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Polarized secretion is crucial in many tissues. The conserved protein
modification, O-glycosylation, plays a role in regulating secretion.
However, the mechanisms by which this occurs are unknown.
Here, we demonstrate that an O-glycosyltransferase functions as
a novel regulator of secretion and secretory vesicle formation in
vivo by glycosylating the essential Golgi/endoplasmic reticulum
protein, Tango1 (Transport and Golgi organization 1), and
conferring protection from furin-mediated proteolysis. Loss of
the O-glycosyltransferase PGANT4 resulted in Tango1 cleavage,
loss of secretory granules, and disrupted apical secretion. The
secretory defects seen upon loss of pgant4 could be rescued either
by overexpression of Tango1 or by knockdown of a specific furin
(Dfur2) in vivo. Our studies elucidate a novel regulatory mech-
anism whereby secretion is influenced by the yin/yang of O-gly-
cosylation and proteolytic cleavage. Moreover, our data have
broader implications for the potential treatment of diseases result-
ing from the loss of O-glycosylation by modulating the activity of
specific proteases.
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familial tumoral calcinosis

Regulation of secretory vesicle formation and polarized se-
cretion in vivo is crucial to ensure the proper deposition of
signaling molecules, morphogens, and matrix components that
mediate growth and differentiation. Polarized secretion is also
required in many differentiated tissues, such as the digestive
tract, where secreted components along the apical surface form
the mucous membrane that confers protection from mechanical
and microbial insults (1) and provides immunoregulatory signals
(2). Indeed, disruptions in the secreted mucous membrane are
associated with diseases of the digestive tract, such as colitis and
colon cancer (3-6).

Recent studies aimed at identifying the factors that influence se-
cretion have elucidated novel proteins that function in unique aspects
of secretion, including the enzymes responsible for the addition of
sugars to mucins and other proteins (mucin-type O-glycosylation) (7).
O-glycosylation is an essential, evolutionarily conserved protein
modification (8, 9) that has direct medical relevance, as aberrations
are responsible for the human diseases familial tumoral calcinosis (10,
11) and Tn syndrome (12). Loss of this protein modification affected
constitutive secretion and Golgi apparatus structure in Drosophila cell
culture (7, 13) and secretion in the developing respiratory system in
vivo (14). Additionally, loss of O-glycosylation also disrupted secre-
tion of an extracellular matrix protein (Tiggrin) in the developing
wing, resulting in aberrant basement membrane formation and dis-
rupted integrin-mediated cell adhesion (15). Mammalian studies
have confirmed the effects of O-glycosylation on secretion, as loss of
a glycosyltransferase (ppGalNACT-1) disrupted secretion of laminin
and collagen during mammalian organogenesis, altering the com-
position of the basement membrane and disrupting proper FGF
signaling and organ growth (16). Although these studies all point to
a role for O-glycosylation in secretion, the mechanisms by which this
protein modification affects secretion are currently unknown.
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Here, we demonstrate that O-glycosylation influences secretion and
secretory vesicle formation by glycosylating the essential endoplasmic
reticulum (ER)/Golgi protein Tangol, and conferring protection
from furin-mediated proteolysis. Interestingly, secretory defects
caused by the loss of O-glycosylation could be rescued by reducing the
activity of a specific furin (Dfur2) in vivo. Our results elucidate
a novel regulatory paradigm whereby the competing activities of an
O-glycosyltransferase and a furin control secretion and secretory
vesicle formation. Moreover, this finding offers a potential
treatment for disorders of glycosylation by modulating the activity
of specific proteases in vivo.

Results

To address how O-glycosylation is affecting polarized secretion
in vivo, we examined mutations in an essential gene controlling
the initiation of O-glycosylation (pgant4; polypeptide GalNAc
transferase 4) (17) in specialized secretory cells of the Drosophila
digestive tract (Fig. 1 and Fig. S1). The secretory cells (PR cells)
of the Drosophila proventriculus (PV) are responsible for the
synthesis and secretion of the peritrophic membrane that lines and
protects the larval digestive tract (Fig. 1), similar to the mucous
lining of the mammalian digestive tract. PR cells contain large
secretory granules and have a highly polarized secretory apparatus
(18) (Fig. 1 C, D, F, and G). Like goblet cells of the mammalian
digestive tract, PR cells also contain mucins (e.g., Muc26B) (19)
(Fig. 1 F and G). Loss of pgant4 function, via in vivo RNA in-
terference (RNAI) or conventional mutations (pgant4’*'%°/Df2L)
(Fig. S2), disrupted PR cell morphology and secretion. PR cells
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pgant4 RNAi

Loss of pgant4 affects secretion and secretory vesicle formation in PR cells of the digestive tract. (A) Schematic diagram of the larval PV with PR cells

(responsible for secretion of the peritrophic membrane) shown in red. (Lower) pgant4 gene expression (red) specifically in PR cells, as detected by RNA in situ
hybridization. Fasciclin Ill (Faslll) is shown in green. (B) PR cells (boxed areas) in pgant4 mutants (pgant4™2'%6/Df2L) are enlarged and irregular in morphology
relative to wild-type (WT) as seen by H&E staining. Loss of pgant4 results in loss of apical GM130 (C), loss of apical Rab8 (D), reduced secretion of the ECM
protein papilin (arrows) (E), and loss of secretory vesicles containing Muc26B (F). (G) Lateral section of PV showing loss of secretory vesicles in PR cells of
pgant4 mutants. Magnified views of insets are shown to the right of each figure. (Scale bars, 20 pm.)

were enlarged and displayed loss of apical secretory compo-
nents (the apical GTPase Rab8 and the Golgi marker GM130),
loss of apical secretion of peritrophic membrane components
(papilin and chitin), and loss of secretory granules (Fig. 1 and
Fig. S1). Secretory apparatus structure and secretion were re-
stored upon expression of a catalytically active version of pgant4
(pgant4OE), but not a catalytically inactive version (pgant4™?)
in the mutant background (Fig. S2E), indicating that the cata-
lytic O-glycosyltransferase activity of PGANT4 is required for
proper polarized secretion and secretory vesicle formation in
PR cells.

To determine how PGANT4 is mediating effects on secretion,
we performed Western blots probed with an antibody and lectins
that detect O-linked glycoproteins to identify direct targets of
PGANT4. The Tn antibody (Tn Ab), which detects GalNAc
linked to serine or threonine, revealed specific decreases in the
intensity of bands upon loss of pgant4. Comparison of O-glyco-
proteins from wild-type and pgant4 mutant proventriculi, revealed
a decrease in intensity of a band the approximate size (~250 kDa)

Zhang et al.

of Tangol (Transport and Golgi organization 1), suggesting that
Tangol may be a direct target of PGANT4 (Fig. 24). Tangol1 is
an essential ER/Golgi transmembrane protein originally iden-
tified in a Drosophila cell culture screen for genes that influence
constitutive secretion and Golgi apparatus structure (7); the
mammalian ortholog of Tangol (Mia3) is essential for the ve-
sicular packaging and secretion of collagen and other high mo-
lecular weight proteins (20-22). We next made antibodies to the
C-terminal (CAb) and N-terminal (NADb) regions of Tangol (Fig.
S3B) using the peptides described in SI Materials and Methods.
Immunoprecipitation of Tangol using the NAb followed by
Western blotting with the Tn Ab demonstrated that full-length
Tangol is normally O-glycosylated in the wild-type Drosophila PV
(Fig. 2B).

To investigate whether PGANT4 may be exerting its effects
through Tangol, we next examined secretion and secretory vesicle
formation in PR cells in which Tangol had been knocked down by
RNAIi (Fig. S34). Loss of Tangol resulted in phenotypes in-
distinguishable from those seen upon loss of pgant4, including
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Fig. 2. Tango1 is normally O-glycosylated and loss of Tango1 phenocopies loss of pgant4. (A) Western blot of extracts from proventriculi using an antibody
that specifically detects O-linked glycosylation (Tn Ab) shows a decrease in an ~250-kDa band in pgant4 mutants (pgant4™2'%6/Df2L) relative to wild-type.
Tubulin loading control is shown (Lower). (B) Immunoprecipitated Tango1 from wild-type PR cells (Left, arrow) is O-glycosylated (Right, arrow), as detected by

the Tn Ab. Loss of Tango1 (TangoT RNAI) causes loss of secretory vesicles (C),

loss of apical Rab8 staining (D), intracellular accumulation of papilin (white

arrows) (E), and enlarged PR cells. Overexpression of Tango1 in a pgant4 RNAi background rescues secretory vesicle formation (F) and apical localization of
secretory components (Rab8) (G). (H) Quantitative PCR shows levels of expression of pgant4 and TangoT in the rescue experiments. (Scale bars, 20 pm.)

loss of secretory vesicles, mislocalization of apical secretory com-
ponents (Rab8), and decreased apical secretion (Fig. 2 C-E). To
directly address whether the effects of pgant4 loss are mediated
through Tango1, we next performed genetic rescue experiments. We
found that phenotypes resulting from the loss of pgant4 could be
rescued by overexpression of Tango! in PR cells (Fig. 2 F-H). These
results demonstrate that the secretory defects seen in pgant4 mutants
are the result of its effect on Tangol. Moreover, these results dem-
onstrate that PGANT4 and Tangol operate together in regulating
secretion and secretory vesicle formation within these specialized
secretory cells.

To investigate how PGANT4 affects Tangol function, we next
examined Tangol stability in the absence of PGANT4. Antibodies
to Tango1 revealed a reduction in full-length Tangol protein and
a prominent Tangol cleavage fragment in pgant4 mutant pro-
ventriculi (Fig. 34 and Fig. S4). Additionally, increased expression
of pgant4 was able to increase the glycosylation of Tangol [as
shown by increased helix pomatia agglutinin (HPA) lectin re-
activity] as well as increase the ratio of intact/cleaved Tangol in
Drosophila cell culture (Fig. 3 B and C). The effects of pgant4 on
Tango1 were specific, as expression of another pgant family member
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(pgant3) neither increased glycosylation of Tangol nor protected it
from cleavage (Fig. 3 B and C). These results suggest that glyco-
sylation of Tango1 by PGANT4 confers protection from proteolysis.

Examination of the Tangol amino acid sequence revealed
numerous potential dibasic proprotein convertase cleavage sites
flanked by potential sites of O-glycosylation (Fig. S54). To di-
rectly test whether Tangol is subject to proprotein convertase-
mediated cleavage, we next examined ratios of full-length/cleaved
Tangol in the presence or absence of furin inhibitors. Treatment
of Drosophila S2R* cells with furin inhibitors dramatically in-
creased the ratio of full-length/cleaved Tangol relative to un-
treated cells, indicating that Tangol normally undergoes some
degree of furin-mediated proteolysis (Fig. 3 D and E). Con-
struction of a truncated Tango1 construct beginning at one of the
putative furin cleavage sites near the transmembrane domain
(amino acid 751) was in agreement with the size of the cleaved
fragment observed in Drosophila cell culture (Fig. S5D), sug-
gesting that Tangol cleavage occurs at or near this site. We next
examined regions of Tango1 that are O-glycosylated when pgant4
is expressed in Drosophila cell culture. Mass spectroscopy iden-
tified at least one region (near the transmembrane domain) that
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Fig. 3. O-glycosylation of Tango1 by PGANT4 protects it from furin-medi-
ated cleavage. (A) Western blots show increased cleavage of Tango1 in
proventriculi upon loss of pgant4 (pgant4™2'%/Df2L or pgant4 RNAI) rela-
tive to wild-type. Intact and cleaved Tango1 are denoted at left. (B) Western
blots from Drosophila cells expressing Tango1 show increased glycosylation
(using the O-glycan-specific lectin HPA) and decreased cleavage of Tango1 in
the presence of pgant4. (C) Ratios of intact to cleaved Tango1 for multiple
cell culture experiments are shown. ***P < 0.001. (D) Furin inhibitors (FI)
decrease cleavage of Tango1 in Drosophila cells. (E) Quantitation of the
effects of furin inhibition on the ratio of intact to cleaved Tango1. *P < 0.05.

is O-glycosylated only when pgant4 is coexpressed (Fig. S5 B
and C), further suggesting that glycosylation by PGANT4 may
be conferring protection from proteolysis occurring within or
near this region.

To directly address the relationship between furin-mediated
cleavage and PGANT4-mediated protection of Tangol in vivo,
we altered levels of the furin genes normally expressed in the PV
(Dfurl or Dfur2) (23) to test whether a decrease in furin activity
could rescue Tango1 stability and function in the pgant4-deficient
background. RNAi-mediated knockdown of Dfur2 in the pgant4
RNAIi background increased the ratio of full-length/cleaved
Tangol (in the PV) and rescued the PR cell phenotypes (Fig. 4
A-D and Fig. S6). RNAI to Dfurl neither rescued Tangol sta-
bility nor the PR cell phenotypes in the pgant4 RNAi background
(Fig. 4 and Fig. S6). Taken together, our results indicate that
PGANT4-directed glycosylation of Tangol protects it specifi-
cally from cleavage by the furin Dfur2, thus allowing proper
secretory vesicle formation and polarized secretion to occur (Fig.
4F). Moreover, the phenotypes seen upon loss of pgant4 can be
rescued by modulating the activity of Dfur2 in vivo.

Discussion

Here, we demonstrate that O-glycosylation regulates polarized
secretion and secretory vesicle formation in vivo by modulating
the stability of an essential component of the secretory appara-
tus. While previous studies have documented the effects of loss
of O-glycosylation on constitutive secretion (7, 13) and secretion
of extracellular matrix (ECM) proteins in vivo (15, 16), our
studies elucidate a mechanism by which these effects may occur.
Here, we show that Tango1 stability is modulated by the presence
of O-glycans, which serve to protect it from furin-mediated
cleavage (Fig. 4E). To our knowledge, this represents the first
example of O-glycans modulating secretion by stabilizing an es-
sential component of the secretory apparatus.

Zhang et al.

Roles for Tangol in constitutive secretion, Golgi structure,
and COPII vesicle formation have been identified previously (7,
20-22), but the factors that regulate its activity and stability are
not completely understood. Here, we demonstrate that Tangol
stability is modulated by the competing activities of a specific
O-glycosyltransferase (PGANT4) and a specific furin (Dfur2) in
secretory cells of the Drosophila digestive tract. Tangol is a
ubiquitously expressed protein that regulates not only constitu-
tive secretion, but also the formation of large secretory vesicles
that transport bulky ECM proteins in certain cells (7, 20-22).
Tango1/Mia3 is proposed to bind secretory cargo via its luminal
domain and COPII coat subunits via its cytoplasmic domain,
thereby coordinating the size of secretory vesicles to accommo-
date large ECM proteins (20-22). However, not all cells have the
same secretory demands nor produce large vesicular carriers.
Here we demonstrate that the expression of PGANT4 specifi-
cally in the secretory PR cells of the digestive tract confers in-
creased stability to Tangol by protecting it from Dfur2-mediated
cleavage, thereby allowing the formation of large mucin-containing
secretory vesicles within these cells. As the enzymes controlling the
initiation of O-glycosylation are typically abundantly expressed in
cells under high secretory burden (8, 24), it raises the possibility that
O-glycosylation may modulate the stability of Tangol in other tis-
sues, ensuring that Tangol activity is commensurate with the se-
cretory demands of the cell.

How are O-glycans specifically influencing Tangol stability?
Based on in vitro studies, O-glycans may influence protease sen-
sitivity by blocking access to vicinal protease cleavage sites (25).
Additionally, O-glycans may affect protein conformation, thus al-
tering protease sensitivity at more distant sites. Finally, O-glycosyl-
ation may also influence the binding of partner or cargo proteins,
thereby affecting protease access. Although our data suggest that
O-glycans added by PGANT4 may influence vicinal protease
cleavage, we cannot rule out the possibility that O-glycans may
influence Tangol conformation and/or cargo binding. Future
studies mapping all sites of glycosylation of Tangol by PGANT4
will aid in determining the mechanisms involved.

PGANTH4 is one member of a large family of enzymes (PGANTSs
in Drosophila, GALNTS in humans, and ppGalNACcTs in mice) that
control the initiation of O-glycosylation. These family members are
expressed in unique spatial and temporal patterns during de-
velopment and in adult tissues (8, 9). Additionally, these enzymes
display unique substrate specificities, with some members preferring
to add the initial GalNAc (peptide transferases) and others pre-
ferring to add GalNAc to previously glycosylated substrates (gly-
copeptide transferases). The concerted activity of these many
members is thought to result in the elaborate glycosylation patterns
typically seen in mucin-like molecules. As members of this family
are abundantly expressed in many secretory cells and tissues (8, 24),
it raises the possibility that the yin/yang provided by the opposing
forces of O-glycosylation and proteolytic cleavage may serve as
a more widespread, dynamic system to regulate the stability and
bioactivity of many proteins. In support of this theory, recent gly-
coproteomic studies performed in mammalian cell culture have
mapped sites of O-glycosylation to be in close proximity to potential
furin cleavage sites on many proteins (26). Additionally, these
studies also identified O-glycans on mammalian Tangol/Mia3 (26,
27), suggesting that O-glycans may perform similar protective
functions to control secretion in mammalian systems. Indeed,
alterations in both Tango1/Mia3 and O-glycosylation have been
associated with diseases of the mammalian gastrointestinal tract
(5, 6, 28, 29), which are typically characterized by loss of secre-
tion, loss of mucous membrane formation, and increased diffu-
sion barrier permeability. Interestingly, PGANT4 is most similar
to the mammalian ppGalNAc-T10 (8), which is abundantly
expressed in the digestive system (30). It will be interesting to
determine if mammalian Tango1/Mia3 is similarly regulated by
O-glycosylation and proteolytic cleavage.
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More broadly, our results provide in vivo evidence for models
where competing activities of O-glycosyltransferases and pro-
teases may modulate protein stability, with imbalances in these
activities contributing to disease. Genome-wide association studies
demonstrating a link between O-glycosylation and blood lipid levels
have led to the proposal that O-glycans on proteins involved in lipid
metabolism may confer protection from proteolysis, thereby influ-
encing HDL-cholesterol and triglyceride levels, and thus cardio-
vascular disease risk (31-34). Similarly, in the case of familial
tumoral calcinosis, it is proposed that mutations in an O-glycosyl-
transferase (GALNT3 in humans and Galnt3 in mice) may lead to
decreased FGF23 glycosylation, increased FGF23 cleavage, abnor-
mal phosphate levels, and calcified tumor development in patients
(10, 11). However, although cell culture and in vitro assays have
shown that FGF23 can be glycosylated by Galnt3 (25), the glyco-
sylation status of endogenous FGF23 in the presence or absence of
Galnt3 has not been examined (in mice or humans). Similarly, al-
though O-glycans can confer protection from protease cleavage of
peptides in vitro (25), a demonstration that cleavage of endogenous

7300 | www.pnas.org/cgi/doi/10.1073/pnas.1322264111

FGF23 can be rescued by altering levels of an endogenous protease
in vivo has not been previously shown. Here, our results provide in
vivo evidence for the interplay between O-glycosylation and pro-
tease sensitivity, supporting the model of how loss of O-glyco-
sylation may contribute to human disease and disease associa-
tions. More importantly, our ability to rescue the effects of loss
of O-glycosylation by altering the levels of a specific furin in vivo
suggests that inhibition/modulation of specific proteases may
be a viable treatment option for certain diseases associated with
aberrant O-glycosylation.

Materials and Methods

Antibody Preparation. Two Tango1 polyclonal antibodies were raised in
rabbits using the keyhole limpet hemocyanin-conjugated N-terminal peptide
(EQIDQKEFPKQVLDA-C) and C-terminal peptide (C-HRGSYSHSPRTYRSL). One
Muc26B antibody was raised in rabbits using the keyhole limpet hemocyanin-
conjugated peptide RPVRPAVRPALEIDE-C (amino acids 82-96). The antibodies
were affinity purified on a peptide column (Covance). Additional information
is found in SI Materials and Methods.

Zhang et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1322264111/-/DCSupplemental/pnas.201322264SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1322264111

Fly Strains and Genetics. RNA interference (RNAI) lines containing UAS-inducible
inverted repeats (IR) from the Vienna Drosophila RNAi Center (VDRC) (35) were
stocks #7286 (pgant4IR), 21594 (Tango1IR), 22853 (DfurliR), 101242 (Dfur2IR).
Additionally, the w'’"8: UAS-pgant4IR#7 stock was constructed as described
previously (17, 36). Additional information is found in S/ Materials and Methods.

Quantitative Real-Time PCR. Primers used are as described previously (17) and
additional information is in S/ Materials and Methods.

In Situ Hybridization. pgant4 RNA probes were prepared as described pre-
viously (24) for in situ hybridization. Additional information is found in S/
Materials and Methods.

Staining of Proventriculi. Detailed methods are described in S/ Materials
and Methods. The anti-Papilin antibody (1:500) (37) was the kind gift of L.
and J. Fessler (University of California, Los Angeles).

Immunoprecipitation and Western Blotting. Details are described in S/ Mate-
rials and Methods. The Tn antibody (1:500) was the kind gift of Richard
Cummings (Emory University, Atlanta) (38).
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Bioinformatic Predictions and Statistics. Details are described in S/ Materials
and Methods.

Detection of O-Linked Glycosylation Sites in Tango1 by LC-MS/MS. Details are
described in SI Materials and Methods.
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