
mune signaling (7). Due to their stiff, elongated, and highly hy-
drated structures, mucin domains are also important modulators
of cell- and protein-level biophysics (8). For example, CD45R0 is
a conserved splice variant of the T cell marker CD45, in which
three exons encoding mucin domains are missing. The loss of the
mucin domains promotes dimerization, abrogating intracellular
tyrosine phosphatase activity needed for T cell activation, and
thereby aiding activated T cells in regulated cessation of their
response (9). Mucin domains also serve as receptor ligands. For
example, the binding of P-selectin to its ligand, P-selectin gly-
coprotein ligand-1 (PSGL-1), a mucin-domain glycoprotein, is an
essential component of leukocyte rolling and adhesion (10).

When strung together in “tandem repeats” mucin domains can
form the large structures characteristic of mucin family proteins.
Mucins can be hundreds to thousands of amino acids long
and >50% glycosylation by mass (11); MUC16, one of the largest
mucins, can exceed 22,000 residues and 85% glycosylation by mass
(12), with a persistence length of 1–5 μm (13). Due, in part, to their
presence at cellular peripheries, mucin family proteins are impor-
tant mediators of cell–cell and cell–environment interactions, and
have been under scrutiny for years due to their association with
human cancer (14) (which must combat inhibitory cues from its
surroundings at every stage of its progression). Indeed, the
membrane-associated mucin MUC1 is aberrantly expressed in
∼60% of all cancers diagnosed each year in the United States
(15), rendering MUC1 one of the most prominently dysregulated
genes in cancer. Functionally, recent work has shown that the
MUC1 ectodomain alone can drive tumor growth by enhancing
cancer cell survival and promoting proliferation through biophysical
pathways (16). The large mucin MUC16 (also called CA-125) is
highly expressed in ovarian cancer and is used as a clinical bio-
marker for treatment efficacy and surveillance (17). Observations
such as these have motivated numerous efforts toward mucin-based
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vaccines (18), small-molecule (19) and antibody (20) therapies, and,
more recently, CAR-T cell therapies (21).
Despite all this attention, we know little about the molecular

structures and biological activities of mucin-domain glycoproteins.
This gap is due to unique challenges posed by their highly O-
glycosylated structures. First, mucin domains are not amenable to
standard sequence, glycosite, and glycoform mapping via mass
spectrometry (MS). Unlike N-glycans, O-glycans lack a peptide
consensus motif, are not predictable in structure, and cannot be
quantitatively released in their native form via enzymatic treatment.
Further, the high density of O-glycosylation on mucin domains
makes them resistant to digestion by workhorse proteases such as
trypsin, meaning the majority of their sequence space is often left
unanalyzed (22). The issue of protease accessibility is compounded
by poor ionizability of any densely glycosylated peptides that are
generated (23). Challenges such as size, heavy glycosylation, and
protease resistance have also rendered mucin-domain glycoproteins
difficult to study by standard biochemical techniques. As selective
depletion and isolation of mucin proteins have not been possible, a
comprehensive list of mucin-domain glycoproteins does not exist
(24), the biological roles of many cell surface associated mucins
remain elusive (25), and signaling pathways relating to trans-
membrane and shed mucin structures are underexplored (7).
Systems with truncated forms of glycosylation, such as engineered

“SimpleCells” lacking O-glycan elaboration machinery can simplify
mucin analysis and glycosite identification, but functionally impor-
tant glycan structures beyond the initiating O-GalNAc are lost (26).
Recently, an “O-protease” was reported that cleaves N-terminally to
glycosylated serine and threonine residues (27, 28). However, this
enzyme requires substrate desialylation for optimal activity, and
is not specific for mucins. O-sialoglycoprotein endopeptidase

(OSGEP) is a commercial enzyme historically marketed as having
mucin-degrading activity. Unfortunately, OSGEP’s apparent ac-
tivity has not been tied to a gene sequence that is amenable to
recombinant expression, prompting the current view that OSGEP
may act as a mixture of several unknown enzymes (29).
The ubiquitous and highly conserved nature of mucin struc-

tures implies an ecological need for enzymes with mucin-specific
proteolytic activity. Indeed, recent evidence has pointed to the
existence of families of mucin-targeting proteases comprising
hundreds of enzymes largely found in organisms living in mucin-
rich host environments (30–32). One such enzyme, secreted protease
of C1 esterase inhibitor (StcE), is a zinc metalloprotease of hu-
man pathogenic enterohemorrhagic Escherichia coli (EHEC).
Discovered by Welch and coworkers (33) and crystallized by
Strynadka and coworkers (34), StcE promotes EHEC patho-
genesis in humans by cleaving the protective mucus layers of the
gut (35, 36). It is reported to cleave densely O-glycosylated
proteins, but not N-glycosylated or sparsely O-glycosylated sub-
strates (31). Given these reported pathogenic properties, we
speculated that StcE could be transformed into a research tool to
efficiently and selectively cleave human mucins. Mucin-specific
proteolysis would be a valuable addition to the biochemist’s
toolbox, enabling mucin-domain glycoproteins to be selectively
liberated from biological samples and cut into fragments ame-
nable to analysis (Fig. 1A, Right).
Here, we report that StcE has a distinct peptide- and glycan-

based cleavage motif that enables high selectivity for mucins.
This “mucinase” improves sequence coverage, glycosite map-
ping, and glycoform analysis of recombinant mucins by MS, and
enables specific release of mucins from cell lines and human
tissue samples. In addition, we used StcE to provide evidence for
the existence of professional mucin ligands of sialic acid-binding
Ig-type lectin-7 (Siglec-7), an immune checkpoint receptor.

Results and Discussion
StcE Has Peptide- and Glycan-Based Selectivity for Mucins. We
expressed StcE and its catalytically inactive point mutant (E447D)
as 98-kDa soluble, N-terminal His-tagged proteins in E. coli, as
previously described (34) (SI Appendix, Fig. S1). Previous reports
suggested that StcE activity against a known substrate, C1 esterase
inhibitor (C1INH), is detectable in a pH range of 6.1–9.0, in a
temperature range of 4–55 °C, in high salt and detergent, and after
days of incubation at 37 °C, consistent with its pathological activity
in the mammalian gut (37). In our hands, StcE was amenable to
high-yield expression (80 mg/L), active against C1INH (SI Ap-
pendix, Fig. S2), stable to lyophilization (SI Appendix, Fig. S3), and
operative at nanomolar concentrations in all media types tested.
We next assessed StcE’s activity on clinically relevant mucin-
domain glycoproteins. StcE did not cleave glycosylated but
nonmucin proteins [fetuin, fibronectin, erythropoietin (EPO),
transferrin, and α1-acid glycoprotein] (SI Appendix, Fig. S4A),
but cleaved all tested mucin-domain glycoproteins (recombi-
nant MUC16, podocalyxin, CD43, PSGL-1, Syncam-1, and
CD45), as evidenced by gel shifts to lower molecular weights
(Fig. 1B and SI Appendix, Fig. S4B). StcE’s activity was abrogated
when its substrates were enzymatically deglycosylated, indicating
a glycan requirement for cleavage (Fig. 1C). At the same time, StcE
cleavage of C1INH was not significantly influenced by desialylation
of the substrate using various sialidases (SI Appendix, Fig. S5).
We next asked whether StcE has a preferred peptide sequence

or glycan recognition motif. The recombinant mucin-domain
glycoproteins listed above were digested with StcE, de–N-
glycosylated with PNGaseF, trypsinized, and subjected to MS
analysis using an optimized protocol (SI Appendix, Fig. S6).
Given that the substrates were recombinantly expressed, the
Byonic (ProteinMetrics) database search was limited to “O-
glycan 6 most common” as variable modifications (Fig. 2B, In-
set; vide infra for further discussion). Through manual validation
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Fig. 1. StcE is a protease that selectively cleaves mucins. (A) A mucinase
would enable mucin-domain glycoproteins to be selectively removed from
biological samples and cut into fragments, facilitating their analysis. Cellular
and tissue experiments are depicted in Figs. 5 and 6. (B) Recombinant gly-
coproteins were treated with StcE at a 1:10 E/S ratio for 3 h at 37 °C, and the
digests were separated by SDS/PAGE. Glycoproteins and glycosylated pep-
tide fragments were visualized with periodate-based Emerald 300 Glyco-
protein Stain (ThermoFisher Scientific); silver stained gel images are shown
in SI Appendix, Fig. S4B. BSA is not reported to be glycosylated. (C)
Recombinant human MUC16 was digested with StcE, E447D, or trypsin with
and without prior enzymatic deglycosylation [Deglycosylation (Degly.) Mix;
Promega]. The digestion products were visualized as in B.
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Fig. 2. StcE exhibits peptide- and glycan-based selectivity for mucins. (A) Glycoproteins shown in Fig. 1B were digested with StcE. The digest was then
deglycosylated by treatment with PNGase F, trypsinized, and analyzed by MS. Sequences of the StcE-dependent cleavage products were used as WebLogo
inputs (weblogo.berkeley.edu). StcE recognizes the consensus sequence S/T*–X–S/T, and cleaves the peptide backbone before the P1′ S/T only when the P2 S/T
is glycosylated (indicated with an asterisk). Detected glycoforms from recombinant proteins and synthetic peptides at P2 are shown. Parentheses indicate that
the linkage for the second sialic acid of the disialylated structure could not be assigned. (B) Examples of StcE-cleaved N-terminal peptides from several
recombinant mucins, with assigned glycan structures shown. (Inset) Peptides were searched with the O-glycan 6 most common variable modification data-
base. Gray text denotes the C-terminal sequence of detected intact peptides. (C) Examples of detected peptides with sequences corresponding to those shown
in B, but with glycosylation inconsistent with the consensus motif. (D) StcE, E447D, and trypsin were reacted with a native peptide backbone N-
carboxyanhydride–derived copolymer consisting of 50% GalNAc-α-O-serine and 50% lysine (38), with and without prior enzymatic deglycosylation [Delgy-
cosylation (Degly.) Mix; Promega]. The arrow indicates the StcE band. StcE was incubated with RPPIT(α-GalNAc)QSSL (E), RPPI(β-GlcNAc)TQSSL (F), AGG
(disialyl-core 2)TPSAAGPPVAS (G), and AGG(NeuAc-Gal-GalNAc)TP(disialyl-core 2)SAAGPPVAS (H) for 3 h at 37 °C and subjected to MS analysis. ETD spec-
tra are shown for E and F; HCD spectra are shown for G and H. Rel., relative. (I) Diagram of GPIbα sequence, showing the mucin domain in yellow, along with
arrows corresponding to sites of potential StcE cleavage, based on molecular weights of cleavage bands and amino acid sequence. (J) Lanes contain 1.5 μL of a
platelet surface protein extract (1.2 μg of total protein and ∼15 ng of GPIbα), either untreated or treated with StcE protease (20 μg/mL) for 2 h at 37 °C.
Proteins were separated by SDS/PAGE, transferred to nitrocellulose, and then probed with an antibody that recognizes the N-terminal domain of GPIbα. (K)
Repeat domain of GspB736flag (a truncated, C-terminally 3xFLAG-tagged variant of S. gordonii GspB) is highly posttranslationally modified with unelabo-
rated O-GlcNAc when expressed in PS3540. (L) GspB736flag and platelet GPIbα, either alone or in combination, were treated with StcE (100 μg/mL) for 17 h at
37 °C. Blots were probed with succinylated wheat germ agglutinin (sWGA), anti-FLAG, or anti-GPIbα as indicated.
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of glycopeptides present in the StcE samples but not in the
control samples (PNGaseF and trypsin only), we discovered that
StcE has a distinct peptide consensus sequence, S/T*–X–S/T,
where cleavage occurred before the second serine or threonine
and X was any amino acid (Fig. 2A). StcE is able to cleave se-
quences in which the spacer X is missing, although it does so less
efficiently (SI Appendix, Fig. S7). As seen from a table containing
StcE-cleaved N-terminal peptides, the P2 (*) position was in-
variably glycosylated (Fig. 2B; all sequenced peptides are shown
in Dataset S1). This glycosylation ranged from a single O-GalNAc
residue to higher order structures such as a disialylated T an-
tigen, indicating that StcE accepts a variety of glycans at the
P2 position. Note that StcE cleavage was also permissive to
glycosylation at the P1 and P1′ positions. In all cases, neither the
peptide sequence nor the glycan alone was sufficient to predict
cleavage, as demonstrated in Fig. 2C, which lists several detected
peptides with sequences corresponding to those shown in Fig. 2B,
but with glycosylation that does not match the consensus motif.
Based on MS analysis of cleaved peptides (Fig. 2B and Dataset

S1), the minimum necessary glycoform for StcE cleavage was a
single GalNAc residue. To confirm this, we incubated a synthetic
glycosylated polypeptide comprising GalNAc-α-O-Ser residues
mixed with Lys residues in a random sequence (38) together with
StcE. As seen in Fig. 2D, StcE cleaved the glycosylated polymer,
and this cleavage was mitigated when the polymer was deglyco-
sylated. We also found that StcE cleaved a synthetic peptide
containing a single GalNAc, converting RPPIT*QSSL to
RPPIT*Q (Fig. 2E). StcE did not cleave the same peptide se-
quence containing β-GlcNAc instead of α-GalNAc (Fig. 2F). In
fact, StcE did not cleave any O-GlcNAcylated or O-mannosylated
peptides tested (39–42) (SI Appendix, Fig. S8).
We next asked whether StcE could cleave peptides with larger,

more elaborated glycan structures. StcE was reacted with synthetic
glycopeptides containing core 2 structures on the P2 position or
the P1′ position (43). In each case, StcE was able to cleave the
peptide at the predicted site (Fig. 2 G and H and SI Appendix,
Figs. S9 and S10). We also tested cleavage of the human platelet
surface protein GPIbα, which is reported to contain ∼96% core
2 glycosylation in its mucin domain (44, 45) (Fig. 2I). StcE cleaved
GPIbα from healthy donor-derived platelets into four fragments,
as detected by an antibody specific to a region N-terminal to the
mucin domain (Fig. 2J).
Finally, we tested StcE cleavage of the repeatedly O-

GlcNAcylated Streptococcus gordonii protein, GspB736flag,
which bears multiple O-GlcNAc modifications in its SASE-
SASTSASV repeat domain (46) (Fig. 2K). As seen from anti-
Flag and succinylated wheat germ agglutinin blots in Fig. 2L,
GspB736flag is resistant to StcE cleavage even under forcing
conditions (100 μg/mL for 17 h at 37 °C). GPIb is shown as a
positive control for StcE activity, and is cleaved into smaller
fragments than those in Fig. 2J as a result of the high enzyme/
substrate (E/S) ratio.
Taken together, we can conclude that (i) O-GalNAc is the

minimum required glycoform on the P2 position serine or thre-
onine residue, (ii) elaborated core 1 and core 2 structures do not
impede cleavage, and (iii) O-GlcNAc and O-mannose peptides
are not cleaved by StcE. As O-GalNAc is the first glycan found
on every site of mucin-type O-glycosylation and S/T–X–S/T is
commonly found in their characteristic proline-, threonine-, and
serine-rich repeat domains, these data support the view that StcE
is a protease that selectively cleaves mucins but is promiscuous
within that family.

Glycopeptide Docking Supports StcE’s Selectivity for α-GalNAcylated
Peptides. The observed insensitivity of O-glycosylated but non-
mucinous proteins to StcE activity suggested that secondary
structure may be an additional recognition determinant. For
example, fetuin was not cleaved by StcE (Fig. 1B), although it

exhibits a correctly glycosylated StcE consensus sequence
GPT*PSAA (* = sialyl T antigen, among others) (47). We
sought to better visualize this possibility via docking experiments
using the StcE crystal structure (34) and several podocalyxin-
based model peptides (Ac-PTLTH-NMe). When docked in a
manner consistent with ligands in homologous metzincin crystal
structures (48), each ligand’s peptide backbone made specific
contacts with the catalytic zinc ion as well as three sites (on two
residues, Gly427 and Gly429) of a flanking β-strand, forming a
segment similar to an antiparallel β-sheet (Fig. 3A). The glycan
moieties projected away from the enzyme active site, allowing
the enzyme to accommodate different glycan structures.
Notably, much work has been done to investigate the 3D

structure of analogous mucin peptides and their glycoforms (49).
In general, the naked peptides were found to be conformation-
ally mobile but biased toward turn-like conformations; peptides
modified with the α-GalNAc moiety were rigid and adopted
extended conformations closer to a β-strand, consistent with the
conformation of our docked peptides. This change in confor-
mational preference, which was not observed following modifi-
cation with β-GalNAc (50), is proposed to be due to steric factors
and specific intra- and interresidue contacts unique to the
α-GalNAc moiety (49).
In our modeling experiments, we often observed a confor-

mation containing an intramolecular hydrogen bond between the
amide hydrogen of the α-GalNAc moiety and the carbonyl oxy-
gen of the terminal acetyl group in our docked structures. In this
conformation, the carbonyl oxygen of the α-GalNAc is posi-
tioned to interact with an additional residue (Gly431) of the
β-strand lining the active site (Fig. 3A). An analogous residue is
involved in ligand recognition by related metzincin enzymes (48),
and it is likely important for substrate recognition in StcE. If so,
this provides a molecular mechanism connecting the α-GalNAc
moiety’s dual role in determining the substrate’s (i) secondary
structure and (ii) recognition by the enzyme.

C

A

B

Fig. 3. Structure of StcE (34) and model peptides following docking. (A) Ac-
P(α-GalNAc)TLTH-NMe. The peptide (green sticks) and GalNAc (yellow sticks)
moieties of the ligand make contacts (cyan dashes) with the zinc ion (gray
sphere) and important residues of the active site (gray sticks). The GalNAc
moiety also makes an intramolecular contact (cyan dashes) with the acetyl
group of the ligand. Combined, this docked structure suggests a role for
α-GalNAc in affecting substrate conformation and recognition. P2, P1, and
P1′ positions are indicated. StcE was able to accommodate larger glycans Ac-
P(disialyl core 1)TLTH-NMe (78) (B) and Ac-P(sialyl core 2)TLTH-NMe (64) (C),
and the docked species formed important interactions (cyan dashes) be-
tween the enzyme (shaded surface), peptide (green sticks), and GalNAc
(yellow sticks) moieties, similar to A.

Malaker et al. PNAS | April 9, 2019 | vol. 116 | no. 15 | 7281

BI
O
CH

EM
IS
TR

Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813020116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813020116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813020116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813020116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813020116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813020116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813020116/-/DCSupplemental


Importantly, larger core 1 and core 2 structures were also well
accommodated by the enzyme in our docking studies, consistent
with experimental findings (Fig. 3 B and C). Sugar residues at-
tached at C6 of the core α-GalNAc moiety flanked the protein
surface adjacent to the active site, whereas those branching from
C3 were projected along the enzyme surface adjacent to the li-
gand’s N terminus. Ultimately, the docked structures help visu-
alize how StcE might contact the peptide backbone of heavily
glycosylated mucin domains. We note that these models are
consistent with Strynadka and coworkers’ (34) proposed cleavage
mechanism, involving closure of the StcE active site around
substrates with an extended α-GalNAc–induced secondary
structure.

StcE Improves MS Analysis of Mucin-Domain Glycoproteins. Given its
selectivity for mucin domains, we predicted that StcE could be
incorporated in common proteomic work flows to facilitate
analysis of mucin glycoproteins. The six highly glycosylated,
commercially available, and recombinant mucin-domain proteins
we employed for characterization of StcE’s cleavage specificity
are known to be important in human disease. Podocalyxin is a
sialoprotein that reportedly promotes the growth, proliferation,
and metastasis of solid tumors (51, 52). MUC16, as discussed in
the Introduction, is highly dysregulated in carcinomas, and its
aberrant glycosylation and/or overexpression contributes to im-
mune evasion (53). CD43 and CD45 are both regulators of
several T cell functions, including their activation, proliferation,
and differentiation (54, 55). PSGL-1, a sialomucin, engages with
its receptor, P-selectin, to mediate leukocyte rolling and adhe-
sion (10). Finally, Syncam-1 is important for cell adhesion and
acts as a tumor suppressor in non-small cell lung cancer (56).
To explore whether StcE cleavage could improve MS analysis

of these mucin-domain glycoproteins, we analyzed all peptides
present in StcE-treated and control samples. As before, the data
were searched using a small O-glycan database (O-glycan 6 most
common; structures are listed in Fig. 2B, Inset). We chose this
glycan database for several reasons. First, poor ionization of
structures bearing large sialylated glycans limits their detection
by MS (23). Second, charge density considerations generally limit
electron transfer dissociation (ETD) fragmentation of glyco-
peptides with glycans larger than disialyl T (57). Third, current
search algorithms are restricted in their ability to search large O-
glycan libraries while maintaining reasonable search times. Fi-
nally, the recombinant proteins listed above were expressed in
either Chinese hamster ovary (CHO; podocalyxin, MUC16, and
PSGL-1), HEK293T (CD43), or NS0 (CD45, Syncam-1) cells.
CHO cells are known to primarily express unelaborated core
1 structures (58), whereas HEK293T cells display slightly more
elaborated core 1 and 2 glycans (59). Limited information is
available on O-glycosylation profiles of proteins expressed in
NS0 cells (60). Therefore, the O-glycan 6 most common database
should represent a reasonable portion of the glycans that are
present on the recombinant proteins and amenable to analysis.
Higher energy collision-induced dissociation (HCD) spectra

corresponding to each glycopeptide identified by the database
search were inspected to confirm that the HexNAc and/or
NeuAc fingerprint ions were present and that the assigned
monosaccharide composition was correct. Then, the ETD spec-
trum for the corresponding glycopeptide was manually se-
quenced to definitively site-localize the glycosylation. As seen in
Fig. 4A, StcE treatment increased protein sequence coverage by
up to 50%, number of glycosites by up to sixfold, and number of
localized glycans by up to 11-fold, with averages of 20%, 3.5-fold,
and fourfold improvement, respectively. Notably, many of these
sites of glycosylation were previously unknown. Of the 77 sites we
defined, 59 were reported previously, increasing the total num-
ber of sites by 31%. The observed gains were likely due to StcE’s
ability to break up areas of dense O-glycosylation, which gener-

ated smaller glycopeptides with higher charge density. This
allowed for ETD spectra, which are necessary for glycosite
mapping. To illustrate this concept, ETD spectra of three rep-
resentative CD43 peptides are shown in Fig. 4B. In the untreated
sample (Fig. 4B, Bottom) site localization of the three O-GalNAc
modifications was not possible, but StcE treatment (Fig. 4B, Top)
resulted in two peptides covering the same sequence, each with
sufficient charge and fragmentation for site localization of the
modification. We note also that in silico searches for peptides
with serine or threonine at their N terminus may aid in database
searches of StcE-cleaved samples (SI Appendix, Fig. S11).

StcE Cleaves Mucins from Biological Samples.Next, we tested StcE’s
ability to cleave native, human-derived mucins. We found that a
commercially available semicrude preparation of MUC16 from
ascites fluid of patients with cancer was sensitive to StcE cleav-
age (Fig. 5A and SI Appendix, Fig. S12). The density around
200 kDa in the semicrude preparation does not originate from
full-length glycosylated MUC16, however, which migrates with
an apparent molecular weight in the megadalton range (61, 62).
To demonstrate cleavage of full-length human MUC16, we
treated crude ascites, taken from a patient who had ovarian

A

B

Fig. 4. StcE increased the number of assigned glycosites, number of local-
ized glycans, and sequence coverage of every protein studied. (A)
Recombinant substrates were digested with StcE, de–N-glycosylated with
PNGaseF, trypsinized, and then subjected to MS using an HCD-triggered ETD
instrument method. ETD spectra were used to assign glycosites. (B, Top) ETD
spectra of N- and C-terminal StcE-cleaved peptides LSTMMSPTT and
STNASTVPFR from CD43 from the experiment described in A. (B, Bottom)
ETD spectrum from the control sample (PNGaseF and trypsin only) is shown.
The lowercase “n” denotes deamidation. Parentheses indicate that the sites
modified with GalNAc residues could not be assigned. Rel., relative.
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cancer, with StcE. In untreated ascites, we detected density in
the stacking gel (Fig. 5B, arrow and SI Appendix, Fig. S13),
consistent with a species of very high molecular weight. StcE
treatment for 1 h at 37 °C resulted in a dose-dependent decrease
in apparent molecular weight, demonstrating that StcE is active
on human MUC16.
As noted above, cell surface mucins have been implicated as

pathogenic drivers of cancer progression. If StcE could cleave
such mucins, it would enable their functional analysis. We first
tested cell viability after StcE treatment, and found that it was
nontoxic to both adherent and suspension cell lines at all con-
centrations tested, and did not affect proliferation over days (SI
Appendix, Fig. S14). Next, we treated the human breast cancer
cell line SKBR3 with StcE and probed for changes in abundance
of MUC16. As determined by flow cytometry analysis, StcE de-
pleted MUC16, but had no effect on the highly abundant N-
glycosylated but nonmucin HER2 receptor (Fig. 5C). We also
tested StcE’s effects on the breast cancer-associated mucin
MUC1 using an MCF10A cell line ectopically expressing a
signaling-deficient form of this cell surface mucin (MUC1ΔCT)
(63). StcE readily cleaved glycosylated MUC1ΔCT but was in-
active on an underglycosylated form of MUC1ΔCT (∼125 kDa)
also visible on the Western blot (Fig. 5D and SI Appendix, Figs.
S15 and S16). Further, StcE’s activity does not appear to be cell
line-dependent, as it digested cell surface MUC1 andMUC16 from
cell lines derived from a variety of cancer types (Fig. 5E). These
data confirm that StcE retains its activity in cellulo. Further-
more, the supernatants of StcE-treated HeLa cells, but not
their vehicle-treated counterparts, stained strongly for MUC16,
and the apparent molecular weight of the mucin fragments
decreased with increasing enzyme concentration and treatment
time (Fig. 5F and SI Appendix, Fig. S17). StcE can there-
fore be used as a tool to release and solubilize mucins from
biological samples.
To test whether StcE could be employed to purify mucins from

protein mixtures, we conjugated StcE to beads using reductive
amidation. StcE effectively enriched C1INH from a mixture with
BSA, using EDTA in the buffer to inhibit StcE’s cleavage activity
(SI Appendix, Fig. S18A). We expanded on this with a larger
scale purification of MUC16 from the supernatant of a human
ovarian cancer cell line, OVCAR-3, using E447D-conjugated
beads. Once again, EDTA was added to abrogate any residual
proteolytic activity of the E447D mutant. An anti-MUC16
Western blot revealed depletion of MUC16 from the flow-
through and enrichment of MUC16 in the elution (SI Appen-
dix, Fig. S18B). In addition, a high-molecular-weight band
matching the observed molecular weight of MUC16 was visible
in the elution by total protein stain, underscoring the efficiency
of the enrichment. We note that further optimization is required
to reduce the amount of shed E447D under the boiling
elution conditions.

StcE Treatment of Cultured Cells Reveals That Siglec-7 Binds Mucin-
Domain Glycoproteins. Given StcE’s selectivity for mucins, we
reasoned that it could be employed as a tool to discover mucin-
based ligands of glycan-binding receptors whose physiological
binding partners remain unknown. There is growing evidence
that so-called glycan-binding proteins can recognize discrete
glycoprotein or glycolipid ligands via motifs that encompass both
glycan structures as well as elements of their underlying scaf-
folds. As a landmark example, PSGL-1 was identified as a cell
surface mucin that functions as the chief ligand for P-selectin at
sites of inflammatory leukocyte recruitment (10) [notably,
PSGL-1 is digested with StcE (Fig. 1B)]. The molecular deter-
minants of PSGL-1 that confer P-selectin binding include a
specific O-glycan structure combined with a nearby peptide motif
(64). Likewise, the immune modulatory receptor PILRα recog-
nizes a composite mucin-derived sialoglycopeptide epitope on
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Fig. 5. StcE can cleave native mucins from ascites fluid derived from patients with
cancer and cultured cell surfaces. (A) StcE was incubated at a 1:10 E/S ratio for 3 h at
37 °C with a semicrude patient-derived commercial preparation of MUC16 (Lee
BioSolutions). An anti-MUC16 Western blot is shown, as MUC16 was a minority of
the material by total protein stain (silver stain is shown in SI Appendix, Fig. S9). The
∼100-kDa band in both lanes is likely nonspecific antibody binding to a contami-
nating protein in the commercial sample of CA-125. The MUC16 antibody (X75;
Abcam) binds to extracellular repeat domains. (B) Crude ascites fluid derived from
patients with ovarian cancer was incubated with StcE for 1 h at 37 °C at the con-
centrations shown. (C) SKBR3 cells were treated with 50 nM StcE for 2 h at 37 °C,
and then subjected to live cell flow cytometry with staining for MUC16 and HER2.
(D) Western blot of MCF10A cells expressing MUC1ΔCT on a doxycycline (Dox)
promoter. StcE treatment was performed on live cells as in C. The MUC1 antibody
(VU4H5; Cell Signaling Technology) binds to extracellular repeat domains. (E) BT-20,
HeLa, and K562 cells were treated with StcE as in C and subjected to live cell flow
cytometry with staining for MUC1 or MUC16. CML, chronic myelogenous leukemia.
(F) Plated HeLa cells incubated in HBSS were treated with StcE at the times and
concentrations shown. Supernatants were lyophilized, resuspended in sample
buffer, separated by SDS/PAGE, and immunoblotted for MUC16.
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cognate ligands (65). These examples hint at a rich biology for
mucin glycoproteins as ligands for a variety of receptors involved
in cell trafficking and immune regulation. We speculated that
StcE’s ability to destroy these structures on cells might help re-
veal mucins as binding partners of orphan receptors.
Siglecs are a glycan-binding receptor family whose physiolog-

ical ligands are largely unknown (66, 67). Individual family
members exhibit preferences for sialosides of various linkages to
underlying glycan motifs, but the specific glycoproteins or gly-
colipids they interact with in biological settings are mysterious.
Recent work has implicated Siglec-7 and Siglec-9 as inhibitory
receptors that function similar to the immune checkpoints PD-
1 and CTLA-4, the targets of several successful cancer immune
therapies (68). Extracellularly, Siglec-7 and Siglec-9 each have a
sialic acid-binding V-set domain (Fig. 6A). Intracellularly, they
resemble PD-1, with C-terminal cytosolic tyrosine-based in-
hibitory motif (ITIM) and tyrosine-based switch motif (ITSM)
domains that mediate inhibitory signaling. Enzymatic removal of
sialic acids en masse from cancer cell surfaces enhances immune
cell-mediated clearance of those cells through loss of Siglec-
7 and Siglec-9 binding (69). Despite years of effort, however,
professional ligands of Siglec-7 and Siglec-9 have not been
identified, leading to a prevailing view that these Siglecs have
broad and overlapping affinities for a multitude of sialylated cell
surface molecules (70).
Using soluble Siglec-Fc fusions, we assessed the effects of StcE

treatment on Siglec-7 and Siglec-9 binding to SKBR3 cells.
Analysis by flow cytometry showed that StcE treatment depletes
Siglec-7–Fc binding but has no effect on Siglec-9–Fc binding
(Fig. 6B, Top, flow cytometry histogram and Bottom, biological
replicates). The inactive StcE point mutant E447D had no effect
on binding of either Siglec-Fc. We confirmed that Siglec-7–Fc
binding and Siglec-9–Fc binding are both dependent on sialic
acid via treatment with Vibrio cholerae sialidase (SI Appendix,
Fig. S19). These results suggest that Siglec-7 recognizes mucin
glycoproteins on SKBR3 cells but Siglec-9 binds structures that
are resistant to StcE digestion.
To ensure that StcE did not simply bind to cell surface mucins

and block accessibility to Siglec-7–Fc, we stained StcE- and
E447D-treated SKBR3 cells with anti-His antibodies, which
should bind the His-tagged enzymes (Fig. 6C). E447D bound cell
surfaces more tightly than StcE did, but did not deplete Siglec-7–
Fc binding, indicating that StcE’s enzymatic activity was required
for its effects. Interestingly, periodate-mediated labeling of cell
surface sialic acids (71) revealed that StcE treatment had only a
minor effect on total cell surface sialic acid levels (Fig. 6D). Thus,
StcE removes a small fraction of total sialosides, while depleting a
larger fraction of Siglec-7–Fc-binding structures. Finally, we tested
a panel of cell lines for StcE-mediated depletion of Siglec-7 and
Siglec-9 ligands. In all other cell lines tested, Siglec-7–Fc binding
decreased upon StcE digestion, while Siglec-9–Fc binding remained
unchanged (Fig. 6E and SI Appendix, Fig. S19). Note that previous
reports that glycolipids such as GD3 can serve as ligands for Siglec-
7 (72) are consistent with StcE’s ability to substantially, but not
completely, abrogate Siglec-7–Fc binding.
To further support the identification of Siglec-7 as a sialomucin-

binding receptor, we employed ldlD CHO cells, which are defi-
cient in UDP-glucose/galactose-4-epimerase (GALE) (73). GALE
interconverts UDP-glucose and UDP-GlcNAc to UDP-galactose
and UDP-GalNAc, respectively. Without active GALE, ldlD
CHO cells can still take up glucose from tissue culture media and
use it to biosynthesize nucleotide sugars of glucose, mannose,
fucose, and sialic acid. However, they cannot initiate or elaborate
their glycans with GalNAc or galactose, resulting in truncated
cellular glycans. Supplementing the media with 10 μM galactose
and 100 μM GalNAc rescues the phenotype, as these undergo
conversion to the respective nucleotide sugars within cells (73).
Unrescued ldlD CHO cells exhibited weak binding by both
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Fig. 6. StcE reveals that Siglec-7 binds mucin-domain glycoproteins. (A) Siglecs
are a family of leukocyte receptors that bind sialylated ligands of unknown
identity. Similar to PD-1, upon ligand binding, they transmit inhibitory signals
through intracellular tyrosine-based switch motif (ITSM) and tyrosine-based in-
hibitory motif (ITIM) domains. (B, Top) SKBR3 cells were treated with 50 nM StcE
or E447D for 2 h at 37 °C, stained with Siglec-7–Fc and Siglec-9–Fc, and subjected
to live cell flow cytometry. (B, Bottom) Mean fluorescence intensity of three
biological replicates is shown. Error bars are SDs. **P < 0.005 by Student’s two-
tailed t test. (C) SKBR3 cells treated as in B were washed, stained with anti–His-
FITC or isotype-FITC, and subjected to live cell flow cytometry. (D) SKBR3 cells
treated with 50 nM StcE, 50 nM E447D, or 30 nM V. cholerae sialidase (VCSia) for
2 h at 37 °C were subjected to periodate-based sialic acid labeling (71), followed
by fixed cell flow cytometry. (E) Flow cytometry as in B on HeLa, ZR-75-1, BT-20,
and MDA-MB-453 cells. (F) Flow cytometry analysis of ldlD CHO cells, with ga-
lactose (Gal) and GalNAc rescue conditions shown. Staining was performed with
Siglec-7–Fc or Siglec-9–Fc.

7284 | www.pnas.org/cgi/doi/10.1073/pnas.1813020116 Malaker et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813020116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813020116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813020116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1813020116


Siglec-7–Fc and Siglec-9–Fc (Fig. 6F). Siglec-9–Fc binding in-
creased by approximately the same amount after rescue with
galactose alone and with both galactose and GalNAc supple-
mentation, but increased only slightly with GalNAc rescue
alone (Fig. 6F, Right). These results are consistent with a view
that Siglec-9 ligands are predominantly nonmucinous, as GalNAc
deficiency should abrogate mucin-type O-glycosylation (74). Siglec-
7–Fc binding was largely unaffected by galactose supplementa-
tion alone, but increased with GalNAc supplementation. Rescue
with both sugars increased Siglec-7–Fc binding further (Fig. 6F,
Left). In all conditions, both Siglec-7–Fc binding and Siglec-9–Fc
binding were sialidase-sensitive, confirming their dependence
on sialic acid (SI Appendix, Fig. S19). In addition, StcE treatment
had no effect on Siglec-9–Fc binding across any rescue condition
and only decreased Siglec-7–Fc binding in cases with GalNAc
supplementation (SI Appendix, Fig. S16).
These data distinguish the specificities of Siglec-7 and Siglec-9 on

cell surfaces. In the case of Siglec-7, it appears that professional
glycoprotein ligands may exist, and that at least a subset are mucin-
domain glycoproteins. If specificity for a professional glycoprotein
ligand could be defined, it would pave the way for a novel class of
immune checkpoint interventions. As noted above, the role that
mucin-domain glycoproteins play in immunological signaling is not
limited to Siglec-7. For example, receptors such as CD45 (75) and
TIM-3 (76), which are emerging as critical players in healthy im-
mune function and the immune response to cancer, contain
prominent mucin domains that are thought to be necessary for their
activities. Further, several members of the galectin family, which are
prooncogenic glycan-binding proteins, are known mucin binders,
but their specificities for discrete glycoproteins have not been fully
characterized (77). Enzymatic demucination with StcE could pro-
vide a powerful tool for deorphanizing the receptors and ligands
that interact with mucin-domain glycoproteins.
In conclusion, we introduce the bacterial protease StcE as a ro-

bust and efficient tool for the analysis of mucin-domain glycopro-
teins. After solving its peptide- and glycan-based selectivity for
mucins, we demonstrated that this enzyme can be used in glyco-
proteomic mapping of mucin glycosites and their associated glyco-
forms, as a method for selective cleavage, release, and enrichment
of mucins from cell and tissue material, as well as in the study of
native mucin biology. The ease of purification, stability, and potency
of the enzyme makes it a reagent easily distributed and utilized by a
variety of laboratories. Further exploration and engineering of
bacterial mucinase families may yield enzymes with complementary
glycan and peptide specificities that would expand the biochemist’s
toolbox further. In addition, we hope that the ability to efficiently
generate glycosylated mucin peptides will spur efforts to develop
better methods for glycopeptide ionization.

Materials and Methods
In Vitro StcE Activity Assays. C1INH purified from human plasma was pur-
chased from Molecular Innovations (catalog no. HC1INH). Recombinantly
expressed MUC16, podocalyxin, PSGL-1, Syncam-1, and CD45 were purchased
from R&D Systems (5609-MU, 1658-PD, 3345-PS, AF1459-SP, and 1430-CD,
respectively). Recombinantly expressed CD43 was purchased from Origene
(TP304195). Human fibronectin was purchased from Sigma–Aldrich (F0895).
IL-2 expressed in insect cells was purchased from Biolegend (589104). EPO
expressed in CHO cells was purchased from Peptrotech (100-64). κ-Casein
from bovine milk was purchased from Sigma–Aldrich (C0406). Human
transferrin was purchased from Sigma (3309). α1-Acid glycoprotein from
human plasma was purchased from Sigma–Aldrich (G3642). BSA was pur-
chased from Sigma–Aldrich (A7906-1KG). Fetuin from bovine fetal calf
serum was obtained from Promega (V496A).

To test StcE’s activity against mucin-like glycoproteins and nonmucins,
reaction conditions were as follows: 1:10 E/S ratio, total volume of 15 μL, and
0.1% Protease Max in 50 mM ammonium bicarbonate as buffer (3 h at
37 °C). A portion of each condition (0.5 μg) was loaded onto 10% Criterion
XT Bis-Tris precast gels (Bio-Rad) and run with XT-Mes (Bio-Rad) at 180 V for
1 h. Each gel was stained with silver stain or a Pro-Q Emerald 300 Glyco-
protein Gel and Blot Stain Kit (ThermoFisher Scientific), according to the

manufacturer’s instructions. Deglycosylation of rhMUC16 was performed
according to the manufacturer’s instructions (Deglycosylation Mix; Promega).
Mucin mimetic copolymer consisting of 50% GalNAc-Ser and 50% Lys was
synthesized as previously described (38). Both deglycosylated polymer and
untreated polymer were subjected to StcE cleavage and gel staining as
described above for recombinant protein substrates.

The O-mannosylated and core 2 peptides were synthesized as previously
described (39–43). Commerically synthesized O-GalNAcylated and O-
GlcNAcylated peptides were kindly supplied by Don Hunt, University of
Virginia, Charlottesville, VA. The O-mannosylated, O-GalNAcylated, and O-
GlcNAcylated peptides were supplied dry and were reconstituted in 0.1%
formic acid to give a final concentration of 1 μg/μL (O-GlcNAc/GalNAc pep-
tides) or 2 μg/μL (O-mannose peptides). β-O-GlcNAcylated and α-O-GalNA-
cylated peptides were added to 0.5 μg of StcE in a final volume of 13 μL. The
O-mannosylated peptides (1 μg each) were added to StcE in a separate re-
action under the same conditions. For core 2 synthetic peptides, 40 μL of
solutions containing 1 μM peptide was separately dried down via a speedvac.
Reaction with StcE was performed with 1 μg of enzyme in a total volume of
12 μL of 50 mM ammonium bicarbonate for 3 h at 37 °C, with shaking.
Negative controls substituted StcE with an equal volume of 50 mM ammo-
nium bicarbonate. Afterward, the reaction was quenched by the addition of
0.5 μL of formic acid. All samples were desalted via C18 to remove StcE and
analyzed by high-resolution MS.

MS. A description of the sample preparation is provided in SI Appendix.
Samples (1 μg) were reconstituted in 10 μL of 0.1% formic acid (Thermo-
Fisher Scientific) containing 25 fmol/μL angiotensin (Millipore Sigma) and
vasoactive peptide (Anaspec). Samples were analyzed by online nanoflow
liquid chromatography-tandem MS using an Orbitrap Fusion Tribrid mass
spectrometer (ThermoFisher Scientific) coupled to a Dionex Ultimate 3000
HPLC system (ThermoFisher Scientific). A portion of the sample (4 μL) was
loaded via autosampler onto a 20-μL sample loop and injected at 0.3 μL·min−1

onto a 75-μm × 150-mm EASY-Spray column (ThermoFisher Scientific)
containing 2 μm C18 beads. The column was held at 40 °C using a column
heater in the EASY-Spray ionization source (ThermoFisher Scientific). The
samples were eluted at 0.3 μL·min−1 using a 90-min gradient and a 185-min
instrument method. Solvent A was composed of 0.1% formic acid in water,
whereas solvent B was 0.1% formic acid in acetonitrile. The gradient profile
was as follows (min/%B): 0:3, 3:3, 93:35, 103:42, 104:98, 109:98, 110:3, and
185:3. The instrument method used an MS1 resolution of 60,000 at FWHM of
400 m/z, an automatic gain control (AGC) target of 3e5, and a mass range
from 300 to 1,500 m/z. Dynamic exclusion was enabled with a repeat count
of 3, repeat duration of 10 s, and exclusion duration of 10 s. Only charge
states 2–6 were selected for fragmentation. MS2 resolutions were gener-
ated at top speed for 3 s. HCD was performed on all selected precursor
masses with the following parameters: isolation window of 2 m/z, 28–
30% collision energy, ion trap or orbitrap (resolution of 30,000) detection,
and AGC target of 1e4 ions. ETD was performed if (i ) the precursor
mass was between 300 and 1,000 m/z and (ii ) three of eight glyco-
fingerprint ions (126.055, 138.055, 144.07, 168.065, 186.076, 204.086,
274.092, and 292.103) were present at ±0.5 m/z and greater than 5%
relative intensity. ETD parameters were as follows: calibrated charge-
dependent ETD times, 2e5 reagent target, and precursor AGC target of
1e4. MS data analysis is discussed in SI Appendix.

Flow Cytometry and Western Blotting of StcE-Treated Cells. Cell culture ma-
terials and methods are discussed in SI Appendix. Cells were treated with StcE
or E447D when plated or after lifting with enzyme-free cell dissociation
buffer (ThermoFisher Scientific). Typical treatment conditions were 5 μg of
StcE per 1 million cells in 1 mL of complete media or Hank’s buffered salt
solution (HBSS) for 2 h at 37 °C. After treatment, cells were washed with PBS
or HBSS. For flow cytometry, cells were resuspended in cold PBS with 0.5%
BSA and transferred to a 96-well, V-bottom plate. Cells were then resus-
pended in the probe of interest. Flow cytometry antibody vendors and
treatment conditions are discussed in SI Appendix. Flow cytometry data
were analyzed using FlowJo v. 10.0 (TreeStar). For Western blots, super-
natants posttreatment (1-mL volumes) were collected into tubes containing
75 μL of 0.5 M EDTA to quench the reaction, and then snap-frozen in liquid
nitrogen and lyophilized to dryness. Posttreatment cells were washed with
enzyme-free cell dissociation buffer, which contains EDTA, to quench the
reaction. Cells were then washed two times with PBS, pelleted, and lysed
with sample buffer [1× NuPAGE LDS Sample Buffer (ThermoFisher Scientific)
supplemented with 25 mM DTT]. Genomic DNA was sheared via probe tip
sonication. Lyophilized supernatants were brought up in sample buffer. Both cell
lysates and supernatants were boiled for 5 min at 95 °C and spun at 14,000 × g
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for 2 min, and 30 μL of each was loaded into an 18-well, 4–12% Criterion XT Bis-
Tris precast gel (Bio-Rad). The gel was run with XT MOPS (Bio-Rad) at 180 V for
1 h. Proteins were transferred to 0.2 μm of nitrocellulose using the Trans-Blot
Turbo Transfer System (Bio-Rad), at 2.5 A constant for 15 min. Total protein was
quantified using REVERT stain (LI-COR Biosciences) or Ponceau-S stain (Millipore
Sigma). Western blot antibody vendors and treatment conditions, as well as StcE
treatment of ascites fluid derived from patients with ovarian cancer, are dis-
cussed in SI Appendix. Clinical samples from consenting patients were obtained
from the Department of Obstetrics and Gynecology, Stanford Hospital under
approved Institutional Review Board protocol 13939.
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