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A B S T R A C T

In a screen for human kinases that regulate Xenopus laevis embryogenesis, we identified Nagk and other com-
ponents of the UDP-GlcNAc glycosylation salvage pathway as regulators of anteroposterior patterning and Wnt
signaling. We find that the salvage pathway does not affect other major embryonic signaling pathways (Fgf,
TGFβ, Notch, or Shh), thereby demonstrating specificity for Wnt signaling. We show that the role of the salvage
pathway in Wnt signaling is evolutionarily conserved in zebrafish and Drosophila. Finally, we show that GlcNAc
is essential for the growth of intestinal enteroids, which are highly dependent on Wnt signaling for growth and
maintenance. We propose that the Wnt pathway is sensitive to alterations in the glycosylation state of a cell and
acts as a nutritional sensor in order to couple growth/proliferation with its metabolic status. We also propose
that the clinical manifestations observed in congenital disorders of glycosylation (CDG) in humans may be due,
in part, to their effects on Wnt signaling during development.

1. Introduction

N-acetyl-D-glucosamine (GlcNAc) moieties are key building blocks
of N- and O-glycans, glycolipids, glycosaminoglycans, and the glycosyl
phosphatidylinositol anchor of membrane-bound glycoproteins (Freeze
et al., 2015). Roughly half of all amino sugars from endocytosed glycans
are recycled, and approximately 80% of the GlcNAc salvaged from
degraded glycoproteins is converted into uridine diphosphate N-acet-
ylglucosamine (UDP-GlcNAc), the substrate utilized in the first step in
the assembly of dolichol-linked oligosaccharide intermediates required
for N-linked glycosylation (Freeze et al., 2015). In a screen for reg-
ulators of early development in Xenopus laevis, we identified N-acet-
ylglucosamine kinase (Nagk) as a regulator of anterior-posterior pat-
terning. Nagk is a key enzyme in the production of UDP-GlcNAc and

converts GlcNAc into GlcNAc 6-phosphate (GlcNAc-6-P), the first step
in the UDP-GlcNAc salvage pathway. We show that Nagk and other
components of this salvage pathway mediate their developmental ef-
fects through the Wnt pathway. We demonstrate that this latter activity
is selective and conserved in zebrafish, Drosophila, and intestinal en-
teroids.

2. Results

2.1. Genome-scale kinase screen identifies Nagk as a regulator of
development in Xenopus embryos

To identify kinases that regulate vertebrate development, an ar-
rayed plasmid DNA library of human kinases available from the
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Harvard Institute of Proteomics FLEXGene human kinase collection was
subjected to a series of PCR reactions that resulted in the addition of a
T7 promoter and an SV40 polyadenylation signal to the 5′ and 3′ region
of the open reading frame, respectively (Turner and Weintraub, 1994)
(Fig. S1). The final PCR products were then purified and subjected to in
vitro transcription to generate capped mRNAs (transcribed PCR pro-
ducts with poly (A) tails or TPATs) for injection into Xenopus laevis
embryos (Fig. S1). The addition of the SV40 polyadenylation signal
from pCS2+ was critical for robust expression of mRNAs injected into
Xenopus embryos (Fig. S2). Although TPATs generated from unpurified
final PCR products were expressed when injected into Xenopus embryos,
we observed more consistent results using purified final PCR products
(Fig. S2).

For screening, 29 pools of 8 TPATs encoding human kinases were
injected into the dorsal blastomeres of 2–4 cell stage Xenopus embryos.
Embryos were then analyzed for developmental defects at post-neurula
stages (Keller, 1991). mRNAs from pools of TPATs that perturbed de-
velopment were then injected individually to identify the kinase med-
iating the observed phenotype. Several kinases were identified that
perturbed early development. Among these were casein kinase 1 ep-
silon and delta, known regulators of Wnt signaling (Peters et al., 1999;
Sakanaka et al., 1999; Swiatek et al., 2004), thereby validating our
approach. Of the kinases not previously characterized as regulators of
early vertebrate development, N-Acetylglucosamine kinase (Nagk) ex-
hibited the most penetrant phenotype, and we proceeded with its fur-
ther characterization.

2.2. Nagk regulates primary axis formation in Xenopus embryos

Nagk is the first enzyme in the salvage pathway and converts free,
cytoplasmic GlcNAc generated from degradative cellular pathways into
UDP-GlcNAc, which is then transferred onto oligosaccharide chains that
are incorporated into glycosylated proteins and glycosaminoglycans
(Hinderlich et al., 2000) (Fig. S3). Injection of NagkmRNA into Xenopus
embryos resulted in posteriorized embryos with reduced anterior trunk
and head structures (Fig. 1A). Conversely, downregulating Xenopus
Nagk by morpholino oligonucleotide (MO) injections resulted in ante-
riorized embryos (Figs. 1B and S4C). Previous studies of a related sugar
kinase, Glucokinase, indicated that a mutation in the ATP binding re-
gion (T228M) resulted in a kinase that acted in a dominant-negative

manner (Mahalingam et al., 1999). We generated the corresponding
mutation in Nagk (NagkT128M) and showed that, similar to Nagk MO,
injections of NagkT128M mRNA anteriorized embryos (Figs. 1B, S4A). A
small molecule competitive inhibitor of Nagk, 3-O-methyl N-acet-
ylglucosamine (3-OMe-GlcNAc) (Blume et al., 2008; Miwa et al., 1994;
Zeitler et al., 1992), also resulted in anteriorization of embryos
(Figs. 1B, S4A). As predicted, co-injections of either NagkMO or 3-OMe-
GlcNAc suppressed the effects of Nagk mRNA (Fig. 1A). Finally, we
show that injecting recombinant Nagk protein or mRNA of the Droso-
phila melanogaster orthologue of Nagk (CG6218; DNagk) (Figs. 1C, S4A)
posteriorized embryos. These data provide strong evidence that Nagk
plays an evolutionary role in primary axis formation in Xenopus em-
bryos.

2.3. Disruption of the UDP-GlcNAc salvage pathway lead to defects in
axiation

We tested whether the effects of Nagk activity on primary axis
formation is due to its role in glycosylation. We found that soaking
embryos in N-acetyl-D-glucosamine, the first substrate in the biosyn-
thetic pathway that produces N-acetylglucosamine-6-P (GlcNAc-6-P),
posteriorized Xenopus embryos (Fig. S5A and C). As Wnt/β-catenin
signal transduction is essential for anteroposterior patterning, this
finding suggests that the role of Nagk in anteroposterior patterning may
occur through Wnt/β-catenin signaling.

In the UDP-GlcNAc salvage pathway, Nagk phosphorylates GlcNAc
to GlcNAc-6-P, which is converted to GlcNAc-1-P by phosphogluco-
mutase 3 (Pgm3, Fig. S4B) (Berger et al., 2002). GlcNAc-1-P is then
converted to UDP-GlcNAc by UDP-N-Acetylglucosamine Pyropho-
sphorylase 1 (Uap1, Fig. S4B) (Berger et al., 2002). To test the effects of
these other UDP-GlcNAc salvage enzymes on Xenopus axis formation,
we injected individually Pgm3 or Uap1mRNAs and found that they, like
Nagk, posteriorized Xenopus embryos (Figs. 2A, S4B). Conversely, in-
jection of Pgm3 or Uap1 MOs anteriorized embryos (Figs. 2B, S4C).
Furthermore, the posteriorizing effects of Pgm3 or Uap1 mRNA injec-
tions were suppressed by co-injection of MOs of other enzymes in the
pathway (Fig. S6A–C). We next assessed whether the sugar inter-
mediates of the UDP-GlcNAc salvage pathway would affect axiation of
Xenopus embryos and found that their injection resulted in posteriorized
embryos (Figs. 2C, S4D). Furthermore, we found that the effects of

Fig. 1. Xenopus embryos are posteriorized by Nagk
overexpression and anteriorized by Nagk down-
regulation, respectively. (A) Injection of Nagk mRNA
(1.5 ng) posteriorizes Xenopus embryos, and can be
suppressed by coinjecting Nagk MO (1 pg) or 3-OMe-
GlcNAc (125 pmol). (Right) Representative embryo
posteriorized upon injection of NAGK mRNA is
shown. (B) Injection of Nagk MO (1 pg), NAGKT128M

mRNA (1.5 ng), or 3-OMe-GlcNAc (125 pmol) ante-
riorizes Xenopus embryos. (Right) Representative
anteriorized embryo injected with Nagk MO. (C)
Nagk protein (20 pg) and Drosophila Nagk (DNagk)
mRNA (1.5 ng) posteriorizes Xenopus embryos (A–C)
Aggregated from n≥3 replicates. Embryos were
scored for anteriorization or posteriorization ac-
cording to the dorsal-anterior index (DAI) as pre-
viously described (Kao and Elinson, 1988). DAI of
ventralized embryos ranged from 4 to 2, whereas
dorsalized embryos ranged from 6 to 8. Absolute
numbers are indicated above bars. Significance was
calculated using Fisher's exact test with Bonferroni
correction. **ρ < 0.00334, ***ρ < 0.000334, and
*ρ < 0.0253.
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inhibiting the salvage pathway could be suppressed by co-injection of
the downstream sugars (Fig. S7). Conversely, the phenotypes produced
by injected salvage pathway sugars could be suppressed by injecting
MOs of downstream enzymes in the pathway (Fig. S8). These results
provide strong evidence that the UDP-GlcNAc salvage pathway reg-
ulates anterior-posterior patterning in the early Xenopus embryo.

2.4. Perturbation of the N-linked glycosylation pathway disrupts normal
axiation in Xenopus embryos

To determine whether the salvage pathway alters anteroposterior
patterning via N-linked glycosylation, we tested whether perturbation
of the rate-limiting enzyme in the N-linked glycosylation pathway,
dolichol phosphate GlcNac-1-phosphate transferase 1(Dpagt1), dis-
rupted primary body axis formation. Dpagt1 transfers the first sugar
(GlcNAc) onto dolichol in the endoplasmic reticulum to initiate the
synthesis of N-linked glycoproteins (Fig. S3) (Lehrman et al., 1988).
Similar to our observations with salvage pathway components, injec-
tion of Dpagt1 mRNA or MO posteriorized embryos and anteriorized
embryos, respectively (Figs. 2A,B and S4E). The posteriorized pheno-
type of Dpagt1 mRNA could be rescued by co-injection of salvage
pathway MOs (Fig. S6D). Consistent with these results, soaking em-
bryos in tunicamycin, an inhibitor of Dpagt1, anteriorized Xenopus
embryos (Fig. S5B and C) (Heifetz et al., 1979; Lehrman et al., 1988).
Finally, injection of N-glycanase 1 (Ngly1) mRNA, which removes N-
linked glycans from glycoproteins, anteriorized embryos (Figs. 2D,

S4F). These results provide strong evidence that the anteroposterior
patterning phenotypes we observed upon altering the UDP-GlcNAc
salvage pathway are due to its effects on protein N-glycosylation.

2.5. The UDP-GlcNAc salvage pathway selectively regulates Wnt signaling

To test whether altering the UDP-GlcNAc salvage pathway specifi-
cally affects the Wnt pathway, we assessed the expression of target
genes of other signaling pathways known to control early embryonic
patterning in Xenopus (at the appropriate time for which they have been
shown to be upregulated) using quantitative real time PCR (qRT-PCR).
Overexpression or knockdown of Dpagt1 or other UDP-GlcNac salvage
pathway components significantly altered expression of the Wnt re-
porter genes, Xnr3 and chordin (Figs. S9A and S10). In contrast, the
expression of target genes for the Fgf (Dusp6), TGFβ (Tbxt), Notch
(Hes1), or Shh (Ptch1) pathways were not affected (Figs. S9B and S10)
(Gu et al., 2012; Mir et al., 2008; Moriishi et al., 2005; Nishimoto and
Nishida, 2007; Wilson et al., 1997; Zheng et al., 2017). These results
suggest that during early embryonic development the UDP-GlcNAc
salvage pathway specifically regulates Wnt signaling.

2.6. Perturbation of the UDP-GlcNAc salvage pathway induces a Wnt
phenotype in zebrafish

To provide further evidence for the role of the UDP-GlcNAc salvage
pathway in regulating Wnt signaling and to determine whether its role

Fig. 2. The anterior-posterior patterning defect
caused by altered Nagk activity in Xenopus embryos
is phenocopied upon disruption of other UDP-
GlcNAc salvage pathway components. (A)
Overexpression of enzymes from the UDP-GlcNAc
glycosylation salvage pathway posteriorizes Xenopus
embryos. (B) In contrast, downregulating enzymes of
the salvage pathway by MO anteriorizes Xenopus
embryos. (C) Injection of the sugars from the UDP-
GlcNAc salvage pathway, similar to overexpression
of their enzymes, results in posteriorized embryos.
(D) Injection of mRNA encoding Ngly1, which re-
moves N-linked glycans from glycoproteins, poster-
iorizes Xenopus embryos. 1.5 ng of mRNA, 1 pg MO,
or 125 pmol compounds were used per injection.
Results are aggregates of n≥3 replicates. Absolute
numbers are indicated above bars. Significance was
calculated using Fisher's exact test with Bonferroni
correction. (A–C) *ρ < 0.0127, **ρ < 0.00250,
***ρ < 0.000250. (D) **ρ < 0.01.
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on anteroposterior patterning is evolutionarily conserved, we tested the
effects of perturbing the salvage pathway in the zebrafish Danio rerio.
Wnt signaling patterns the anteroposterior neuraxis in zebrafish (Chan
et al., 2009; Hikasa and Sokol, 2013). The predominant phenotype of
perturbing Wnt signaling in the early developing zebrafish embryo
differs from that of perturbing Wnt signaling in the early Xenopus em-
bryo. Ectopic activation of the Wnt/β-catenin pathway blocks eye for-
mation in zebrafish embryos, and zebrafish with activating Wnt/β-ca-
tenin pathway mutations produce embryos with defects in anterior
structures (Cavodeassi et al., 2005; Kim et al., 2000; van de Water et al.,
2001). Consistent with ectopic activation of Wnt signaling, we found
that injection of zebrafish embryos with mRNAs encoding salvage en-
zymes disrupt eye formation (Fig. 3A–B). Injection of sugars of the
salvage pathway also inhibited eye formation in zebrafish embryos
(Fig. 3C). Conversely, injection of NAGKT128M mRNA or 3-O-Methyl-N-
acetyl-D-glucosamine (3-OMe-GlcNAc) gave rise to cyclopic embryos
(Fig. 4A). The cyclopic phenotype of NAGKT128M mRNA injected em-
bryos could be rescued by co-injection of intermediate sugars of the
salvage pathway (Fig. 4B). Injection of Ngly1 also gave rise to cyclopic
embryos, phenocopying inhibition of the salvage pathway (Fig. 4C).
These results suggest that the effects of perturbing the UDP-GlcNAc
salvage pathway on embryonic development are conserved in Xenopus
and Danio rerio and that the observed phenotypes are likely due to al-
tered Wnt signaling.

2.7. Salvage pathway perturbation results in convergent extension defects in
zebrafish

In zebrafish, disruption of eye formation leading to cyclopia is in-
dicative of perturbation in Wnt signaling. Furthermore, inhibition of
certain Wnts, including Wnt5b (Pipetail) and Wnt11 (Silberblick), leads to
defects in convergent extension (Goudevenou et al., 2011; Heisenberg
et al., 2000; Rauch et al., 1997; Stoick-Cooper et al., 2007). In these
studies, convergent extension malformations were observed in association
with and independent of eye malformations. We found that perturbation
of any of the salvage pathway components similarly caused convergent
extension defects in zebrafish (Fig. S11). These results suggest the UDP-
GlcNAc salvage pathway also regulates convergent extension through
Wnt signaling in the early embryo.

2.8. DNagk and DPgm3 promote Wingless/Wnt signaling in Drosophila

To determine whether DNagk also promotes Wnt/Wingless (Wg)
signaling in Drosophila, we tested the effects of its knockdown in vivo. Wg
signaling controls wing development by directing patterning at the dor-
soventral boundary of the larval wing imaginal disc, the precursor of the
adult wing. Inhibition of Wg signaling at this boundary results in the loss
of marginal bristles and aberrantly notched wings (Diaz-Benjumea and
Cohen, 1995; Struhl and Basler, 1993). We performed RNAi-mediated
knockdown of DNagk in the posterior region of third instar larval wing

Fig. 3. Increasing levels of salvage pathway enzymes,
sugars, or Dpagt1 inhibits eye formation in zebrafish.
(A) (Left) Injection of DNagk or Nagk mRNAs inhibits
eye formation in zebrafish. (Right) Representative
images (5 days post fertilization) of disrupted eye for-
mation in zebrafish injected with Nagk mRNA.
Observed phenotypes ranged from reduced eye size to
missing one or both eyes. Reduced eyes were defined as
less than half the size of a wild-type eye. (B) Injection of
mRNAs encoding Nagk, Pgm3, Uap1, or Dpagt1 inhibits
eye formation. (C) Injection of GlcNAc, GlcNAc-6-P,
GlcNAc-1-P, or UDP-GlcNAc inhibits eye formation.
Results are aggregates of n≥3 replicates. Injections
were performed with 0.5 ng mRNA or 25 pmol sugar.
Significance was calculated using Fisher's exact test with
Bonferroni correction. Absolute numbers are indicated
above bars. (A) *ρ < 0.0253 and **ρ < 0.00501.
(B–C) *ρ < 0.0127, **ρ < 0.00251, and ***
ρ < 0.000251.
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imaginal discs using the hedgehog (hh)-Gal4 driver. In wild-type wing
discs, the Wg target gene senseless (sens) is expressed along the entire
dorsoventral boundary (Fig. 5A–C, J–O) (Nolo et al., 2000). In contrast,
DNagk knockdown in the posterior wing disc resulted in a reduction of
sens expression in this region. To rule out RNAi off-target effects, we re-
peated these experiments with a second DNagk RNAi construct and also
observed reduction of sens expression in the posterior region (Fig. 5G–I).
By comparison, knockdown of the control gene yellow (y) had no effect on
sens expression (Fig. 5A–C). Moreover, RNAi-mediated knockdown of
DNagk using C96-Gal4, which drives expression in a broad stripe that
overlaps the dorsoventral wing disc boundary (Gustafson and Boulianne,
1996), also resulted in decreased sens expression in the larval wing disc
and in the formation of notches at the margin of adult wings (Fig. 5Q),
whereas RNAi-mediated knockdown of the control gene y neither de-
creased sens expression (Fig. 5J–L) nor altered the adult wing margin
(Fig. 5P). Furthermore, the expression of wg was not decreased by DNagk
knockdown (Fig. 5M–O), indicating that DNagk is important for Wg signal
transduction but not Wg expression.

To determine whether DPgm3 also promotes Wg signaling, we
tested the effects of its knockdown in third instar larval imaginal discs.
RNAi-mediated knockdown of DPgm3 in the posterior wing disc using
the hh-Gal4 driver resulted in a severe reduction of sens expression (Fig.
S12A–F). To rule out RNAi off-target effects, we tested a second line for
RNAi-mediated DPgm3 knockdown and observed similarly decreased

sens expression (Fig. S12G–I). In contrast, RNAi-mediated knockdown
of the control gene y resulted in no reduction in sens expression (Fig.
S12A–C). Additionally, RNAi-mediated knockdown of DPgm3 with the
C96-Gal4 driver resulted in notches at the adult wing margin (Fig.
S12Q), whereas knockdown of the y control had no effect. Moreover,
DPgm3 knockdown did not result in decreased Wg levels, indicating that
DPgm3 is important for Wg signaling but not Wg expression (Fig.
S12J–L). Together, these results indicate that both DNagk and DPgm3
promote Wg signal transduction. Thus, regulation of Wnt signaling by
the UDP-GlcNAc salvage pathway is conserved in Xenopus, zebrafish,
and Drosophila.

2.9. The growth of intestinal enteroids is significantly altered by changes in
the GlcNAc pool

We next asked whether the UDP-GlcNAc salvage pathway also plays
a role in regulating Wnt signaling in mammalian cells. Mini-organ or
organoid cultures represent a powerful ex vivo system to model mam-
malian development. We tested whether altering the GlcNAc pool by
addition of the Nagk substrate, GlcNAc, or the Nagk inhibitor, 3-OMe-
GlcNAc, affected the growth of intestinal crypt-derived enteroids,
which require the establishment of a Wnt-dependent stem cell niche for
growth and maintenance (Sato et al., 2009). Surprisingly, we found that
the viability of intestinal organoids was promoted several fold by the

Fig. 4. Inhibition of Nagk and N-glycosylation in
zebrafish induces cyclocephaly. (A) (Left) Injection
of NagkT128M mRNA or 3-OMe-GlcNAc results in cy-
clopic zebrafish. (Right) Representative images of
cyclopic zebrafish (5 days post fertilization) injected
with NagkT128M mRNA. Animals were defined as cy-
clopic as previously described (Marlow et al., 1998).
*ρ < 0.0253. (B) Injection of NagkT128M mRNA in-
duces cyclopia, which is rescued by co-injection with
GlcNAc, GlcNAc-6-P, GlcNAc-1-P, or UDP-GlcNAc.
*ρ < 0.0127. (C) Injection of Ngly1 mRNA also in-
duces cyclopia. *ρ < 0.05. Results are aggregates of
n≥3 replicates. Injections were performed with
0.5 ng mRNA or 25 pmol sugar. Absolute numbers
are indicated above bars. Significance was calculated
using Fisher's exact test with Bonferroni correction.
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addition of GlcNAc and inhibited by the addition of 3-OMe-GlcNAc
(Fig. 6A and B). The inhibitory effect of 3-OMe-GlcNAc could be reverse
with the addition of GlcNAc (Fig. 6C). Significantly, the Wnt activator,
CHIR99021, could also reverse the effect of 3-OMe-GlcNAc on organoid

viability (Fig. 6D). These studies are consistent with a role for the UDP-
GlcNAc salvage pathway in regulating a Wnt-dependent process in
mammalian cells.

Fig. 5. DNagk promotes expression of the Wg target gene
sens in Drosophila. (A-I) RNAi-mediated knockdown of the
y control or Nagk in the posterior compartment of third
instar wing imaginal discs using the hh-Gal4 driver. The
region of hh-Gal4 activity is indicated by expression of
Engrailed (En) (green in B, C, E, F, H, I). Knockdown of y
(A–C) does not affect sens expression (magenta, A and C),
whereas knockdown of Nagk using two independent
RNAi lines (D–G) reduces sens expression in the posterior
compartment of the discs (D, F, G and I).
(J–Q) RNAi-mediated knockdown of Nagk with the C96-
Gal4 driver (M–O, Q) reduces sens expression in larval
imaginal discs (magenta, M and O) and results in for-
mation of aberrant adult wing notches (Q), whereas
RNAi-mediated knockdown of the control y affects nei-
ther sens expression (J) nor formation of the wing margin
(P). 33% (n=60) of adult males expressing the Nagk
RNAi display wing notches compared to 0% (n=36) of
males expressing the control y RNAi. wg expression is not
reduced upon knockdown of Nagk (green, N). (For in-
terpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)
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2.10. Regulation of Wnt signaling by the salvage pathway occurs at the level
of the Wnt ligand and/or receptors

Wnt signaling is normally not detectable in undifferentiated ecto-
dermal explants (animal caps) of early Xenopus embryos. To determine
the level of the Wnt pathway at which the UDP-GlcNAc salvage
pathway and Dpagt1 act, we tested whether pathway activation by
different Wnt components could be enhanced or inhibited by over-
expressing or downregulating salvage pathway components (and
Dpagt1), respectively. We focused on Wnt ligand and receptor compo-
nents because they are known to be glycosylated. We found that co-
injecting Xwnt8, Wnt8-FZ5 (a constitutively active form of the Wnt
receptor Frizzled (Fz)) (Holmen et al., 2002), or the Wnt co-receptor
low-density lipoprotein receptor-related protein 6 (Lrp6) with mRNA
encoding salvage pathway enzymes or Dpagt1 increased expression of
the Wnt target genes, Xnr3, and chordin (Figs. 7A–C, S13A–C). Con-
versely, co-injecting MOs of Xwnt8, Wnt8-FZ5, or Lrp6 with mRNA
encoding salvage pathway enzymes or Dpagt1 decreased expression of
Xnr3 and chordin (Figs. 7A–C, S13A–C). Dsh, a cytoplasmic non-glyco-
sylated Wnt component, is thought to function at the level of the plasma
membrane to regulate activation of Wnt receptors (Saito-Diaz et al.,
2013). We found that co-injecting mRNA encoding or MO directed
against Dsh with salvage mRNA encoding pathway enzymes or Dpagt1

did not alter the expression of Xnr3 or chordin (Figs. 7D, S13D). These
data strongly suggest that the UDP-GlcNAc salvage pathway controls
Wnt signaling at the ligand-receptor level in the early embryo.

3. Discussion

In the current study, we found that increased and decreased activity
of the UDP-GlcNAc salvage pathway phenocopied Wnt activation and
inhibition, respectively. Furthermore, we showed that these effects are
evolutionarily conserved in Xenopus, zebrafish, Drosophila, and mouse
intestinal enteroids. Perhaps it is not surprising that alterations in
glycosylation would impact Wnt signaling as it has been previously
shown that glycosylation is important for the maturation of Wnt ligands
and receptors (MacDonald and He, 2012). Interestingly, glycosylation
does not appear to play a role in Wnt-Frizzled interaction (Janda et al.,
2012). In the case of LRP6, conserved N-glycan chains have been shown
to be important for modulation the conformation of the ectodomain
and, potentially, Wnt signaling (Matoba et al., 2017). Various heparin
sulfate proteoglycans have been shown to play important roles in Wnt
signaling, primarily by facilitating ligand-receptor interactions (Filmus
et al., 2008; Pataki et al., 2015; Wodarz and Nusse, 1998). Because of
our demonstration that perturbing the UDP-GlcNAc pathway alters
pathway activation by Frizzled and LRP6, we favor a model in which

Fig. 6. Viability of Wnt-dependent intestinal en-
teroids is sensitive to changes in the UDP-GlcNAc
salvage pathway. Wnt-dependent intestinal enteroids
grown in the presence of increasing concentrations
of (A) 3-OMe-GlcNAc or (B) GlcNAc demonstrate
decreased and increased viability, respectively. (C)
The inhibitory effect of 3-OMe-GlcNAc could be re-
versed by addition of GlcNAc and (D) the GSK3 in-
hibitor, CHIR99021, which activates the Wnt
pathway by stabilizing β-catenin. (A–D) Graphs
(Left) with representative images from three in-
dependent replicates (Right). Viability Index is re-
lative to no drug control (100%). Scale bars, 200 μm.
Statistical analyses were performed using the
GraphPad Prism version 5 software tool (La Jolla,
CA, USA). Data shown are mean values ± SD
(n=3) determined by one-way analysis of variance
(ANOVA) followed by Bonferroni multiple compar-
ison testing. *p < 0.05 and ***p < 0.001.
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Fig. 7. The UDP-GlcNAC salvage pathway acts at the
level of the Wnt ligand and/or receptors. (A–C, Left)
Activation of the Wnt pathway by Xwnt8, Wnt8-Fz5, and
Lrp6 is inhibited by co-injection with MOs against sal-
vage pathway enzymes as indicated by expression of the
Wnt target gene, Xnr3. (A–C; Right) Conversely, co-in-
jection with mRNAs encoding pathway enzymes en-
hanced Xnr3 expression. (D) In contrast, activation of the
Wnt pathway by Dsh was unaffected by inhibition (Left)
or overexpression (Right) of salvage pathway enzymes.
Data shown are representative of n≥3 biological re-
plicates using n=3 technical replicates. Each replicate
was a pool of n=5 animal caps. Each dorsal blastomere
was injected or co-injected with 1 ng mRNA or 1 pg MO.
Expression was normalized to Odc. Graphs display fold
change calculated using the 2−ΔΔCt method. Significance
was calculated using t-tests with equal variance with
Bonferroni correction on the ΔCt values. *ρ < 0.0127,
**ρ < 0.00251, ***ρ < 0.000251.
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changes in the UDP-GlcNAc pool affect the Wnt receptors themselves
(either via their maturation or via their structural conformation) and,
consequently, downstream signaling (Fig. S14).

Most surprisingly are our findings that changes in the UDP-GlcNAc
salvage pathway have such a profound effect on Wnt signaling, but not
on other critical embryonic signaling pathways (e.g., Fgf, TGFβ, Notch,
or Shh) during development. Cellular levels of UDP-GlcNAc reflect
changes in the intracellular levels of glucose, amino acids, fatty acids,
and nucleotides, and they has been proposed to act as a sensor of nu-
trient availability (Cheatham, 2004; Rossetti, 2000). Because the Wnt
pathway is a major growth pathway in humans, one evolutionarily
conserved role of the Wnt pathway may be to couple the overall
available metabolic resources of the cell to growth and proliferation.

Although beyond the scope of the present study, a major question is
how alterations in the UDP-GlcNAc pool affect signaling by Wnt re-
ceptors. It is possible that the effects are due to global changes on the
glycosylation state of Wnt receptors proteins. We believe this is unlikely
given that other signaling pathways would likely to be affected as well.
Thus, we favor a model in which one or more critical glycosylation
event(s) on the Wnt receptor may be altered in response to the changing
intracellular pool of UDP-GlcNAc (Fig. S14). Identifying the relevant
Wnt receptor glycosylation event(s) altered by changes in UDP-GlcNAc
levels will be the focus of future studies.

Finally, partial loss-of-function mutations in glycosylation cause a
group of human diseases termed congenital disorders of glycosylation
(CDGs) (Freeze, 2006). The biological and molecular defects by which
mutations in CDGs cause their symptoms are not known. While some
symptoms of CDGs differ, depending on the particular mutated gene,
many CDGs have similar symptoms. Recent evidence suggests that
CDGs may result from mutations in Pgm3 (Pgm3-CDG) that cause al-
terations in the free pool of UDP-GlcNAc and its utilization in glyco-
sylation (Pacheco-Cuellar et al., 2017; Stray-Pedersen et al., 2014).
Patients with Pgm3-CDG mutations present with immunodeficiency,
short stature, brachydactyly, dysmorphic facial features, and in-
tellectual disability (Pacheco-Cuellar et al., 2017; Stray-Pedersen et al.,
2014). Interestingly, all of these phenotypes have been attributed to
developmental defects resulting from mutations in Wnt pathway com-
ponents (Brugmann et al., 2007; Wang et al., 2011; White et al., 2018).
Thus, it is possible that disruption in Wnt signaling during development
may contribute significantly to the phenotypes associated with N-gly-
cosylation mutations, and patients with CDGs may benefit from ther-
apeutics that target the Wnt pathway. Future studies in model systems
such as Xenopus, zebrafish, and Drosophila will be helpful in testing
these possibilities at the molecular and phenotypic level.

4. Methods

4.1. Kinase screen

We obtained 232 cDNAs from the Harvard Institute of Proteomics
FLEXGene human kinase cDNA collection (pDNR-dual complete set).
Primers designed to facilitate in vitro transcription were used to gen-
erate PCR constructs. Human kinase coding regions were amplified
using a primer set containing flanking plasmid sequence. The 5′ oli-
gonucleotide contained a T7 promoter sequence and the 3′ oligonu-
cleotide was designed to overlap with the 5′ oligonucleotide sequence
of the CS2 poly(A) fragment:

Forward: 5′ GGCCCGCGCGCCAAACGAATGGTC 3′
Reverse: 5′CCAAGCCTTCTAATACGACTCACTATAGGGAGACAGTG
AGCGAGGAAGCGGCCGC 3′

The pCS2 poly(A) fragment was amplified in a separate PCR reac-
tion using the following primers:

Forward: 5′ GACCATTCGTTTGGCGCGCGGGCCTGAGATCCAGACA

TGATAAGATAC 3′
Reverse: 5′ GAATTAAAAAACCTCCCACACCTCCCCCTGAACCTG 3′

Both DNA fragments were stitched together in a third PCR reaction
to produce a single fragment containing a 5′ human kinase coding re-
gion and a 3′ poly(A) tail. mRNAs were generated using the MEGAscript
T7 Transcription Kit (Ambion). Pools of 8 human kinase mRNAs were
injected equatorially into dorsal blastomeres of four-cell stage Xenopus
laevis embryos. Pools were assessed for perturbation of development.
Positive pools were further characterized by single mRNA injections.

4.2. DNA constructs, mRNA, and protein

Kinases were subcloned into pCS2 plasmids, and these constructs
were used for all further experiments. A kinase-dead Nagk mutant was
generated by introducing a threonine to methionine substitution at
amino acid 128 (NagkT128M) by site-directed mutagenesis. cDNAs en-
coding Pgm3, Uap1, Dpagt1 and Ngyl1 were obtained from Open
Biosystems, and Drosophila CG6218/DNagk cDNA was obtained from
the Drosophila Genomics Resource. mRNAs were generated using the
mMessage Machine SP6 transcription kit (Ambion). Nagk was sub-
cloned into the pMAL vector (New England Biolabs), and recombinant
MBP-tagged Nagk was expressed and purified according to manufac-
turer's protocol.

4.3. Sugars and morpholinos

3-OMe-GlcNAc, UDP-GlcNAc, and GlcNAc-6-P were obtained from
Cayman Chemical Company. GlcNAc and GlcNac-1-P were obtained
from Sigma-Aldrich. Morpholinos were designed using J-Strain 9.2 and
acquired from Gene Tools, LLC. The following MO sequences were used:
Nagk 5′ CCCCCATACACAGCAGCCATCTC 3′, Pgm3 5′ ATTCAGCACTG
CTTCCATCTTCATC 3′, Uap1 5′ TGACGAACAACTGCCACATCCATAC 3′,
and Dpagt1 5′ CCGGCATGTTTGCCAATAGTTTACG 3′.

4.4. Animal care

All vertebrate animals in this study (Xenopus and zebrafish) were
treated in accordance with Vanderbilt's Institutional Animal Care and
Use Committee.

4.5. Xenopus embryo injections

Xenopus embryos were in vitro fertilized, dejellied, cultured, and
injected as previously described (Peng, 1991). Staging was as pre-
viously described (Nieuwkoop and Faber, 1994). Embryos were in-
jected equatorially in both dorsal blastomeres at the 4-cell stage and
allowed to develop to stage 35 before phenotyping. For soaking em-
bryos, stage 3 embryos were transferred to 2.5% (w/v) GlcNAc or Tu-
nicamycin, suspended, and allowed to develop to stage 35 at room
temperature.

4.6. Zebrafish embryo injections

Wild-type (AB) zygotes (1 cell) were injected (1 nL) in the single
cell. Embryos were raised in egg water (0.03% Instant
Ocean)+ 0.01mg/L methylene blue at 28.5 °C at a density of 50 or
fewer embryos per 100× 20mm petri dish. Embryos were phenotyped
at 5 days post fertilization. Embryos were fixed overnight in 4% par-
aformaldehyde in phosphate-buffered saline (PBS) overnight and stored
in PBS at 4 °C until imaged. Embryos with severe and non-specific
edema were excluded from analysis.

4.7. Generation of cDNA and quantitative-PCR

Total RNA was collected from whole embryos at stage 10.5, 13, or

L.R. Neitzel, et al. Mechanisms of Development 156 (2019) 20–31

28



16, and animal caps were collected from stage 10.5 embryos. Samples
were homogenized in 1mL RNA Stat-60 (Amsbio) with a disposable
pestle and extracted with chloroform. cDNAs were synthesized using
the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). qPCR was performed using the GoTaq® qPCR Master Mix
(Promega) on a CFX96 qPCR machine (Bio-Rad). All qPCR reactions
were performed in triplicate. mRNA levels were normalized to the
house keeping gene ornithine decarboxylase (Odc). Fold changes were
calculated using 2−ΔΔct as described (Rao et al., 2013). The following
previously described qPCR primers were used (Batut et al., 2005; Jin
et al., 2016; Miyazaki et al., 2012; Sun et al., 2015; Swain et al., 2005):
Odc:

Forward: 5′ GTCAATGATGGAGTGTATGGATC 3′
Reverse: 5′ TCCATTCCGCTCTCCTGAGCAC 3′

Hes1:

Forward: 5′ AAAGTCCTCCAAGCCCATC 3′
Reverse: 5′ CCGGGAGCTATCTTTCTTGAG 3′

Dusp6:

Forward: 5′ GTGACACCAAACTTGCCTAATC 3′
Reverse: 5′ CGGGCTTCATCTATAAACGAGAT 3′

Tbxt:

Forward: 5′-GGATCGTTATCACCTCTG-3′
Reverse: 5′-GTGTAGTCTGTAGCAGCA-3′

Ptch1:

Forward: 5′-GGACAAGAATCGCAGAGCTG-3′
Reverse: 5′-GGATGCTCAGGGAACCTTAC-3′

Chordin:

Forward: 5′-AACTGCCAGGACTGGATGGT-3′
Reverse: 5′-GGCAGGATTTAGAGTTGCTTC-3′

Xnr3:

Forward: 5′-CTTCTGCACTAGATTCTG-3′
Reverse: 5′-CAGCTTCTGGCCAAGACT-3′

4.8. Microscopy

Bright field images were obtained using a Stemi 2000-CS micro-
scope (Zeiss, Oberkochen, Germany) with an Olympus DP72 camera.
Fluorescent images were obtained using a Nikon Eclipse 80i microscope
with a Cool SNAP ES camera (Photometrics, Tucson, USA). Images were
analyzed in Fiji or Photoshop.

4.9. Drosophila stocks and crosses

DNagk RNAi lines (Nagki1: Bloomington Drosophila Stock Center
(BDSC) #28386 and Nagki2: Vienna Drosophila Resource Center (VDRC)
#108069) and y (BDSC #64527) were expressed, in addition to UAS-
Dcr-2 (BDSC #24648), in third instar larval wing imaginal discs using
the hh-Gal4 (Tanimoto et al., 2000) or C96-Gal4 (BDSC #25757) dri-
vers. Pgm3: Pgm3i1 (VDRC #31298) and Pgm3i2 (VDRC #105398) RNAi
lines were similarly expressed in third instar wing imaginal discs.
Crosses with C96-Gal4 were reared at 29 °C, whereas crosses with hh-
Gal4 were reared at 25 °C.

4.10. Drosophila immunohistochemistry

Third instar wing imaginal discs were dissected on ice in PBS and
fixed in 4% paraformaldehyde in PBS for 20min. The discs were then
washed with 0.1% Triton X-100 in PBS followed by a 1 hour incubation
in PBS with 0.5% Triton X-100 and 10% BSA. Wing discs were in-
cubated with guinea pig anti-Senseless (1:2000) (Nolo et al., 2000),
mouse anti-Wg (4D4, Developmental Studies Hybridoma bank [DSHB],
1:20), and mouse anti-Engrailed (4D9, DSHB, 1:20) at 4 °C overnight in
PBS with 0.1% Triton X-100. Discs were subsequently incubated with
secondary antibodies (anti-guinea pig and anti-mouse Alexa Fluor 488
and 555 conjugates, ThermoFisher Scientific, 1:500) for 2 h at room
temperature. The discs were stained in 2 μg/mL DAPI and mounted in
Prolong Gold (Invitrogen). All fluorescent images were obtained using a
Nikon A1RSi confocal microscope.

4.11. Enteroid culture

Enteroids were prepared as previously described (Li et al., 2017).
Briefly, jejunum from ~8-week-old mice was obtained and washed with
PBS followed by incubation for 20min with cold PBS containing
1.5 mM dithiothreitol and 30mM EDTA. Tissue was incubated with
warm PBS containing 15mM EDTA for 6min, vigorously shaken to
release intestinal crypts, and centrifuged. The resulting crypt pellet was
washed with 30× volume of basal media (Dulbecco's modified Eagle
media/F12 plus 2mM GlutaMAX, 10mM Hepes, penicillin/strepto-
mycin (100 U/mL), and 1× N2 and 1× B27 supplements). Purified
crypts were filtered with a 100 μm cell strainer and embedded in Ma-
trigel (Corning). Isolated enteroids were grown in IntestiCult Organoid
Growth Medium (Mouse) (Stemcell Technologies) in the absence or
presence of drugs. The media was replenished every other day for
10 days and cell viability determined using the Cell Titer Glo assay
(Promega). CHIR99021 was purchased from Stemcell Technologies.

4.12. Statistics

All statistical analyses were performed in R v3.1.0. Fisher's exact
test and multiple t-test (two tailed, equal variance) were used as in-
dicated in figure legends. Post hoc analysis of Fisher's exact test and
multiple t-test was performed by Bonferroni correction.
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