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Background: Protein O-glycosylation is an evolutionarily conserved modification that is initiated by a family of enzymes.
Results: RNA interference to the genes encoding each enzyme of the family identified 4 genes that are essential for viability.
Conclusion: Protein O-glycosylation is required for eukaryotic development and viability.

Significance: Certain members of this enzyme family serve unique and essential functions in specific tissues during eukaryotic

development.

Mucin-type O-glycosylation represents a major form of post-
translational modification that is conserved across most eukary-
otic species. This type of glycosylation is initiated by a family of
enzymes (GalNAc-Ts in mammals and PGANTSs in Drosophila)
whose members are expressed in distinct spatial and temporal
patterns during development. Previous work from our group
demonstrated that one member of this family is essential for
viability and another member modulates extracellular matrix
composition and integrin-mediated cell adhesion during devel-
opment. To investigate whether other members of this family
are essential, we employed RNA interference (RNAi) to each
gene in vivo. Using this approach, we identified 4 additional
pgant genes that are required for viability. Ubiquitous RNAi to
pgant4, pgant5, pgant7, or the putative glycosyltransferase
CG30463 resulted in lethality. Tissue-specific RNAi was also
used to define the specific organ systems and tissues in which
each essential family member is required. Interestingly, each
essential pgant had a unique complement of tissues in which it
was required. Additionally, certain tissues (mesoderm, digestive
system, and tracheal system) required more than one pgant, sug-
gesting unique functions for specific enzymes in these tissues.
Expanding upon our RNAIi results, we found that conven-
tional mutations in pgantS resulted in lethality and specific
defects in specialized cells of the digestive tract, resulting in
loss of proper digestive system acidification. In summary, our
results highlight essential roles for O-glycosylation and spe-
cific members of the pgant family in many aspects of devel-
opment and organogenesis.

Post-translational modifications provide added levels of
complexity and diversity to the encoded genome by influencing
many aspects of protein structure, function, and stability. In the
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post-genomic era, understanding how these protein modifica-
tions operate is essential for a comprehensive understanding of
all factors involved in various developmental events. Glycosyl-
ation, or the addition of sugars to proteins, is an abundant and
diverse set of co- and post-translational modifications that
imparts a multitude of effects in vivo (reviewed in Refs. 1-38).
Various types of glycosylation have been shown to influence
protein processing, stability, and transport, as well as modulate
protein interactions with other molecules, thereby affecting
diverse cellular processes, including signaling events, proteo-
lytic cascades, and the unfolded protein response (UPR).

Mucin-type O-linked glycosylation is an evolutionarily con-
served form of glycosylation found across diverse species and in
most developing organ systems (6, 9 —13). This type of glycosyl-
ation is initiated by UDP-GalNAc: polypeptide N-acetylgalac-
tosaminyltransferase family of enzymes (PGANTSs in Drosoph-
ila or GalNAc-Ts in mammals) (Fig. 1) whose members
transfer a GalNAc sugar onto serine or threonine residues in
protein substrates. The genes encoding members of this
enzyme family have unique developmental expression patterns
(10, 11) (Fig. 1B), suggesting specific functional roles in certain
developing tissues. In vitro biochemical assays have revealed
unique peptide preferences for certain family members that are
conserved across species (14, 15). Additionally, members of this
family form 2 subgroups: 1) those that perform the initial addi-
tion of GalNAc to unmodified substrates (peptide transferases)
and 2) those that will only add GalNAc to previously glycosy-
lated substrates (glycopeptide transferases) (Fig. 1, A and B)
(see Refs. 16 —18 and reviewed in Refs. 6 and 12). In summary,
the unique expression patterns and substrate specificities of the
many members of this family suggest unappreciated biological
complexity associated with this type of glycosylation.

The importance of mucin-type O-linked glycosylation in
human health has been demonstrated by the discovery that
defects in O-glycosylation are responsible for Tn syndrome (19)
and familial tumoral calcinosis, a disease characterized by
hyperphosphatemia and the development of subdermal calci-
fied tumors (20, 21). Additionally, genome wide association
studies and linkage studies have identified the genes controlling
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TABLE 1

Gal4 driver lines and expression patterns
Gal4 driver line Expression pattern Source Reference
Tub Ubiquitous Bloomington No. 5138 Flybase”
MS1096 Dorsal wing disc Bloomington No. 25706 Flybase
6-4 Larval hemocytes Bloomington No. 6396 Flybase
c381 Amnioserosa, PNS Bloomington No. 3734 Flybase
69B Embryonic epidermis, imaginal discs Bloomington No. 1774 Flybase
48Y Embryonic endoderm Bloomington No. 4935 Flybase
24B Embryonic mesoderm Bloomington No. 1767 Flybase
c179 Embryonic mesoderm, larval muscles, wing imaginal discs Bloomington No. 6450 Flybase
btl Tracheal cells/respiratory system D. Andrew Shiga et al. (36)
cl35 Proventriculus, midgut, salivary gland, fat body, reproductive tract Bloomington No. 6978 Flybase
elav Nervous system Bloomington No. 8765 Flybase

“ Flybase.org.

O-glycosylation among those associated with alterations in
HDL cholesterol and triglyceride levels (22-24), congenital
heart disease (25), and increased risk of colon cancer (26). How-
ever, the specific roles of O-glycosylation in these instances
remains unknown.

Studies investigating the role of mucin-type O-glycosylation
in Drosophila melanogaster provided the first demonstration
that one member of this gene family (pgant35A) is essential for
viability (27, 28). Indeed, pgant35A was shown to affect the estab-
lishment of apical-basal polarity and diffusion barrier formation in
the developing respiratory system (29). Another member, pgant3,
was found to affect integrin-mediated cell adhesion during Dro-
sophila development by influencing the secretion of an extracellu-
lar matrix protein (30-31). In addition, studies in mice demon-
strated roles for O-glycosylation and the gene Galntl in
lymphocyte homing and blood coagulation (32). Thus, the use of
genetically tractable model organisms can provide crucial insight
into the diversity of cellular and biological functions of this com-
plex post-translational modification.

In vivo RNA interference (RNAi) has been used successfully
in Drosophila to decipher the biological role of many genes by
specifically targeting the gene of interest and faithfully repro-
ducing phenotypes seen with conventional gene mutations (31,
33-35). Here we demonstrate that 4 additional pgant family mem-
bers are essential for viability in Drosophila by employing RNAI in
vivo. Additionally, we show that individual family members are
required in specific organs and tissues by employing tissue-specific
RNAI. Finally, we expand upon our RNAi results by examining the
effect of conventional mutations in pgant5 on digestive system
function. Our results suggest that the PGANT family of enzymes
serve diverse functions throughout Drosophila development and
provide further insight into the roles of O-glycosylation in mam-
malian development and disease.

EXPERIMENTAL PROCEDURES

Fly Strains Used—The Gal4 driver stocks used in this study
are listed in Table 1 (36). The wild type stocks used were either
Oregon-R or w'''® (VDRC 60000). Stocks from the Vienna Dro-
sophila RNAi Center (VDRC)? (37) that were used to perform
RNAI in vivo are listed in Table 2. Additionally, VDRC 60008

2 The abbreviations used are: VDRC, Vienna Drosophila RNAi Center; GalNAc-T
or PGANT or pgant, UDP-GalNAc:polypeptide N-acetylgalactosaminyl-
transferase; qPCR, quantitative PCR; dsRNA, double-stranded RNA; IR,
inverted repeat; PNA, peanut agglutinin; TRITC, tetramethylrhodamine
isothiocyanate.
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(W8 P{UAS-dicer2”*}) was used to recombine with U/AS-
pgant35AIR#7 to generate the line LAS-pgant35AIR%7,dicer2”
(to enhance levels of pgant35A knock-down). VDRC 60009
(w''8; P{UAS-dicer2”™*}) was used to recombine with VDRC
26163 to generate the line VDRC 26163,dicer2 (to enhance
knock-down of pgant2). Bloomington stocks 8283 (w''%; CyO,
P{w'™ = FRT (w")Tub-PBac/T}2/wg®™"), 8674 (w'''%
DA2L)BSC109/Cy0), and 1522 (w*; P{UAS-GFP.S65T}T10) were
used. The transposon insertion in pgant5 (PBacpgant5<°*'*3/CyO)
was from the Drosophila Exelixis Collection (38). The w;
Dr/TM3, Sb', twi-2XGFP stock was the kind gift of Dr. D.
Andrew. The following stocks were the kind gifts of Dr. J. Ken-
nison: w; TM6C, cu, Sb, e, ca/Su(Tpl)*", red, e stock; w; Sco/
SMé6a stock, and cn' bw' sp" stock.

Construction of Gald-inducible pgantIR Vectors and Trans-
genic Lines—The pWIZ plasmid (39) was used to generate
Gal4-inducible constructs expressing double-stranded RNA
(dsRNA) to each pgant, which were then used to create trans-
genic flies. To generate each Gal4-inducible pgant construct
(UAS-pgantlR), sense and antisense primers (supplemental
Table S1) were used to amplify an ~500 bp fragment from each
pgant. The PCR product was then cloned stepwise into the
Avrll and Nhel sites on either side of the white intron in the
vector pWIZ (39) to generate a vector containing two inversely
oriented fragments or inverted repeats (IR) from the gene of
interest flanking the white intron. Transformants were pro-
duced by Genetic Services Inc. (Cambridge, MA) using meth-
odology based on the procedure described previously (40, 41).

Fly Crosses—Drosophila crosses were performed as de-
scribed previously (30, 31). Briefly, crosses to generate expres-
sion of dsRNA were performed using flies from a UAS-pgantIR
transgenic line and the Gal4-driver stocks described herein
(Table 1). Crosses to generate RNAi to each pgant gene ubiqui-
tously were performed by crossing UAS-pgantIR transgenic
lines to a tubulin-Gal4-driver line (P{tubP-GAL4}LL7/TMa3,
Sb', twi-2XGFP); viability of flies expressing dsRNA to each
pgant was determined by quantitating the number of progeny
with and without Sb". Tissue-specific knockdown of each pgant
was performed by crossing each UAS-pgantIR transgenic line
to the tissue-specific Gal4 driver lines listed in Table 1 and
quantitating the percentage of surviving progeny that express
dsRNA to the pgant of interest. Crosses to the wing-specific
driver (MS1096-Gal4) were performed using homozygous
wiii8 plytmWhs = GawB)BxMS19%¢ females crossed to UAS-
pgantIR transgenic males; wing blistering was quantitated in
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progeny expressing dsRNA to each pgant. All Drosophila
crosses were kept on MM media (KD Medical, Inc.) at 25 °C
unless specified otherwise.

Quantitative RT-PCR—Quantitative RT-PCR (qPCR) to
determine expression levels of all pgant family members when
RNAi was induced was performed using the PCR primers listed
in supplemental Table S2. cDNA prepared from first instar
larvae from Tub-Gal4>pgantIR or the controls Tub-
Gal4>VDRC60000 (w'''®) or Oregon-R was used in qPCR.
Briefly, RNA was isolated using the FastRNA Pro Green kit
(Q-BIOgene). cDNA synthesis was performed using the iScript
c¢DNA Synthesis Kit (Bio-Rad). PCR primers were designed
using Beacon Designer software (Bio-Rad). qPCR was per-
formed on a CFX96 real time PCR thermocycler (Bio-Rad)
using the SYBR Green PCR Master Mix (Bio-Rad). RNA levels
were normalized to 18S rRNA.

Western Blotting—Protein extracts were prepared from
midguts dissected from third instar wandering larvae. Tissues
were dissected in PBS and immediately transferred to lysis
buffer (PBS, 1% Triton X-100, 5 mm EDTA) containing prote-
ase inhibitors (Thermo Scientific). Tissues were then homoge-
nized on ice. Protein extracts from an equivalent number of
wild type, c135>pgantSIR, pgant5°°*'**|Df (2L) BSCI109, or
pgant5eO3193(excision) DAIIYBSCIN9 midguts were electro-
phoresed under reducing conditions in 4—12% SDS-PAGE gra-
dient gels and then transferred to nitrocellulose membranes.
The membranes were blocked with Odyssey Blocking Buffer
(LI-COR) and incubated with IRDye 680LT-conjugated peanut
agglutinin (PNA) (1:5000) and rabbit a-tubulin antibody (Cell
Signaling, 1:1000). IRDye 800CW-conjugated goat anti-rabbit
secondary antibody was used (1:10,000). Membranes were
scanned using a LI-COR Odyssey Infrared Imaging System.

Tissue Fixation, Staining, and Immunofluorescence—
Midguts from third instar wandering larvae were dissected in
PBS and immediately transferred to 4% paraformaldehyde in
PBS. Midguts were fixed for 20 min at 4 °C. Following fixation,
samples were washed three times in PBST (PBS, 0.1% Triton
X-100) and transferred to blocking buffer (2% goat serum/PBS,
0.1% Triton X-100) for 1 h on a rocker at room temperature. To
visualize actin staining in copper cells, samples were incubated
with either TRITC-conjugated phalloidin (Sigma, 1:100) or Alexa
488-conjugated phalloidin (Invitrogen, 1:100) for 3 h at room tem-
perature. Samples were incubated with fluorescein- or rhoda-
mine-labeled PNA (Vector Laboratories, 1:100) for 3 h at room
temperature to visualize core 1 O-glycans (Gal1-3GalNAcal-S/
T). Samples were imaged using a Zeiss Axiovert microscope.

RESULTS

Additional pgant Family Members Are Essential for Viability—
The Drosophila family of pgants consists of 9 genes encoding
enzymes that have been biochemically confirmed to function as
glycosyltransferases, along with 3 putative family members
based on sequence conservation (10, 18) (Fig. 1B). Previous
studies have identified unique developmental expression pat-
terns for each family member (10) (summarized in Fig. 1B). To
comprehensively investigate the in vivo role of each remaining
member of this multigene family, we performed RNAi in vivo by
crossing transgenic lines containing Gal4-inducible IR for each
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gene to a line expressing the Gal4 transcriptional activator
under the control of the ubiquitously expressed tubulin pro-
moter (Tub-Gal4). Progeny from these crosses will express
dsRNA to the gene of interest in all cells and tissues throughout
development, thus inducing RNAi ubiquitously. RNA from
progeny expressing dsSRNA was collected and qPCR was per-
formed to verify that the expression of the targeted gene was
specifically decreased. As shown in Fig. 2, induction of dsRNA
for pgant2, pgantd, pgant5, pgant6, pgant7, pgant35A, or the
putative pgant, CG30463, resulted in a specific and significant
decrease in expression of the targeted gene. Specific knock-
down of pgant3 expression via RNAi was also seen and has been
reported previously (31). Expression levels of CG10000 and
CG31776 (2 putative members of the pgant family) were below
levels of detection in all wild type tissues and stages examined,
thus we were unable to quantitate specific knockdown of these
putative glycosyltransferase genes. Finally, we were unable to
see a specific decrease in gene expression for pgantl or pgant8
with multiple different RNAI lines, so these genes were not
pursued further in this study.

Progeny from each cross was then scored to determine the
effects on viability (Table 2). Interestingly, RNAi to pgant4,
pgant5, pgant7, or CG30463 using the Tub-Gal4 driver resulted
in complete loss of viability, indicating an essential role for
these genes in Drosophila (Table 2). As expected, RNAi to
pgant35A (an essential gene in Drosophila (27-29)) also
resulted in lethality. Additionally, whereas RNAI to pgant6 did
not cause complete lethality, it did result in reduced viability.
No effect on viability was seen after RNAi to pgant2, pgant3,
CG10000, or CG31776.

pgant Genes Are Required in Specific Tissues during Devel-
opment—To investigate the specific role of the newly identified
essential pgants, we performed tissue-specific RNAi to each
gene using the Gal4 driver lines listed in Table 1. Lines express-
ing Gal4 specifically in the endoderm, mesoderm, ectoderm,
respiratory system, nervous system, digestive system, salivary
gland, amnioserosa, and hemocytes were used. Interestingly,
tissue-specific requirements were seen for each essential pgant
(Table 3). RNAIi to pgant4 or pgant5 in the digestive system
resulted in almost complete lethality, indicating an essential
role for each in the developing gut. pgant5 was also required in
the embryonic mesoderm and the respiratory system. RNAi to
pgant35A in the respiratory system resulted in a dramatic
reduction in viability, supporting previous studies indicating a
role for this transferase in tracheal system development (29).
Interestingly, pgant35A was also found to be required in the
mesoderm. Tissue-specific RNAi to pgant7 revealed a role for it
in respiratory system development. And finally, knockdown of
the putative family member, CG30463, in the mesoderm, the
respiratory system, or the amnioserosa resulted in lethality.
RNAi to CG30463 in the digestive system also resulted in a
reduction in viability. These in vivo results further suggest that
this conceptual gene may encode a functional glycosyltrans-
ferase that is performing unique roles in specific developing
tissues. Taken together, our results indicate that multiple mem-
bers of the pgant family are essential for viability and are per-
forming functions in specific developing tissues. Additionally,
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PGANTs

GalNAc

(peptide transferases) I

H,NJlll— s/T — s/T—Ji} COOH ﬁ» H,N-Jlll— s/T — s/T—Jjii} COOH
+Mn?*

UDP-GalNAc

GalNAc

PGANTs

UDP

GalNAc GalNAc

(glycopeptide transferases) [

| I
H,N-Jll}— s/T — s'T—Jli} COOH ﬁ» H,NJll}— s/T — s'T—Jlli} COOH
+Mn2+

UDP-GalNAc UDP

B Biochemical Embryonic Mammalian
Gene activity? expression® orthologue®
pgant1 pep / glycopep s.g., digestive tract Gaint5
pgant2 pep / glycopep n.s., respiratory system Galnt2
pgant3 pep / glycopep foregut, epidermis Gaint1
pgant4 glycopep proventriculus Gaint10
pgantb pep / glycopep s.g., digestive tract, epidermis Galnt1
pganté glycopep s.g., digestive tract, epidermis Galnt10
pgant7 glycopep s.g., digestive tract, epidermis Galnt7
pgant8 pep / glycopep digestive tract Galnt17
pgant35A pep / glycopep s.g., digestive tract, epidermis Galnt11
CG30463 ND s.g., amnioserosa Galnt1
CG10000 ND midgut (weak) Gaint2
CG31776 ND digestive tract (weak), epidermis Gaint10

pep= peptide transferase
glycopep= glycopeptide transferase
ND= none detected

s.g.= salivary gland

n.s.= nervous system

2of the encoded enzyme; from Ten Hagen et al. 2003 (18)

> of Drosophila pgants beginning at stage 12; from Tian and Ten Hagen, 2006 (10)
corthologue or most closely related mammalian isoform based on amino acid similarity and alignments within the

conserved catalytic region as described previously (18)

FIGURE 1. Protein O-linked glycosylation. A, the enzymatic addition of N-acetylgalactosamine (GalNAc) to serine or threonine of protein substrates is
catalyzed by the PGANT family of enzymes. The PGANT family is divided into 2 subgroups: peptide transferases, which catalyze the addition of GalNAc to
unmodified substrates; and glycopeptide transferases, which only add GalNAc to previously glycosylated substrates. B, summarized is the pgant gene family
from Drosophila, their embryonic expression patterns, the biochemical activity of the encoded enzymes, and the most closely related mammalian isoforms.

certain tissues (the respiratory system, digestive system, and
mesoderm) require more than one pgant.

pgant5 Is Required for Proper Gut Acidification—To follow
up on the RNAI results presented above, we examined conven-
tional mutations in pgant5. For these studies we utilized a pig-
gyBac transposon insertion line from the Exelixis Drosophila
stock collection that contains a transposon in the second intron
of the pgant5 gene (PBacpgant5°°*'°3, hereafter designated as
pgant5°3'°3) (Fig. 3A). pgant5°°*'*> flies were crossed to a defi-
ciency line that uncovers the pgant5 gene (Df(2L)BSC109) to
assess the effect of the transposon on viability and pgant5 gene
expression. Indeed, pgant5°°*'**/Df(2L)BSC109 progeny were
not viable when compared with either the heterozygous trans-
poson insertion (pgant5°>'**/+) or heterozygous deficiency
(DA2L)BSC109/+) (Fig. 3C). qPCR confirmed that the trans-
poson in pgant5 abrogated pgant5 expression, but did not
decrease the expression of the flanking genes (CG5828 and
RpL37A) (Fig. 3B). To confirm that the transposon insertion
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lethality is specifically due to its effect on pgant5 gene expres-
sion, we precisely excised the transposon from the pgant5 gene
using the piggyBac transposase line (Bloomington number
8283), as described previously (38). Excision of the transposon
(pgant503193(excision) regylted in restoration of pgant5 expres-
sion and viability (Fig. 3, B and C). These results confirm that
pgant5 is required for viability and provide an independent val-
idation of our in vivo RNAI results.

Building upon our tissue-specific RNAi results that indicated
a role for pgant5 in the digestive system, we next examined the
larval digestive tracts of pgant5 mutants. Interestingly, both
conventional pgant5 mutations (pgant5°°>'**/Df(2L)BSC109)
as well as RNAI to pgant5 (c135>pgant5IR) resulted in midguts
with an unusually basic pH, suggesting a role for pgant5 in the
proper digestive system acidification (Fig. 44). Western blots of
midguts probed with the lectin PNA, which detects core 1
O-glycan structures (GalB1-3GalNAcal-S/T), revealed the
loss or reduction in intensity of many bands in pgant5 mutants
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FIGURE 2. Quantitative PCR reveals specific decreases in gene expression of each pgant in progeny expressing dsRNA. Progeny expressing dsRNA to (A)
pgant2, (B) pgant4, (C) pgant5, (D) pganté, (E) pgant7, (F) pgant35A, and (G) CG30463 are shown. Total RNA was isolated and qPCR was performed for all pgant
family members to verify specific knockdown of gene expression (red boxes). RNA levels were normalized to 18 S rRNA. Standard deviations are shown.

(Fig. 4B), indicating that pgant5 is responsible for the glycosyl-
ation of numerous proteins within the larval midgut.

We next examined the effects of pgant5 on copper cell O-gly-
cosylation and morphology. Copper cells are specialized cells of
the Drosophila midgut that regulate gut acidification (42, 43).
These cells have a unique morphology, with an invaginated api-
cal surface rich in actin-based microvilli (Fig. 4C) (42, 43). Cop-
per cells from wild type and pgant5 mutants were stained with
fluorescently labeled PNA to detect O-glycoproteins, and with
phalloidin to detect the actin-rich apical surface (Fig. 4D).
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Interestingly, wild type copper cells displayed abundant O-gly-
coproteins throughout the apical and luminal regions of copper
cells (Fig. 4D). However, loss of pgant5 (c135>pgant5IR or
pgant5°3'°3/DA2L)BSC109) was accompanied by a dramatic
loss of O-glycosylation normally found on copper cells (Fig.
4D). Although phalloidin staining of the actin-rich apical sur-
face was normal in c135>pgant5IR copper cells (Fig. 4D), it was
irregular in shape and size in pgant5°°*'**/DA(2L)BSC109 cop-
per cells (Fig. 4D), indicating a more severe apical/cytoskeletal
phenotype for the conventional pgant5 mutants. Copper cell
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TABLE 2

Viability of flies expressing dsRNA to each pgant under the control of the Tub-Gal4 driver

Crosses are described under “Experimental Procedures.”

Gene knocked down CG number IR lines used Viability” n®

pgant2 CG3254 VDRC 26163, dicer2 99% 257
pgant3 CG4445 UAS-pgant3IR2#2 97% 298
pgantd CG31956 UAS-pgant4IR#8 0% 174
pgant5 CG31651 VDRC 2629 0% 226
pgant6 CG2103 VDRC 106203 41% 207
pgant7 CG6394 VDRC 105160 0% 528
pgant35A CG7480 UAS-pgant35AIR#7,dicer2” 0% 224
CG30463 CG30463 UAS-CG30463IR#5 0% 202
CG10000 CG10000 UAS-FlyKIR#2 92% 232
CG31776 CG31776 VDRC 7283 92% 296

“ Relative to siblings not expressing dsRNA.
® 1, total number of flies scored.

TABLE 3

Viability (relative to siblings not expressing dsRNA) of flies expressing dsRNA to essential pgants in specific tissues

IR lines used

Gal4 driver line (expression pattern) pgant4IR

pgant5SIR

pgant35AIR pgant7IR CG30463IR

100% (n = 271)*
82% (n = 317)

6-4 (hemocytes)
¢381 (amnioserosa, PNS)

100% (1 = 331)
100% (1 = 291)

98% (1 = 269)
67% (n = 369)

100% (n = 485)
100% (1 = 675)

95% (1 = 393)
11% (n = 211)

69B (epiderm/ectoderm) 100% (n = 227) 51% (n = 292) 45% (n = 635) 97% (n = 834) 36% (n = 336)
48Y (endoderm) 100% (n = 327) 100% (n = 280) 69% (n = 499) 76% (n = 576) 62% (n = 281)
24B (mesoderm) 100% (n = 271) 81% (n = 336) 0% (n = 275) 69% (n = 429) 0% (n = 190)
¢179 (mesoderm) 100% (n = 308) 0% (n = 280) 19% (n = 298) 100% (n = 825) 0% (n = 203)
btl (respiratory system) 100% (n = 309) 17% (n = 327) 12% (n = 254) 12% (n = 444) 0% (n = 159)
135 (digestive system, reproductive tract) 2% (n = 402) 0% (n = 177) 25% (n = 208) 100% (n = 721) 23% (n = 178)
elav (nervous system) 100% (n = 295) 100% (n = 289) 86% (n = 290) 85% (n = 636) 97% (n = 297)

“p, total number of flies scored.

O-glycosylation, gut acidification, and actin staining were
restored upon excision of the transposon from pgant5
(pgant5°O3193(excision) DASI)BSC109) (Fig. 4, A, B, and D).
These results indicate that PGANTS5 is responsible for glycosy-
lating apical and luminal proteins within copper cells and that
loss of PGANTS5 results in loss of proper gut acidification.
These results highlight a previously unknown role for pgant5 in
specialized cells of the digestive tract responsible for gut
acidification.

pgant3 Is Uniquely Responsible for Wing Adhesion—W'e fur-
ther employed this RNAi system to address unique roles for
individual pgant family members in a specific developmental
process. Previous work from our laboratory demonstrated that
loss of pgant3 results in defects in the secretion of an extracel-
lular matrix protein, with effects on integrin-mediated cell
adhesion, resulting in wing blistering. To investigate whether
other pgant family members are also involved in integrin-medi-
ated cell adhesion in the developing wing, we performed RNAI to
each in the developing wing using the wing-specific Gal4 driver,
MS1096. Although RNAi to pgant3 resulted in wing blistering, no
blistering was seen upon induction of RNAi to the remaining fam-
ily members (Table 4). These results suggest a potentially unique
role for pgant3 in specific cell adhesion processes occurring in the
developing wing and are supported by previous results indicating
that the expression of another family member cannot compensate
for the loss of pgant3 in vivo (31).

DISCUSSION

Here, we identify 4 additional members of this multigene
glycosyltransferase family that are essential for viability by tak-
ing advantage of the highly efficient and specific in vivo RNAi
system in Drosophila. This work serves to highlight the biolog-
ical importance of O-linked glycosylation and of specific family
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members responsible for initiating this conserved post-transla-
tional modification. Additionally, these studies indicate that at
least 5 family members in the fly are serving unique and nonre-
dundant functions during development. Thus, whereas these
members all catalyze the transfer of GalNAc to serine or thre-
onine, they are doing so on specific substrates and/or at specific
positions within these substrates. Previous enzymatic studies
demonstrated that many mammalian GalNAc-Ts and Dro-
sophila PGANTSs have unique substrate preferences and sites of
GalNAc addition in vitro, suggesting that certain substrates can
only be glycosylated by certain enzymes (17, 18, 44, 45)
(reviewed in Refs. 6, 12, and 15). Our in vivo results support this
hypothesis and suggest a highly complex system for proper
O-glycosylation of proteins.

The in vivo RNAi system also offers the unique advantage of
allowing the knockdown of genes in specific tissues to deter-
mine exactly where a particular gene is required. We used Gal4
driver lines that induced RNAI in most major tissue types and
developing organ systems to determine where each essential
pgant was required. In agreement with previous studies dem-
onstrating that conventional pgant35A mutants affect respira-
tory system development, we found that RNAI to pgant35A in
the tracheal system resulted in significantly reduced viability.
Interestingly, each essential gene was found to be required in a
specific subset of tissues and organ systems, suggesting unique
functional roles for each. Developing organs known for the
abundant production of O-glycoproteins (digestive and respi-
ratory systems) (11) were most significantly affected by the
knockdown of pgant family members. Knockdown of pgant4,
pgant5, pgant35A, or the putative transferase CG30463 in the
digestive system resulted in significant losses of viability. In
addition to pgant35A, knockdown of pgant5, pgant7, or
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FIGURE 3. Transposon insertion mutation in pgant5 causes lethality and confirms pgant5 is an essential gene. A, the position of the transposon insertion
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to pgant5<°3193/+ heterozygotes, Df(2L)BSC109/+ heterozygotes, pgant5°3'93x<ision/pf(2] \BSC109, or wild type. RNA was normalized to 185 rRNA. C, loss of

pgant5 results in lethality.

CG30463 in the respiratory system also affected viability.
CG30463 was also found to be required in the amnioserosa, an
embryonic tissue involved in developmentally regulated cell
migration events. Finally, 3 of the 5 essential pgants were
required in the mesoderm. The results presented here will form
the basis for future studies investigating the mechanistic role of
these essential pgants in diverse tissues and developmental
stages with the hope of gaining insight into the role of their
mammalian orthologues.

To begin to address the specific role of one of the novel essen-
tial genes identified in this screen, we further characterized the
phenotypes associated with the loss of pgant5. Interestingly,
loss of pgant5 resulted in the disruption of the proper struc-
ture and function of specialized cells of the digestive tract
responsible for gut acidification. Our studies revealed that
the loss of pgant5 caused loss of O-glycoproteins along the
apical and luminal surfaces of copper cells of the midgut,
along with an irregular apical actin-based microvillar struc-
ture in pgant5°°*'?%/DA(2L)BSC109. Restoration of pgant5
expression resulted in restoration of O-glycosylation, actin-
based microvilli, and proper gut acidification. Western blots
revealed that the loss of pgant5 affected the glycosylation of
many proteins, making it difficult to discern what the pri-
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mary target(s) might be. It remains possible that PBGANT5
could be glycosylating subunits of the ion transporters
responsible for gut acidification. Alternatively, PGANT5
could be glycosylating other proteins involved in the local-
ization of ion transporters or the establishment of proper
apical polarity within the copper cells. In support of this,
previous work on PGANT35A in the respiratory tract dem-
onstrated that it also glycosylates apical and luminal proteins
and affects apical-basal polarity when mutated (29). As
O-glycoproteins are abundant along the apical regions of
many developing tissues (11), it is possible that they are per-
forming functions related to maintenance of the unique
characteristics of apical surfaces.

Previous work on the mammalian orthologue of pgant5
(Galntl) did not examine the digestive system but did find lym-
phocyte homing defects (due to decreased presence of selectin
ligands on lymphocytes and endothelial cells) and bleeding dis-
orders (due to decreased plasma levels of blood coagulation
factors) in Galntl '~ mice (32). However, the specific sub-
strates involved and the mechanism(s) by which these pheno-
types occur remain unknown (32). Nonetheless, the results pre-
sented here highlight a previously unknown role for pgant5 in
digestive tract function and provide a basis for examining the
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FIGURE 4. Loss of pgant5 results in loss of gut acidification and disruption of O-glycosylation in copper cells of the digestive tract. A, larval gut
acidification as detected with bromophenol blue shows acidified midguts (yellow) in wild type and pgant5 transposon excision (excision/Df), but basic midguts
(blue) in pgant5 mutants (pgant5<°'%*/Df) or larvae expressing dsRNA to pgant5 in the digestive system (c135>pgant5IR). B, Western blots of proteins from wild
type, c135>pgant5IR, pgant5°°3'°3/Df, and excision/Df third instar larval midguts probed with the lectin PNA to detect O-glycosylated proteins or with a-tubulin
as aloading control. C, diagram of midgut and copper cell morphology. Shown is a diagram of a section of the midgut where copper cells stain for actin (green)
in concentric circles. Below is a magnified cross-section of a copper cell, highlighting the unique invaginated actin-rich apical surface (green). D, copper cells
from wild type, c135>pgant5IR, pgant5<°3'°3/Df, and excision/Df third instar larval midguts were stained with PNA (red) and phalloidin/actin (green). In wild type
copper cells, phalloidin staining labels actin-based microvilli unique to the apical region of copper cells. PNA-reactive O-glycoproteins are found along the
apical and luminal regions of wild type copper cells (shown in upper panel cross-sections). All apical and luminal PNA staining is lost from c135>pgant5IR (upper
panel) and pgant5<°3'°3/Df copper cells (lower panel). Additionally, apical actin staining is irregular in size and shape in pgant5<°3'?3/Df copper cells. PNA
staining and gut acidification are restored upon excision of the transposon (excision/Df). Scale bars = 4 um.

role of Galntl in mammalian digestive system function. There
is precedent for mucins and mucin-type O-glycosylation having
functional roles in the digestive system as the loss of a major
O-glycosylated mucin (Muc2) or the disruption of certain
O-glycan structures results in digestive tract abnormalities,
including increased rates of infection, decreased barrier func-
tion, and increased susceptibility to colitis and colon cancer (26,
46 —48). Future studies on PGANTS5 in the Drosophila gut will
identify direct in vivo targets of this enzyme and define how
O-glycosylation regulates their function.
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As mentioned above, the putative glycosyltransferase CG30463
was found to be essential for viability and required in multiple
developing tissues. Based on sequence conservation, CG30463 is
assumed to be a member of the pgant family. However, in vitro
biochemical assays have failed to detect glycosyltransferase activ-
ity for the purified recombinant CG30463 protein (data not
shown), thus its biological relevance has been unclear. The data
shown here, indicating that knockdown of CG30463 in specific
tissues results in lethality, demonstrates a crucial in vivo role for
this gene. It is possible that the CG30463 protein has very specific
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TABLE 4

Wing blistering in flies expressing dsRNA to pgant genes in the devel-
oping wing

Gene knocked down Blistered” n®
%

pgant2 0 253
pgant3 18 200
pgantd 0 114
pgant5 0 120
pgant6 0 178
pgant7 0 160
pgant35A 0 172
CG30463 0 178
CG10000 0 235
CG31776 0 210

“ Represents the (number of flies displaying blistered wings/total number of flies
of denoted genotype) X 100.
® 1, total number of flies of denoted genotype scored.

substrate preferences and thus its in vitro enzymatic activity may
not have been detectable with the panel of substrate peptides used.
Future experiments will use this RNAi system to investigate in vivo
changes in O-glycosylation upon CG30463 knockdown.

Finally, we used this in vivo RNAI system to address the role
of each family member in a specific developmental process,
integrin-mediated cell adhesion. Here we demonstrate that
pgant3 has a unique role in integrin-mediated wing blade adhe-
sion, as RNAi to other family members had no effect on wing
blistering. Our results, demonstrating a unique function for
pgant3 in the wing, are also supported by genetic data indicat-
ing that expression of another family member in the wing could
not compensate for loss of pgant3 (31). These studies indicate
that PGANT3 may be uniquely responsible for glycosylating
the extracellular matrix protein Tiggrin in the wing disc, further
supporting the notion of unique substrate preferences in vivo.
The role for other pgants in specific cell adhesion events in
other tissues will be investigated using this methodology.

In summary, we have identified 4 additional members of this
glycosyltransferase family that are essential for viability in Dro-
sophila, highlighting the importance of this protein modifica-
tion and unique requirements for individual family members.
Future work will define the specific functions and substrates of
each member in Drosophila to gain insight into the roles of
O-glycosylation in development and disease.
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