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Mucins are functionally implicated in a range of human pathologies, including cystic
fibrosis, influenza, bacterial endocarditis, gut dysbiosis, and cancer. These observations
have motivated the study of mucin biosynthesis as well as the development of strategies
for inhibition of mucin glycosylation. Mammalian pathways for mucin catabolism,
however, have remained underexplored. The canonical view, derived from analysis of
N-glycoproteins in human lysosomal storage disorders, is that glycan degradation and
proteolysis occur sequentially. Here, we challenge this view by providing genetic and
biochemical evidence supporting mammalian proteolysis of heavily O-glycosylated
mucin domains without prior deglycosylation. Using activity screening coupled with
mass spectrometry, we ascribed mucin-degrading activity in murine liver to the lysoso-
mal protease cathepsin D. Glycoproteomics of substrates digested with purified human
liver lysosomal cathepsin D provided direct evidence for proteolysis within densely
O-glycosylated domains. Finally, knockout of cathepsin D in a murine model of the
human lysosomal storage disorder neuronal ceroid lipofuscinosis 10 resulted in accumu-
lation of mucins in liver-resident macrophages. Our findings imply that mucin-
degrading activity is a component of endogenous pathways for glycoprotein catabolism
in mammalian tissues.

O-glycosylation | mucin | catabolism | protease | cathepsin

Mammalian cells append glycans to the majority of their secreted and cell surface pro-
teins (1). These extracellular glycoproteins are broadly categorized as Asn-linked N-gly-
coproteins and Ser/Thr-linked O-glycoproteins, both of which are typically elaborated
into branching structures with many monosaccharide units strung together. Therefore,
catabolism of a given extracellular protein typically involves hydrolase-mediated break-
down of both its peptide backbone and one or more complex glycans.

Much of our current understanding of glycoprotein catabolism arises from the study
of human mutations that cause N-glycoprotein degradation pathways to go awry. Anal-
ysis of accumulation products in lysosomal storage disorders such as mannosidosis,
aspartylglucosaminuria, sialidosis, Schindler (types I and II), galactosialidosis, and fuco-
sidosis have provided a framework to understand N-glycoprotein catabolism (2). In
brief, V-glycoproteins are extensively proteolyzed such that there are free alpha carboxyl
and amino groups on the asparagine residue bearing the glycan. After fucose is removed
by lysosomal a-L-fucosidase, N-glycanase aspartylglucosaminidase hydrolyzes the
glycan-peptide bond. The free glycan can then be broken down from both reducing
and nonreducing ends by a variety of hydrolases (2).

Lysosomal degradation of O-glycoproteins is understudied relative to that of N-gly-
coproteins, in part due to unique difficulties associated with structural analysis of
O-glycopeptides (3), and is typically assumed to occur analogously to N-glycoprotein
catabolism (2, 4). Mucins are a class of extracellular O-glycoproteins that have chal-
lenged this assumption. Mucins are characterized by repeating domains bearing a high
frequency of N-acetylgalactosamine (GalNAc)-linked serine and threonine residues,
such that the biomolecule as a whole can exceed 50% glycosylation by mass (5). The
densely spaced glycans in mucin glycodomains endow them with unique properties,
including a rigid, extended secondary structure and resistance to proteolysis (6). As
such, mucin catabolism has been suggested to proceed in the reverse order of N-glycan
catabolism, involving removal of glycans followed by proteolysis of the peptide back-
bone (2), or through shedding from cell surfaces into luminal spaces (7). Meanwhile,
major histocompatibility complex (MHC) I and MHC II peptides bearing mucin-type
O-glycans have been repeatedly observed (8-11), indicating that mucin domains can,
under some circumstances, be proteolyzed with their glycans intact.

We and others have characterized proteases from the bacterial kingdom that cleave
within densely O-glycosylated mucin domains without prior deglycosylation, termed
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mucinases (3, 12—14). The existence of bacterial mucinases
indicates that access to the peptide backbone through densely
spaced O-glycans is not impossible for a proteolytic enzyme.
Given the biological ubiquity and clinical significance of
mucins (15-20), we set out to systemically evaluate if mammals
encode enzyme(s) with proteolytic activity toward glycosylated
mucin domains. At the outset, we considered sequence and
structure-based approaches to identify candidates from mam-
malian genome sequences. However, as bacterial mucinases
share poor sequence homology (12, 21), we turned to a bio-
chemical strategy.

Results

Our initial goal was to develop an assay for mucin-cleaving
activity and then to use that assay for screening of mammalian
tissue fractions. For the assay, we required 1) a mucin substrate
with near native glycosylation and 2) a readout for mucin pro-
teolysis. We purified the mucin MUCI16 from the human ovar-
ian cancer cell line OVCAR-3 for use as the substrate (S7
Appendix, Fig. S14) (22). MUCI6, also known as CA-125, is
used as a prognostic biomarker for ovarian cancer patients due
to its high serum levels and the positive correlation between
serum levels and disease burden (23). MUCI16 derived from
OVCAR-3 cells is approximately 3.5 million Daltons and
24-28% glycosylation by mass (24). The majority of these
glycans are core 1 and core 2 O-GalNAc glycans, and many are
elaborated with sialic acid and fucose modifications (24). For
in vivo imaging and detection by in-gel fluorescence, we labeled
purified MUCI16 with a fluorophore via N-hydroxysuccinimide
chemistry. The resulting material was high molecular weight
(MW), sialylated, and stable to incubation overnight at 37 °C
in buffers of pH 3 to 9 (SI Appendix, Fig. S1 B and C). Impor-
tantly, the MUCI6 preparation was resistant to proteolysis by
commonly employed proteases such as trypsin and chymotryp-
sin (6). By contrast, treatment of fluorophore-labeled MUC16
with two bacterial mucinases (3, 21), as well as proteinase K
(25), resulted in digestion that was clearly distinguished using a
gel shift assay (SI Appendix, Fig. S1D).

To screen for mucin-cleaving activity, we chose murine tis-
sues for biochemical fractionation and testing. We injected our
fluorophore-labeled MUCI16 preparation retro-orbitally into
nude mice and observed clearance over the course of 24 h by
in vivo fluorescence imaging (S/ Appendix, Fig. S2A). Imaging
of dissected abdominal organs revealed accumulation in the
liver, as previously observed (26), and excretion into the gastro-
intestinal tract (S Appendix, Fig. S2B). Liver homogenate is a
common starting point for biochemical fractionation experi-
ments due to its high protein yield and multitude of enzymatic
activities. Freshly dissected liver from Balb/c] mice was Dounce
homogenized in 20 mM Tris, pH 8, supplemented with 1%
Nonidet P-40 (NP-40). The crude homogenate was diluted
into buffers of various pHs supplemented with common bio-
logical ions (Materials and Methods), then incubated with
fluorophore-labeled MUC16 overnight at 37 °C. The resulting
material was solubilized in protein loading buffer, separated
by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE), and analyzed by in-gel fluorescence (Fig. 14).
Despite poor separation of the crude preparation by SDS-
PAGE, we observed apparent loss of the high molecular weight
substrate band at pH 5 (Fig. 1B, black arrow) and appearance
of a band between 160 and 260 kDa at pH 6 (Fig. 1B, cyan

arrow).
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Optimization of the lysis protocol revealed that the
enzyme(s) responsible for both pH 5 and 6 activity were
retained in the detergent-free, clarified tissue fraction (S/
Appendix, Fig. S3A). To further explore the tissue distribution
of the observed activities, we prepared detergent-free, clarified
lysates from liver, kidney, spleen, lung, heart, and brain of
Balb/c] and C57BL/6] mice. In both mouse strains, the stron-
gest activity was observed in liver and brain (S Appendix, Fig.
S3 Band C). In high-activity samples such as the brain, upon
incubation at pH 5 we consistently observed appearance of an
8- to 15-kDa product band (Fig. 1C, red arrow), which later
proved useful for quantification of MUCI6-degradation
activity.

Anti-MUCI16 Western blot using clarified, detergent-free
lysate confirmed that pH 5 and 6 product bands were derived
from MUCL16 (SI Appendix, Fig. S3D). The observed MUC16-
degrading activity was dependent on lysate concentration (S/
Appendix, Fig. S4A), as well as incubation time (SI Appendix,
Fig. S4B). In time course experiments, the band between 160
and 260 kDa was present at pH 5 at shorter incubation times,
then apparently degraded further at later time points, implying
that the higher molecular weight pH 6 band could be an inter-
mediate cleavage product (S Appendix, Fig. S4B, cyan arrow).

To isolate the enzyme(s) responsible for MUCI16 proteolysis,
Balb/c] mouse liver and brain were subjected to anion exchange
chromatography (AEX) using an optimized elution method
(Materials and Methods). AEX fractions with the highest
MUCI16-degrading activity were then separated by size exclu-
sion chromatography (SEC). Fractions from SEC were sub-
jected to another activity assay and mass spectrometry-based
proteomics analysis, following the general procedure that was
recently applied to discover the identity of the mammalian
calcium-dependent N-acyltransferase (26) (Fig. 1D). Activities
at pH 5 and 6 were read out by the product bands at 8 to 15
kDa (Fig. 1 E~H, red boxes) and at 160 to 260 kDa (Fig. 1
E-H, cyan boxes), respectively. Activity at pH 5 and 6 eluted
at the same chromatographic retention times in both liver and
brain lysate for both AEX and SEC, suggesting that a single
enzyme could be responsible for the two product bands (for
uncropped gels, lower contrast images, and total protein stain,
see SI Appendix, Fig. S5).

Proteomics analysis of SEC fractions from both liver and
brain identified hundreds of proteins across the fractions
(Dataset S1). We found 46 hydrolases, as defined by the Gene
Ontology (GO) molecular function annotation, to be common
between liver and brain fractions (Fig. 11). Relative abundance
of the 46 proteins across fractions was determined through
label-free quantification (Materials and Methods). Relative
MUCI16-proteolyzing activity across fractions was determined
by densitometry on the clearly distinguishable pH 5 product
band in Fig. 1 Fand H (red boxes). The 46 hydrolases were
ranked for both liver and brain via Pearson correlation of rela-
tive abundance and relative activity in each fraction (Dataset
S2). Cathepsin D, encoded by the ctsd gene, was the highest
ranked protein based on this analysis (Fig. 1)).

Cathepsin D is a soluble aspartic acid endopeptidase found
across tissues of the body (28). It is synthesized in the endoplas-
mic reticulum as a 52-kDa precursor, then undergoes proteo-
lytic maturation and modification with mannose-6-phosphate
bearing N-glycans in the Golgi apparatus. Upon acidification in
endosomes and lysosomes, the proprotein is proteolytically
processed again to a 34-kDa heavy chain and a 14-kDa light
chain that remain noncovalently associated and are present in
lysosomes at up to 1 mM (29). Cathepsin D is reported to
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Fig. 1. Mucin degradation correlates with cathepsin D abundance in fractionated mouse liver and brain. (A) Schematic of mucin proteolysis assay. (B) Crude

liver lysate, generated by Dounce homogenization in 1% NP-40, 20 mM Tris, pH 8, without spin clarification, was incubated with MUC16-680 overnight at
37°C in buffers with the indicated pH. Proteins were separated by SDS-PAGE, then visualized by in-gel fluorescence. Total protein was visualized with
Coomassie stain. (C) Detergent-free, clarified brain lysate generated by Dounce homogenization in 20 mM Tris, pH 8, with 21,000 x g spin clarification was
treated as in B. (D) Workflow for biochemical fractionation and fraction analysis, following the general strategy of Ogura et al. (27). (E) Top: UV280 and con-
ductivity traces for liver lysate AEX. Bottom: AEX fractions 12 to 19 (gray shading) of 30 total were subjected to an activity assay at pH 6 (cyan box). (F) Top:
UV280 trace for SEC on liver AEX fraction 16. Bottom: SEC fractions 23 to 34 (gray shading) of 48 total were subjected to activity assays at pH 6 (cyan box)
and pH 5 (red box). (G) Brain lysate AEX, depicted as in E. (H) SEC of brain lysate AEX fractions, depicted as in F. (/) Hydrolases detected across all fractions,
as defined by the GO molecular function annotation, grouped by tissue. (/) Pearson correlation of relative cathepsin D (CTSD) abundance and relative
MUC16-degrading activity for each fraction. Abundance was measured using label-free quantification, and activity for liver and brain was measured via
densitometry on the pH 5 product band in F, Bottom and H, Bottom, respectively. Black boxes highlight the substrate band; cyan boxes highlight appearance
of a product band between 160 and 260 kDa; red boxes highlight appearance of a product band between 8 and 15 kDa. Rel., relative. CV, column volumes.

mS/cm, milliSiemens per centimeter. mAU, milli-Absorbance Units.

hydrolyze proteins with a pH optimum of 3.5 to 5, with prefer-
ence for hydrophobic amino acids at the scissile bond (30).
Loss-of-function mutations in the C7SD gene result in the
human lysosomal storage disease neuronal ceroid lipofuscinosis
10 (CLN10), the most severe and early onset of the neuronal
ceroid lipofuscinoses (31).

To validate cathepsin D as the enzyme responsible for the
observed MUCI16-degrading activity, we generated CRISPR-
Cas9—mediated knockouts of C7SD and related cathepsins in
the 8988T human pancreas adenocarcinoma cell line (Fig. 24).

PNAS 2022 Vol.119 No.39 2117105119

Absence of cathepsin D protein resulted in complete loss of
MUCI16 degradation in 8988T lysate (Fig. 2B). A clone exhib-
iting a partial knockdown of C7SD (guide 7c) exhibited pro-
portional decrease in activity against MUCI16, and knockout of
CTSB and CTSL had no apparent effect. Infection of knockout
cell lines derived from two different guides with a cathepsin D-
encoding lentiviral vector rescued loss of activity in lysate
against MUCI16 (Fig. 20). Infection of the control guide cell
line with the same vector resulted in an increase in cathepsin D
expression alongside an increase in MUCI16-degrading activity.

https://doi.org/10.1073/pnas.2117105119 3 of 9
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Fig. 2. Knockout and inhibition of cathepsin D in cellulo and in purified mouse liver lysosomes support degradation of MUC16 by lysosomal cathepsin D.
(A) Schematic of mucin proteolysis assay with cathepsin knockout cell lines. (B) Activity assay at pH 5 (red box) and immunoblots of lysates derived from
knockouts (KOs) of cathepsin D (CTSD), cathepsin B (CTSB), and cathepsin L (CTSL) in 8988T cells. See S/ Appendix, Supplementary Methods for guide sequen-
ces. CTSD KO guide 4 appears to alter CTSD processing, possibly due to coregulation of these enzymes (32). Anti-cathepsin D antibodies are raised against
the 34-kDa heavy chain of cathepsin D. Blue arrows indicate the ~50-kDa cathepsin D proprotein and the ~30-kDa heavy chain of the proteolytically proc-
essed form. (C) Activity assay at pH 5 (red box) and anti-CTSD immunoblot of 8988T control and CTSD knockout cells with and without rescue using a cathepsin
D expression lentivirus (rescue virus). Blue arrows indicate the ~50-kDa cathepsin D proprotein and the ~30-kDa heavy chain of the proteolytically processed
form. (D) Detergent-free, clarified mouse brain lysate was treated with various concentrations of a polyclonal goat antibody with specificity to mouse cathepsin
D, then subjected to activity assays at pH 6 (cyan box) and pH 5 (red box). (F) Schematic of mucin proteolysis assay with purified mouse liver lysosomes. (F)
Immunobilots of organelle markers comparing whole tissue lysate and Lyso-Tag IPs of livers from mice with and without the Lyso-Tag (33). (G) Lysosomes were
purified from C57BL/6 mouse liver as described in Materials and Methods. Whole tissue lysate (input for lysosome enrichment) and purified lysosomes were
subjected to activity assays at pH 5, 6, and 7. Densitometry of pH 5 product bands normalized to total protein indicates a 107-fold enrichment in lysosomal
activity relative to whole tissue activity. (H) Lysosomes purified as in G were subjected to activity assays with heat inactivation at 65 °C for 10 min (hi), addition
of EDTA-free protease inhibitor cocktail (PIC), addition of 10 pM PepA, or addition of 25 mM EDTA. Buffer pH was corrected after addition of each inhibitor.
Black boxes highlight the substrate band; cyan boxes highlight appearance of a product band between 160 and 260 kDa; red boxes highlight appearance of a
product band between 8 and 15 kDa. ER, endoplasmic reticulum. IP, immunoprecipitation. VDAC, voltage-dependent anion channel 1. Mito, mitochondria.

Addition of polyclonal anti-cathepsin D antibodies to mouse
brain lysate inhibited MUCI16 proteolysis at pH 5 and 6 in a
dose-dependent manner, further supporting the dependence of
cleavage bands on cathepsin D activity (Fig. 2D). For uncropped
gels corresponding to Fig. 2 B-D and F, see SI Appendix, Figs.
S6 and S7.

Given the observed acidic pH optimum for MUC16 degra-
dation, we hypothesized that lysosomal cathepsin D was chiefly
responsible for the observed activity in cell lysate. Using the
Lyso-Tag method (33, 34), we purified lysosomes from
C57BL/6 mouse liver and lysed them in pure water for activity
assays or 1% Triton for immunoblotting (Materials and
Methods and Fig. 2E). Immunoblots of markers for various
organelles confirmed the purity of the lysosome preparations as
well as enrichment of cathepsin D (Fig. 2F). Both pH 5 and 6
activity in lysosomes was increased relative to whole tissue
homogenate from the same animal (Fig. 2G). Inhibition of cys-
teine and serine proteases with ethylenediaminetetraacetic acid

(EDTA)—free protease inhibitor cocktail (PIC) and inhibition of
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metalloproteases with 25 mM EDTA had no effect on MUC16
proteolysis in lysosome extract, but heat inactivation of the
extract or addition of 10 pM pepstatin A (PepA), a highly
selective aspartic acid protease inhibitor, completely abrogated
activity (Fig. 2H). These data provide genetic and biochemical
evidence for degradation of MUCI16 by the lysosomal form of
cathepsin D.

The lysosomal form of cathepsin D purified from human
liver was obtained from a commercial source and incubated at
50 nM with MUCI6 in buffers of various pHs (Fig. 3 A and
B). The banding pattern of MUC16 degradation matched
closely with what was observed in liver and brain (compare to
Fig. 1), implying that human lysosomal cathepsin D, in addi-
tion to murine lysosomal cathepsin D, directly digests the
mucin substrate MUC16. Densitometry of the high molecular
weight substrate band and 8- to 15-kDa product bands at pH
5 indicated ~40% substrate loss over 24 h, which is consistent
with the 20-h half-life of cellular mucins reported in primary
murine cells (87 Appendix, Fig. S8) (36).
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Fig. 3. Purified human cathepsin D cleaves MUC16 and other mucins within their densely glycosylated mucin domains. (A) Schematic of mucin proteolysis
assay with lysosomal cathepsin D purified from human liver. (B) A commercial preparation of cathepsin D purified from human liver (Molecular Innovations)
was incubated at 50 nM with MUC16-800 at 37°C overnight. Proteins were separated by SDS-PAGE and visualized by in-gel fluorescence followed by
Coomassie (total protein). Black boxes highlight the substrate band; cyan boxes highlight appearance of a product band between 160 and 260 kDa; red
boxes highlight appearance of a product band between 8 and 15 kDa. (C) Protein substrates were incubated with 500 nM human cathepsin D at pH 5 over-
night at 37 °C. Proteins were separated by SDS-PAGE, then stained with Coomassie for total protein. (D-F) Cleavage motif of cathepsin D as determined by
glycoproteomic analysis on the substrates shown in C (Dataset S3). WebLogo was used for logo plot generation (35). The percentage of O-glycosylated serine
and threonine residues in peptide identifications resulting from CTSD-derived cleavage was determined by counting the number of modified residues at a
given position relative to the total number of residues (S/ Appendix, Supplementary Methods) and is shown as bar graphs above the logos for O-glycopeptides
(D), nonmodified O-glycopeptides (E), and an aggregate of both (F). (G) Top: Visualization of cathepsin D cleavage sites in rhMUC16 residues 397 to 431 (see
SI Appendix, Supplementary Methods for sequence). Purple diamond, sialic acid; yellow circle, galactose; yellow square, N-acetylgalactosamine; black circle,
glycosylation site. Colored bars represent individual detected peptides from trypsin only, CTSD + trypsin, and CTSD only samples. Bottom: annotated spec-
trum for the indicated MUC16 peptide. (H) Top: visualization of cathepsin D cleavage sites in podocalyxin residues 35 to 73, represented as in E. Bottom:
annotated spectrum for the indicated podocalyxin peptide.
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We next asked whether human lysosomal cathepsin D cleaves
MUCI16 and other mucins within their densely O-glycosylated
domains. Using methods previously employed for bacterial muci-
nases (3, 21), we determined the cleavage specificity of cathepsin
D using a panel of mucin and nonmucin substrates. Bovine serum
albumin (BSA; nonglycosylated), fetuin (sparsely O-glycosylated),
and a panel of mucins, including recombinant human MUC16
(thMUCI16), podocalyxin, CD43, and P-selectin glycoprotein
ligand 1 (PSGL-1), were digested with cathepsin D (Fig. 3G
see SI Appendix, Fig. S9 for additional substrates). The products
were then analyzed using mass spectrometry (SI Appendix,
Supplementary Methods and Dataset S3). We generated cleavage
motifs using only O-glycopeptides (Fig. 3D), only nonmodified
peptides (Fig. 3F), and both nonmodified and O-glycopeptides
(Fig. 3F. Frequency of detected serine and threonine
O-glycosylation is shown as bar graphs above each residue in the
cleavage motifs. Confirming previous reports (37), these data sup-
ported broad and nonspecific cleavage propensity with a slight
preference for hydrophobic residues at the P1 position. Impor-
tantly, glycosylation was permitted at the regions near the cleav-
age site, and analysis of glycopeptide spectra confirmed cleavage
events within densely glycosylated mucin domains (Fig. 3 G and
H). While cathepsin D is active at heavily O-glycosylated sequen-
ces, it should be noted that O-glycosylated serine and threonine
residues were found at a reduced relative frequency near the scis-
sile bond, indicating that glycans may not be preferred directly
adjacent to the site of cleavage (Fig. 3H, 7op). Indeed,
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enzymatically deglycosylated mucin substrates were cleaved more
efficiently by purified human lysosomal cathepsin D (87
Appendix, Fig. S10). Taken together, these data suggest that
in vitro, cathepsin D is not selective for mucins (see cleavage of
BSA and fetuin, Fig. 3C) but is tolerant of dense O-glycosylation
near the proteolytic site.

To explore whether cathepsin D is a critical enzyme in lyso-
somal mucin catabolism in mouse liver, we tested for mucin
accumulation upon loss of cathepsin D. A mouse model of
neuronal ceroid lipofuscinosis 10 (CLN10), caused by a defi-
ciency of cathepsin D, recapitulates the human disease, which
results in lethality soon after birth (37). Homozygous cathepsin
D knockout animals develop normally during the first two
weeks of life, stop thriving in the third week, and die at day
26 +1 (38) At postnatal day 14 (P14), cathepsin D knockout
mice (ctsd”’™) have no gross morphologlcal or behavioral
changes relative to wild-type (¢zs4™*) littermates, but upon his-
tological examination, they exhibit liver abnormalities stereo-
typed by the presence of large, apparently empty spaces in the
tissues (38). In these animals, histological features resulting
from cathepsin D knockout can be prevented by repeated
administration of recombinant human procathepsin D (thCTSD)
(39) (Fig. 44).

Wild-type animals (# = 3), cathepsin D knockout animals
(n = 4), and thCTSD-rescued animals (7 = 3) did not differ in
weight through P14, consistent with prior observations (Fig. 4B)
(39). Histological sections of liver, brain, spleen, lung, and
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Fig. 4. A mouse model of CLN10 caused by loss of cathepsin D activity exhibits mucin accumulation in tissues. (A) Schematic of dosing schedule for rescue
of CLN10 via administration of rhCTSD. (B) Weights of wild-type (ctsd*'™), cathepsin D knockout (ctsd™7), and rescued (ctsd™~ + rhCTSD) animals through
P14. Error bars are SD. (C) Quantification of mucin aggregates in livers of P14 ctsd*'*, ctsd~’~, and ctsd~~ + rhCTSD animals and P23 ctsd™* and ctsd~’~ ani-
mals. Replicates shown are from individual mice (see Materials and Methods and SI Appendix, Figs. S11-S13). Error bars are SD. **P < 0.01, ***P < 0.001, n.s.,
P > 0.05. (D) Representative images of fixed and paraffin-embedded liver from P14 ctsd*’*, ctsd~/~, and ctsd~"~ + rhCTSD animals stained for mucins using
Biotin-StcE®*4’® and counterstained with hematoxylin. Control sections from the same tissues omit Biotin-StcEF*4”P (2° only). For all images, see S/ Appendix,
Figs. S11-S13. (E) Fixed and paraffin-embedded liver slices from P14 ctsd™*, ctsd~’~, and ctsd~’~ + rhCTSD animals were dewaxed, hydrated, and subjected
to antigen retrieval and permeabilization (Materials and Methods). Tissues were stained with the markers shown and imaged by confocal microscopy, taking
15 to 18 Z-stacks with 1-um step size. Representative maximum intensity projections are shown with brightness and contrast normalized across images. For
all images, see S/ Appendix, Fig. S28. I.P., intraperitoneal.
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intestine from all animals were prepared, and mucins were stained
using a catalytically inactivated bacterial mucin-degrading enzyme
(StcEF*7P) (21). A separate set of wild-type (#» = 3) and cathep-
sin D knockout (7 = 4) animals were euthanized at P23, near
the end of the expected lifetime for knockout animals, and their
tissues were prepared in the same way. Accumuladon of mucins
was observed in CTSD knockout liver at P14 and P23 but was
absent in livers of thCTSD-rescued P14 animals (Fig. 4 Cand D
and SI Appendix, Figs. S11-S13). The same phenotype was
observed in spleen and not observed in any of the other examined
tissues (S/ Appendix, Figs. S11 and S14-S21). Notably, conclu-
sions are limited to the tissue regions that were explored, for
which at the imaging resolution employed, only liver and spleen
exhibited storage material plaques. Mucin accumulation was
absent in tissues prepared from mice homozygous for loss of ¢/n3
(cln37"7), the causative mutation for a different neuronal ceroid
lipofuscinosis, CLN3 (40) (SI Appendix, Figs. S$22-S27),
highlighting that mucin buildup is not a general phenotype of
neuronal ceroid lipofuscinoses.

Next, we searched for cell type-specific mucin accumulation.
We focused on liver cells rather than spleen cells, as cathepsin D
knockout liver tissue exhibited robust mucin accumulation at
P14 (SI Appendix, Fig. S12) prior to onset of disease symptoms,
suggesting that the mucin buildup was a primary effect of
cathepsin D loss rather than a secondary effect of tissue damage
in this organ. Enlarged liver-resident macrophages, also called
Kupffer cells, had been previously reported in cathepsin D
knockout animals (39). Given that mucin accumulation in liver
sections appeared to be concentrated inside enlarged cells (see
Fig. 4D, unstained sections), we assayed tissue sections from P14
wild-type, knockout, and rescued animals for markers of macro-
phages (F4/80), lysosomes (LAMP-1), and mucins (StcEF447D)
by immunofluorescence microscopy (Fig. 4E and SI Appendix,
Fig. $28). Colocalization of StcE™*"P-positive signal with
LAMP-1-positive signal in F4/80-positive cells suggested that
liver macrophages were the primary reservoir for the observed
mucin accumulation. Thus, lysosomal cathepsin D is critical for
mucin catabolism in a subset of liver-resident cells.

Discussion

In summary, we have identified a mode by which mammalian
cells proteolyze mucin domains without prior deglycosylation.
Further work is needed to determine the pathophysiological
relevance, if any, of cathepsin D knockout-mediated mucin
accumulation in the course of CLNI10 progression and, by
extension, in healthy development. Advances in tissue-level
O-glycoproteomics (41) will be needed to determine the spe-
cific mucins that accumulate in ctsd-deficient animals, as mucin
domains are found across too many proteins in the mammalian
proteome to allow individual screening with antibodies (42).

In addition, our findings should spur further efforts to eluci-
date pathways responsible for O-glycoprotein catabolism in mam-
mals. Indeed, our search for human mucinase activity was largely
focused on the murine liver. Given that we did not observe
mucin accumulation broadly across tissues in cathepsin D knock-
out animals (S Appendix, Figs. S11-S21), we expect other pro-
teases may be capable of digesting mucin glycodomains. For
example, gel shifts of bulk mucin preparations by the secreted
enzyme neutrophil elastase have been previously observed (43),
and degradation of lubricin, a glycoprotein with a mucin-like
domain, by cathepsin G has been recently reported (44). Second,
we were initially motivated to search for mammalian mucinases

in part due to repeated reports of MHC I and MHC II peptides
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bearing mucin-type O-glycans (8-11), which indicated to us that
mucin glycodomains could, under some circumstances, be pro-
teolyzed with their glycans intact. Further work, likely involving
functional genomic screening, is needed to elucidate the mecha-
nisms by which such MHC loading may occur.

Finally, cathepsin D’s mucin-degrading capability may play a
role in the progression of mucin-overexpressing carcinomas.
Cathepsin D is reported to be secreted in both preprocessed
and fully processed forms by cancer cells and tumors, with its
levels correlating with aggressiveness in breast and ovarian can-
cer (45). It is interesting to speculate that cathepsin D may be
involved in the breakdown of extracellular mucins, especially in
acidic tumor microenvironments. Additionally, the existence of
a human enzyme that can cleave mucin glycodomains may aid
therapeutic approaches for targeted degradation of mucins (46)
in disorders such as mucinous carcinomas (47) and cystic fibro-
sis (15), in which mucin accumulation is functionally tied to
disease severity and progression.

Materials and Methods

Tissue Homogenization. All wild-type tissues were collected from Balb/cJ or
(C57BL/6J mice scheduled for euthanization under Stanford University Adminis-
trative Panel on Laboratory Animal Care (APLAC) protocol No. 31511. Liver, kid-
ney, spleen, lung, heart, and brain were collected after euthanization by CO,
asphyxiation and either stored at —80°C or processed fresh. Organs were
weighed, minced with a razor, and then resuspended in 1 mL ice-cold 20 mM
Tris, pH 8, per ~200 mg tissue. The slurry was Dounce homogenized on ice
using 60 strokes with pestle A (0.0030- to 0.0050-inch clearance), then passed
through a 70-pm mesh. The resulting slurry was Dounce homogenized on ice
using 60 strokes with pestle B (0.0005- to 0.0025-inch clearance) and then spun
at 21,000 x g for 20 min at 4 °C. Clarified supernatant was passed through a
Target2 PES 0.45-um filter (Thermo Fisher Scientific, F2500-14). The resulting
lysate was concentrated to a final volume of 1 mL per ~1 g of starting tissue
using Amicon Ultra 10,000 NMWL filters (Millipore Sigma, UFC801024), then
used fresh for fractionation or activity assays or frozen at —80 °C.

Activity Assays. MUC16 and MUC2 purification and labeling are described in
SI Appendix. Recombinant MUC1-Fc chimera protein was purchased from R&D
Systems (10332-MU). Buffers of various pH were made following the recipes of
Li et al. (48). These were 100 mM NaOAc, pH 5; 100 mM NaOAc, pH 6; 100
mM - N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid (HEPES), pH 7; 100
mM Tris-HCl, pH 8; and 100 mM Tris-HCl, pH 9. In early experiments, these buf-
fers were supplemented with common biological ions: 150 mM KCl, 2 mM
MgCly, 2 mM CaCly, and 200 pM ZnCl,. These ions were omitted upon observa-
tion that the activity was not inhibited by 25 mM EDTA in ion-free buffer. Activity
assays were performed in PCR tubes with 9 pL buffer, 2 pL ~10 mg/mL tissue
or cell lysate in 20 mM Tris, pH 8, and 1 uL MUC16-fluorophore in phosphate-
buffered saline (PBS), pH 7. Reactions were incubated in a PCR block at 37 °C
for the indicated time periods, then quenched by addition of 4 uL NuPAGE lith-
ium dodecyl sulfate (LDS) Sample Buffer (4x) (Thermo Fisher Scientific) supple-
mented with 250 mM dithiothreitol (DTT). Samples were boiled for 5 min at
95°C, then loaded into 18- or 26-well 4-12% Criterion XT Bis-Tris gels (Bio-Rad).
Gels were run in 2-(N-morpholino)ethanesulfonic acid (MES) buffer for separa-
tion of low MW proteins and protein fragments or 3-(N-morpholino)propanesul-
fonic acid (MOPS) buffer for separation of high MW proteins and protein
fragments. In-gel fluorescence was quantified using a LI-COR Odyssey Blot
Imager. Total protein was stained using AcquaStain Coomassie stain (Bulldog
Bio) and visualized either with a bright field gel imager or a LI-COR Odyssey
Blot Imager. For antibody blocking assays, Balb/c) brain lysate prepared as
described above was supplemented with goat polyclonal anti-cathepsin
D (Novus Biologicals, AF1029) to a final concentration of 500 nM, 250 nM,
125 nM, 62.5 nM, and 0 nM (control). Inhibitor experiments were performed
with UltraPure 0.5 M EDTA, pH 8.0 (Thermo Fisher Scientific), PepA (Selleck
Chemicals), and cOmplete EDTA-free Protease Inhibitor Mixture (Sigma-Aldrich).
Heat inactivation of lysosome extract was performed in a PCR tube at 65 °C for
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10 min. Stck, AM0627, and sialidase were expressed in-house as previously
described (3, 21, 49) and used at 50 nM. Trypsin (Promega), chymotrypsin
(Promega), AspN (New England Biolabs), GluC (Sigma-Aldrich), and proteinase
K (Promega) were used at 50 nM. Enzymatic deglycosylation was performed
using Deglycosylation Mix Il (New England Biosciences) following manufac-
turer's instructions for native substrate deglycosylation.

Western Blotting. Lysates were subjected to SDS-PAGE and transferred to nitro-
cellulose membranes. Total protein was quantified using REVERT stain (Li-Cor
Biosciences). Primary antibodies were used according to manufacturer recommen-
dations: anti-MUC16 [X75] (Novus Biologicals, NB6001468), anti-human cathepsin
D (Cell Signaling, #2284), anti-mouse cathepsin D (Novus Biologicals, AF1029),
anti-cathepsin B [D1C7Y] (Cell Signaling, #31718), anti-cathepsin L [33/2] (Santa
Cruz, s¢-32320), anti-LAMP1 [1D4B] (Developmental Studies Hybridoma Bank),
anti-VDAC1 (Cell Signaling, #4661), anti-GOLGIN-97 (Cell Signaling, #13192), anti-
CALR (Cell Signaling #12238), and anti-CATLASE (Cell Signaling, #14097). Second-
ary antibodies were used according to manufacturer recommendations.

Tissue Fractionation. Balb/cJ liver lysate (1 mL, 24 mg/mL) and Balb/cJ brain
lysate (1 mL, 13 mg/mL) prepared as described above were subjected to AEX
using 1 mL HiTrap Q HP columns (Cytiva Life Sciences) run on an AKTA pure
FPLC. Bound proteins were eluted with a 15-column volume linear gradient
from 0 to 25% 1 M NaCl in 20 mM Tris, pH 8. Fractions (0.5 mL) were concen-
trated to minimum volume (~20 pL) using Amicon Ultra 0.5 mL 10,000 NMWL
centrifugal filter unit (Millipore Sigma, UFC501096), then subjected to activity
assays as described above. Fractions with the greatest activity were diluted to
~200 pL with 20 mM Tris, pH 8, then subjected to SEC using a Superdex 200
10/300 GL (Cytiva Life Sciences) run on an AKTA Pure fast protein liquid chroma-
tography (FPLC). Running buffer was 20 mM Tris, 150 mM NaCl, pH 8. Fractions
(0.5 mL) were concentrated to minimum volume (~20 pl) using Amicon Ultra
0.5-mL 10,000 NMWL centrifugal filter unit (Millipore Sigma, UFC501096), then
subjected to activity assays as described above and mass spectrometry as
described below. Mass spectrometry of tissue fractions is described in SI Appendlix.

Pearson Correlation of Tissue Fractions. Label-free quantitation of protein
intensity values across fractions was performed using Perseus v 1.6.2.2 (50).
Activity across fractions was assessed by densitometry on the product band of the
activity gels shown in Fig. 1F (liver, pH 5) and Fig. 1H (brain, pH 5). Pearson’s two-
sided product-moment correlation comparing relative protein intensity and relative
activity across fractions was employed to give P-values for liver and brain.

Lyso-Tag Immunoprecipitation (IP) of Mouse Liver. Lyso-Tag-expressing
mice were generated via cross of Rosa26; lox-stop-lox-Tmem192-3xHA with CMV-
Cre transgenic mice of the C57BL/6J background (The Jackson Laboratory, strain
no. 035401) (33, 34). Tissues were collected from Lyso-Tag mice under Stanford
APLAC protocol No. 33464. Following euthanasia, a small round piece (4-mm
diameter) of mouse liver was obtained and gently homogenized in 1 mL ice-cold
PBS supplemented with protease and phosphatase inhibitor mixtures (Roche)
using 25 strokes. Homogenate was collected, and 25 pl was saved on ice as the
input fraction while the remaining was spun down at 1,000 x g for 2 min at 4 °C.
The supernatant was then incubated with anti-HA (Thermo Fisher Scientific) beads
for 15 min on a gentle rotator shaker 4 °C and followed by three rounds of wash-
ing in the same cold buffer. The input fraction and lysosomal fraction were resus-
pended in ice-cold Triton lysis buffer (40 mM Hepes, pH 7.4, 1% Triton X-100,
10 mM B-glycerol phosphate, 10 mM pyrophosphate, 2.5 mM MgCl,, and prote-
ase and protease inhibitor mixtures) for Western blots or pure water without addi-
tives for activity assays. The input fraction was incubated for 10 min at 4 °C and
centrifuged at maximum speed. The lysosomal fraction was incubated on the
magnet and transferred into a new tube.

Treatment of CLN10 Knockout Mice with rhcTsD. Animal handling
and care were performed in agreement with the German animal welfare law
according to the guidelines of the Christian-Albrechts-University of Kiel and the

1. C. Steentoft et al., Precision mapping of the human O-GalNAc glycoproteome through SimpleCell
technology. EMBO J. 32, 1478-1488 (2013).

2. B.Winchester, Lysosomal metabolism of glycoproteins. Glycobiology 15, 1R-15R (2005)

3. S.A Malaker et al., The mucin-selective protease StcE enables molecular and functional
analysis of human cancer-associated mucins. Proc. Natl. Acad. Sci. U.S.A. 116, 7278-7287
(2019).
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University Medical Center Hamburg-Eppendorf. Experiments involving animals
were approved by the Ministry of Energy, Agriculture, the Environment and Rural
Areas Schleswig-Holstein under the reference number V242-40536/2016 (81-6/
16). Animal experiments were performed as previously described (39). Briefly,
mice were genotyped at P0. Ctsd '~ and ctsd*/* littermates were selected and
dosed intraperitoneally with 50 mg/kg of recombinant human proCTSD between
P2 and P3. Next, animals received another two intraperitoneal (I.P.) injections of
25 mg/kg at P6-7 and P10-11 and were euthanized at P14. At P14 to 23, mice
were anesthetized by intraperitoneal injection of 10 mg/mL ketamine (Bremer
Pharma GmbH, 26706) and 6 mg/mL Rompun (Bayer, KPOCCNU) in 0.9%
(wtivol) NaCl solution and transcardially perfused with 0.1 M phosphate buffer.
The collected organs were postfixed in 4% paraformaldehyde for 72 h.

Immunohistochemistry. Ctsd™'~, ctsd™*, and procathepsin D rescued

ctsd ™/~ animals were obtained as described above. CIn3~'~ animals were pur-
chased from The Jackson Laboratory (strain no. 029471, B6.129S6-
CIn3tm1Nbm/J) under Stanford APLAC protocol No. 33464. In both cases,
mouse tissues were fixed in 4% paraformaldehyde for 72 h prior to paraffin
embedding and sectioning. Tissue slides were dried in an oven at 62 °C for 1 h.
Slides were dewaxed in xylene (3 x 5 min) and then hydrated in a 100%, 95%,
75% ethanol gradient (2 x 3 min each). Antigen retrieval was performed in Anti-
gen Unmasking Solution, Citric Acid Based (Vector Laboratories) for 15 min.
Enzymatic treatment of tissue slides with 50 nM StcE was performed for 20 h at
room temperature in PBS. For mucinase staining, endogenous peroxidases were
quenched for 10 min at room temperature in Hydrogen Peroxide Blocking
Reagent (Abcam). Slides were washed in PBS-T (0.05% Tween-20) and incubated
in Carbo-Free Blocking Solution (Vector Laboratories) for 30 min at room temper-
ature. Biotin-StcE***’® (10 pg/mL) was applied to slides in PBS at room tempera-
ture for 30 min. Following two washes with PBS-T, tissues were incubated
with streptavidin-horseradish peroxidase (HRP) (Abcam) (1:10,000) in PBS for
30 min at room temperature. Slides were washed three times with PBS-T, and
mucinase substrates were visualized using the DAB Substrate Kit (Abcam)
according to manufacturer's recommendations. Tissues were counterstained
with hematoxylin (Abcam), dehydrated in a 75%, 95%, 100% ethanol gradient
(2 x 3 min each), and cleared in xylene (3 x 5 min). Cover slides were mounted
with Vectamount Permanent Mounting Medium (Vector Laboratories) prior to
imaging using a Leica DM2000 microscope. Quantification of mucin aggregates
and confocal microscopy are described in S Appendix.

Data Availability. Mass spectrometry raw files have been deposited in Proteo-
meXchange (PXD027616) (51).
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