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ABSTRACT Congenital disorder of glycosylation (PMM2-CDG) results from mutations in
pmm2, which encodes the phosphomannomutase (Pmm) that converts mannose-6-phosphate
(M6P) to mannose-1-phosphate (M1P). Patients have wide-spectrum clinical abnormalities
associated with impaired protein N-glycosylation. Although it has been widely proposed that
Pmm2 deficiency depletes M1P, a precursor of GDP-mannose, and consequently suppresses
lipid-linked oligosaccharide (LLO) levels needed for N-glycosylation, these deficiencies have
not been demonstrated in patients or any animal model. Here we report a morpholino-based
PMM2-CDG model in zebrafish. Morphant embryos had developmental abnormalities consis-
tent with PMM2-CDG patients, including craniofacial defects and impaired motility associat-
ed with altered motor neurogenesis within the spinal cord. Significantly, global N-linked gly-
cosylation and LLO levels were reduced in pmm2 morphants. Although M1P and GDP-mannose
were below reliable detection/quantification limits, Pmm2 depletion unexpectedly caused
accumulation of M6P, shown earlier to promote LLO cleavage in vitro. In pmm2 morphants,
the free glycan by-products of LLO cleavage increased nearly twofold. Suppression of the
M6P-synthesizing enzyme mannose phosphate isomerase within the pmm2 background nor-
malized M6P levels and certain aspects of the craniofacial phenotype and abrogated pmm2-
dependent LLO cleavage. In summary, we report the first zebrafish model of PMM2-CDG and
uncover novel cellular insights not possible with other systems, including an Mé6P accumula-
tion mechanism for underglycosylation.
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INTRODUCTION

The congenital disorders of glycosylation (CDGs) are a group of het-
erogeneous, hypomorphic, inherited diseases characterized by de-
ficient N-glycosylation, typically detected by underglycosylation of
serum glycoproteins (Jaeken and Matthijs, 2001; Marquardt and
Freeze, 2001). Traditionally divided into two groups, the type | CDGs
are classified by genetic defects at loci known to participate in the
biosynthesis of the lipid-linked oligosaccharide (LLO) glucosesman-
nosegN-acetylglucosamine;,-pyrophosphate-dolichol  (GzMgGn,-P-
P-Dol), the glycan donor for N-glycosylation. This includes loci en-
coding proteins and enzymes involved in sugar and lipid metabolism,
endoplasmic reticulum (ER)-localized glycosyltransferases, and pro-
teins that facilitate utilization of substrates (Haeuptle and Hennet,
2009). First recognized in the clinic by Jaeken in the 1980s, the most
common subtype of CDG is caused by deficiency of the metabolic
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enzyme phosphomannomutase 2 (Pmm2; Matthijs et al., 1997). This
enzyme converts mannose-6-phosphate (M6P) to mannose-1-phos-
phate (M1P), the substrate needed for the synthesis of GDP-man-
nose and the eventual production of LLO. Designated PMM2-CDG
(this subtype was formerly referred to as CDG-la), patients with this
disease exhibit a constellation of abnormalities, including psycho-
motor and mental retardation, cerebellar atrophy, peripheral neu-
ropathy, hypotonia, and ataxia (de Lonlay et al., 2001; Coman et al.,
2008; Freeze et al., 2012). There are no current therapies for PMM2-
CDG, and little is known about the relationship between the under-
glycosylation of proteins and the clinical features of the disease
(Freeze, 2001, 2009).

Our limited understanding of type | CDG pathophysiology can be
attributed to the paucity of suitable animal models for these diseases.
Although many of the predicted CDG biochemical phenotypes have
been confirmed by analyses of LLO and glycoprotein synthesis in
cultured fibroblasts and leukocytes from patients, such culture sys-
tems fail to recapitulate the more complex physiological relationships
that exist within the entire organism, yielding inconsistent results
(Gao et al., 2005). These limitations have hampered evaluation of
potential and actual therapeutic treatments for type | CDGs. For ex-
ample, dietary mannose supplementation, which is expected to in-
crease intracellular M6P concentrations and drive M1P synthesis by
mass action, is clinically beneficial for MPI-CDG (also known as CDG-
Ib) patients but not for PMM2-CDG patients. A mouse line com-
pletely lacking mannose phosphoisomerase (MPI), the enzyme re-
sponsible for the generation of M6P from fructose 6-phosphate (F4P),
is an embryonic lethal (DeRossi et al., 2006). Attempts to generate
viable mouse models for PMM2-CDG, the most common form of
CDG, have also been particularly challenging. Complete knockout of
Pmm2, or knock-in of the most common human PMM2-CDG allele,
R137H, into this null background resulted in early embryonic lethality
(Thiel et al., 2006). In contrast, knock-in of another common allele,
F118L, resulted in only mild loss of enzymatic activity and no detect-
able phenotypes (Schneider et al., 2012). Compound heterozygotes
with both the R137H and F118L alleles, however, survived to embry-
onic day 9.5 (Schneider et al., 2012). These embryos had reduced
staining with wheat germ agglutinin, a plant lectin able to bind to
sialic acid and N-acetylglucosamine residues and therefore capable
of detecting several classes of glycoconjugates, including N-linked
glycans. Strikingly, when the water given to the pregnant dams was
supplemented with mannose, many of these embryos were born live,
survived past weaning, and regained normal wheat germ agglutinin
staining patterns. These data suggest that the R137H/F118L em-
bryos had glycosylation deficiencies that were reversible by maternal
mannose supplementation. Despite these findings, a tractable ani-
mal model that closely replicates the genetic, developmental, and
glycosylation deficiencies documented for PMM2-CDG patients is
still needed for a thorough biochemical and behavioral evaluation of
the disease mechanisms and experimental treatments.

To overcome the present limitations of PMM2-CDG mouse mod-
els, we took advantage of the genetic and experimental attributes
of zebrafish (Danio rerio), an excellent vertebrate system for both
the study of embryonic development and the modeling of genetic
diseases. We recently described a model of MPI-CDG (Chu et al.,
2012), demonstrating the utility of this system for modeling CDG.
Here we report that suppression of pmm2 expression using a mor-
pholino-based approach resulted in morphant embryos that exhibit
several cellular and molecular phenotypes consistent with the hu-
man disease, including altered craniofacial cartilage development,
impaired motility, and reduced protein N-glycosylation. We also
provide direct evidence for reduced LLO levels in the morphants.
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Surprisingly, although our analytical methods were too insensitive to
reliably detect M1P and GDP-mannose in zebrafish, an increase in
the level of the Pmm2 substrate Mé6P was consistently observed.
Additional genetic and biochemical experiments revealed that loss
of N-glycosylation in the pmm2 morphants was best explained by
accelerated hydrolysis of LLO triggered by the accumulated M6P.
Taken together, these results yield new insights into the cellular and
molecular basis of type | CDGs, lend support to the concept of flux-
based therapy, and further highlight the utility of the zebrafish sys-
tem in the investigation of inherited metabolic disorders.

RESULTS

Pmm2 activity is shown to be significantly reduced in
zebrafish embryos by using a morpholino-based strategy

To inhibit pmm2 expression, we tested two different antisense mor-
pholinos (MOs) directed against zebrafish pmm2—one that inhibits
mRNA translation (translation blocker [TB MQ]) and one that inhibits
mRNA splicing (splice blocker [SB MOJ; Figure 1A). Over a 0-1.77 uM
concentration range, the degree of knockdown with each mor-
pholino was assessed by either reverse transcription (RT)-PCR (SB
MO) or Pmm2 activity assays (SB and TB MOs). The SB MO caused
a linear decrease in the amount of normally spliced pmm2 tran-
scripts, with a maximal reduction at 0.52 uM (Figure 1B). Although a
decrease in normally spliced transcript is often accompanied by a
concomitant increase in an alternate splice product (either larger or
smaller, depending on the junction targeted), we were unable to
detect the larger intron-containing transcript after pmm2 inhibition.
To assess whether the lack of this product after PCR amplification
was due to the large amplicon size, we probed its presence with two
additional sets of primers (see Materials and Methods for details)
whose efficacies were previously validated using genomic DNA. In
light of the fact that neither primer set amplified the alternate splice
product, we conclude that this SB MO caused rapid elimination of
the full-length pmm2 mRNA. Surprisingly and for reasons that are
unclear, pmm2 transcript abundance increased with higher MO con-
centration (Figure 1B). To determine the effect of MO inhibition on
protein expression, we measured Pmm2 activity in lysates using a
coupled assay. Pmm2 activity was reduced to 33.4% of control with
the SB MO, which paralleled the RT-PCR results, and to 58% of con-
trol with the TB MO. However, like the corresponding message, the
enzymatic activity of Pmm2 could not be completely suppressed,
and it rebounded at the highest SB MO concentration, suggesting
the presence of compensatory mechanisms (Figure 1C).

Based on these considerations, 0.52 pM SB MO was used for the
remainder of the study. At this concentration, Pmm2 activity was
stably reduced for the first 4 d of development (unpublished data).
Coinjection of the SB MO and full-length pmm2 mRNA (whose se-
quence is nonhomologous to the SB MO) rescued Pmm2 activity to
near-normal levels, demonstrating both the specificity of the SB MO
and the efficacy of the injected mRNA (Figure 1D). In situ hybridiza-
tion analyses of pmm2 revealed global expression throughout the
heads of control embryos, with transcript concentration notably in-
creased in ventral regions (Figure 1E; arrows highlight ventral con-
centration). Low levels of pmm2 expression were also noted in em-
bryonic spinal cords (unpublished data). Consistent with decreased
enzyme activity, both transcript patterns were clearly reduced in em-
bryos injected with the pmm2 SB MO (Figure 1E).

pmm2 morphants exhibit alterations in craniofacial

cartilage development

Motivated by the fact that PMM2-CDG patients exhibit craniofa-
cial and skeletal malformations, we were prompted to analyze
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FIGURE 1: Injection of pmm2 directed antisense morpholinos into
zebrafish embryos reduces pmm2 transcript abundance and activity.
(A) Schematic representation of pmm2 gene. The positions of TB and
SB MOs are indicated, as is the transcriptional start site (*). Arrows
indicate the position of one set of primers used to assess transcript
abundance (see Materials and Methods). (B) RT-PCR of 3-dpf embryos
after injection of indicated concentrations of SB MO. (C) Pmm?2
activity measurements of 3-dpf embryos after injection of either the
TB or SB MO. n = 4 experiments. Throughout this article, *p < 0.05
and **p < 0.01 (Student'’s t test). (D) Measurement of Pmm2 and Mpi
activity in 3-dpf control embryos, embryos injected with 0.52 yM SB,
and mRNA-rescued morphants. n = 25 experiments. (E) In situ analysis
of pmm2 expression in control and pmm2 morphant (MO) embryos.
Arrowheads indicate ventral concentration of staining.

developing cartilage in pmm2 morphants in detail by staining with
Alcian blue, a dye that binds acidic components of the extracellu-
lar matrix. pmm2 morphant embryos displayed several defects
in cartilage morphogenesis, including protracted Meckel’s (M)
cartilages, misshapen palatoquadrate (PQ) and ceratohyal (CH)
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structures, and kinked pectoral fins (Figure 2A). Each of these phe-
notypes was rescued by coinjection of pmm2 mRNA, suggesting
that they were specific to Pmm2 reduction and not potential off-
target MO effects. Furthermore, simultaneous suppression of
pmm2 and p53 did not ameliorate the craniofacial phenotypes
(unpublished data), indicating that the pmm2 MO does not induce
these abnormalities by promoting nonspecific apoptosis. This is an
important consideration, as several studies have shown that one
common off-target effect of morpholinos is the induction of p53-
directed apoptosis (Ekker, 2000; Bill et al., 2009).

Measurements of the cartilage structures showed that they were
not only misshapen, but also shorter than control cartilages (Figure
2B). In addition, the distance between the M and CH cartilages was
reduced by 35% in the pmm2 morphants. With the exception of the
length of the CH cartilage, coinjection of pmm2 mRNA significantly
improved the size and shape of the craniofacial cartilages (Figure
2B). The lack of CH recovery and partial PQ recovery may be ac-
counted for by the fact that these structures finish developing after
the M cartilage and may therefore be outside the window of mRNA
rescue.

Although analyses of control and morphant flat-mounted carti-
lages showed no significant differences in the total number of cells
(unpublished data), they revealed alterations in the morphology of
morphant chondrocytes (Figure 2C). Unlike control chondrocytes,
which were oblong in shape and had converged to form a single line
of cells, morphant cells remained round and were arranged in mul-
ticellular layers, yielding a “cobblestone”-like appearance. To quan-
titatively measure these differences in cellular shape, we calculated
the ratio between the short and long axes of individual chondro-
cytes. The ratio between these axes was significantly larger in the
morphants (Figure 2D), reflecting increased cellular roundness.
Again, coinjection of pmm2 mRNA restored the typical oblong cel-
lular morphology of the morphant chondrocytes. To ask whether the
alterations in cell shape reflected an early defect in chondrocyte
maturation, we stained control and morphant embryos with peanut
agglutinin (PNA), which labels prechondrocytic mesenchymal cells,
and type Il collagen, one of the earliest markers of chondrocyte dif-
ferentiation. PNA is a lectin that binds the terminal disaccharide
Gal-B(1-3)-GalNAc in O-linked glycans, and is therefore not directly
dependent on the mannose-derived products of Pmm2. No differ-
ences in the intensity, distribution, or timing of the expression of ei-
ther marker were detected between control and morphant chondro-
cytes, suggesting that initial aspects of differentiation are unaffected
by pmm2 knockdown (unpublished data). Collectively these find-
ings indicate that reduced Pmm?2 activity is associated with changes
in craniofacial cartilage formation resulting from altered chondro-
cyte morphogenesis.

pmm2 morphants exhibit multiple motility defects

Because PMM2-CDG patients exhibit hypotonia, ataxia, and de-
layed motor development, we investigated whether pmm2 mor-
phants demonstrated motor system defects. These analyses re-
vealed multiple deficits at two developmental stages in morphant
embryos when compared with controls. By 1 d postfertilization (dpf),
normal zebrafish embryos exhibit two different motility behaviors:
spontaneous movements, consisting of slow, alternating tail flex-
ures, and elicited movements, in which embryos respond to exter-
nal stimuli with several rapid tail flexures. Analyses of 1-dpf embryos
revealed a slight but significant decrease in the number of sponta-
neous tail curls generated by pmm2 morphants (11.0 vs. 8.2; Figure
3A). In addition, pmm2 morphants exhibited reduced response to
touch at 1 dpf. Although both produced a similar number of tail
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FIGURE 2: pmm2 morphants have dysmorphic craniofacial cartilage. (A) Alcian blue stains of 4-dpf control and pmm2
morphant embryos revealed altered size and shape of Meckel’s cartilage, as well as the palatoquadrate and ceratohyal
cartilages. These defects were rescued by coinjection of pmm2 mRNA. n = 30-50 embryos per condition over three
experiments. Arrow shows kinked pectoral fins in the pmm2 morphants. (B) The length of individual structures was
measured and normalized to a standard length (SL), which was set as the distance between the eyes. Individual cartilage
measurements are outlined in the fish schematic. n = 30-50 embryos per condition over three experiments. Here and
throughout this article, ***p < 0.001. (C) The 4-dpf WT, pmm2 morphant (MO), and pmm2 mRNA-rescued embryos
were dissected and the cartilages mounted flat. Analysis of these preparations showed that morphant chondrocytes
were rounder and more underintercalated compared with WT chondrocytes. This was rescued by coinjection of pmm2
mRNA. n=12-15 embryos per condition in three experiments. (D) Chondrocyte shape was measured in each of the
affected structures by determining the ratio of cell short axis to long axis. The closer this number is to 1, the rounder is

the cell. n=12-15 embryos per condition in three experiments.

curls following stimulation, 88% of control embryos responded with
a complete curl that made contact with the body. In contrast, the
majority of morphant embryos (75%) only flexed the tip of their tail,
never touching the body. By 3 dpf, deficits in touch responsiveness
within the pmm2 morphants were further illustrated by both aber-
rant escape and swimming behaviors.

To quantify these behaviors, we placed 3-dpf embryos in the
center of a plate marked with a series of concentric rings, which
were used to assign swimming distances (Figure 3B). After stimula-
tion, control embryos robustly swam away from the stimulus, ulti-
mately crossing multiple rings. In contrast, morphant embryos typi-
cally swam in a circle toward the stimulus, remaining within the first
ring. Both the early-stage (1 dpf) and late-stage (3 dpf) defects in
elicited motility were significantly (in >50% of the embryos assayed)
rescued by coinjection of pmm2 mRNA (Figure 3C). Taken together,
these data suggest that reduction of pmm2 activity alters embryonic
motility behaviors, possibly by affecting aspects of neural or muscu-
lar development.

Reduced motility of pmm2 morphants is associated

with abnormal motoneuron development and spinal

cord organization

Previous studies on zebrafish mutants with impaired glycosylation
demonstrated altered migration, organization, and proliferation of
multiple classes of motoneurons (Ohata et al., 2009; Song et al.,
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2010). In particular, the slytherin (srn) and towhead (twd) mutants,
which carry distinct mutations in GDP-mannose-4,6-dehydratase
(gmds)—an enzyme involved in synthesis of GDP-fucose—display
increased motor neurogenesis and aberrant migration of motoneu-
ron progenitors, respectively. To determine whether similar defects
in neuronal development underlie the pmm2 motility phenotypes,
we generated morphants within the hb?:GFP transgenic back-
ground, in which both primary and secondary motoneurons express
green-fluorescent protein (GFP) under the control of the motoneu-
ron-specific hb? promoter (Flanagan-Steet et al., 2005).

Confocal analysis of control and morphant embryos at 1 and 3
dpf revealed an increase in the number of motoneurons within
pmm2 morphant spinal cords, apparent both in the number of cell
bodies and in the overall width of motoneuron occupancy within the
spinal cord (Figure 4, A and B). Inhibition of Pmm2 activity did not
obviously affect the developing skeletal muscle (as assessed with
phalloidin staining) or motor axon trajectories and synaptic develop-
ment. The increase in motoneuron number was rescued in >60% of
the animals coinjected with pmm2 mRNA. Furthermore, morpho-
logical analysis of GFP-labeled cell bodies suggested that the in-
creased motoneuron population was likely restricted to the second-
ary lineage. Although primary motoneurons, which are typically
larger than secondary motoneurons, can be identified by both posi-
tion and size, embryos were additionally stained with the secondary
motoneuron marker zn-5. Analysis of zn-5 confirmed that increase

Molecular Biology of the Cell
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FIGURE 3: pmm2 morphants exhibit pronounced motility defects.
(A) At 1 dpf the times that control and pmm2 morphant (MO)
embryos spontaneously curled their tails in 1 min were counted and
plotted. Each dot on the scatter plot represents one animal. Two
hundred twenty-five embryos per condition were scored over five
separate experiments. Horizontal markers indicate the median values.
(B) At 3 dpf the swimming behaviors and “escape” responses of
control, morphant, and pmm2 mRNA-rescued embryos were
assessed by placing individual animals in the center of a Petri dish
marked with three concentric rings. Embryos were lightly touched on
the head and their behavior and final destination (zone 1, 2, or 3)
recorded. (C) For each condition the average “final location” of

100 embryos from three experiments is graphed.

in cell number primarily affected the population of secondary
motoneurons (Figure 4, C and D).

Pmm2 deficiency in zebrafish results in global suppression
of N-linked glycosylation

Hypoglycosylation of the serum glycoprotein transferrin is typically
used in the clinical diagnosis of type | CDGs. In the absence of such
a validated marker for zebrafish, we quantified the pool of N-glycans
in protein fractions from entire animals by release with PNGase F,
fluorophore-assisted carbohydrate electrophoresis (FACE) analysis,
and normalization to protein content. Although no qualitative differ-
ences were detected in the profile of N-glycans, the size of the pool
in five individual experiments was reduced on average to 86% of
control after pmm2 knockdown (Figure 5A and Supplemental Figure
S1A). These reductions of N-glycan levels were mitigated by rescue
with pmm2 mRNA, arguing against an off-target effect of the pmm2
morpholino (Figure 5A). Thus it appears that N-glycan processing
was not strongly affected by pmm2 knockdown—only the amount
of glycan transferred to endogenous protein acceptors, which is
highly reminiscent of PMM2-CDG patients.

Zebrafish yolk contains a large amount of N-glycosylated pro-
teins (e.g., vitellogenin) that originate from the egg and therefore
are not subject to hypoglycosylation due to injection of pmm2 mor-
pholinos into embryos. This prompted us to determine whether the
presence of yolk was masking a more pronounced change in mor-
phant N-glycan content. As shown in Supplemental Figure S1B, N-
linked glycans were readily observed in zebrafish eggs, and the
quantities in embryos were greatly reduced by removal of yolk. Of
importance, removal of yolk from the 4-dpf embryos showed that
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the N-glycan pool in pmm2 morphants was actually reduced on av-
erage to 54% of control. By comparison, in this experiment the N-
glycan pool was reduced to 78% of control when yolks were present
(Figure 5B). This demonstrated a robust masking effect of yolk-de-
rived N-glycans. The qualitative profile of the N-glycans was un-
changed in the morphants after yolk removal, again indicating that
processing of embryonic N-linked glycoproteins was not substan-
tially affected (Supplemental Figure S1B). Taken together, the loss
of Pmm2 activity, broad developmental and motor abnormalities,
including an unanticipated increase in motoneuron number, and
deficiency of N-glycosylation indicate that the pmm2 morphants
developed here represent a valid zebrafish model of PMM2-CDG
disease.

LLO levels are suppressed in pmm2 morphants

It has been widely hypothesized that hypoglycosylation in PMM2-
CDG patients is a result of reduced LLO concentrations, but no direct
LLO analyses of patient biopsy material have been reported. Recent
mass spectrometry data from PMM2-CDG patient fibroblasts grown
in culture with physiological glucose indicate that the PMM2 defi-
ciency creates a significant bottleneck for flux of mannosyl precursors
(Sharma et al., 2011). However, in physiological glucose, PMM2-CDG
fibroblasts also have normal steady-state levels of LLO (Gao et al.,
2005) and have normal glycoform distributions for o4-antitrypsin and
other N-linked glycoproteins (Marquardt et al., 1995, 1996; Dupre
et al., 2000). These results leave open the question as to whether
LLO levels in patients are truly reduced by PMM2 deficiency.

To begin to address this question, we used FACE to measure
steady-state LLO levels in 4-dpf (larval stage) pmm2 morphants.
Figure 5, C and D, shows that pmm2 morphants have 58% of control
levels of G3MyGn,-P-P-Dol. This amount is returned to normal after
rescue by coinjecting pmm2 mRNA. Moreover, no relative accumu-
lations of LLO intermediates were detected within the range M3Gn,-
P-P-Dol to Gy;MoGn,-P-P-Dol (Figure 5C and Supplemental Figure
S2), which is the functional resolution established previously for the
FACE system (Gao et al., 2005). These results show that LLO levels
are suppressed in this animal model of pmm2 deficiency, with one
possible explanation being inhibition of a step before the synthesis
of M3Gn,-P-P-Dol.

Metabolic analysis of pmm2 morphants demonstrates

an accumulation of mannose-6-phosphate

To elucidate the cause of the LLO deficiency, we subjected whole
4-dpf embryos to sugar analysis using FACE with reductive amina-
tion and fluorescence detection. An obvious caveat to this approach
is that it measures sugars in total embryos, averaged over all the
individual cell types, and is weighted toward those cells with higher
sugar contents. Similarly, the embryos might contain unknown com-
pounds able to interfere with the analysis. In preliminary experi-
ments, we found that whole-embryo sugar phosphate contents
were highly variable through 3 dpf but stabilized somewhat by 4 dpf.
Consequently, we opted to analyze sugars in 4-dpf embryos.

An obvious explanation for LLO deficiency in pmm2 morphants
is a reduction in the synthesis of M1P (which requires Pmm2 activ-
ity) and consequently lower concentrations of GDP-mannose that
limit early mannose-dependent steps of LLO synthesis. FACE offers
an advantage over other analytical methods in that sugar phos-
phates (M1P and M6P) and nucleotide sugars (like GDP-mannose)
can be recovered from the same samples used for the earlier mea-
surements of LLOs and N-glycans. However, we were unable to
consistently detect either M1P or GDP-mannose in zebrafish by
FACE due to the limited amounts of embryonic material (although

Zebrafish model for PMM2-CDG | 4179
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pmm2 morphant spinal cords contain increased numbers of secondary motoneurons.
(A) Confocal images of control and pmm2 morphant (MO) embryos generated in the hb9:GFP
background reveal increased numbers of motoneurons at 1 dpf (top) and 3 dpf (bottom) of
development. Phalloidin staining of muscle fibers showed no differences in myotomal
architecture between control and morphant embryos. White brackets indicate representative
distances between the ventral spinal cord and the upper end of motoneuron occupancy. n=~30
embryos per condition. (B) Quantitation of the number of GFP-positive cell bodies per myotome
at 1 dpf and width of motoneuron occupancy within both 1- and 3-dpf embryonic spinal cords
demonstrated significant differences between control and pmm2 morphant (MO) embryos that
were rescued by coinjection of pmm2 mRNA. n =~30 embryos per condition. (C) Whole-mount
immunohistochemical stains of 3 dpf embryos using the secondary motoneuron marker zn5
show that the majority of neuronal increase occurs in the secondary motoneuron lineage of
pmm2 morphant (MO) embryos. This increase is rescued by coinjection with pmm2 mRNA. Red
brackets delineate the ventral edge of the spinal cord on upper limit of motoneuron occupancy.
n =22 embryos. (D) Schematic representation of increased numbers of motoneurons, which
appears to primarily affect the secondary motoneuron (MN) population, represented as white
cells, whereas the number of primary motoneurons (MN) is unaltered, represented as large
green cells. The dotted arrow shows that the width of the spinal cord (SC) is similar between

control (Cntrl), MO, and mRNA-rescued embryos.

mannosyl-1,6-bisphosphate, the cofactor for Pmm2, appeared un-
affected). For this reason, the effects of Pmm2 insufficiency on M1P
and GDP-mannose concentrations could not be reliably measured.

Curiously, FACE experiments showed that M6P levels were in-
creased in pmm2 morphants (Figure 5C). FACE analyses of sugars
isolated from the same three morphant and rescue samples used for
the LLO analysis of Figure 5D were particularly informative. As
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shown in Figure 5D, pmm2 morphants ex-
hibited an average increase of 1.9-fold in
M6P levels, which was reduced by coinjec-
tion of pmm2 mRNA (Figure 5, C and D).
This increase in M6P was independently
confirmed by a high-performance liquid
chromatography—based method able to di-
rectly assess levels of this sugar phosphate
in an aqueous extract (Supplemental Table
S1). The increase of MéP can be explained
by the fact that M6P is normally consumed
by Pmm2 for M1P synthesis and therefore
might accumulate in pmm2 morphants. Of
interest, in a recent study, we provided evi-
dence that under certain conditions M6P
could promote the hydrolysis of LLO both in
permeabilized and in intact cells, causing
release of the G3MyGn; glycan and Dol-P-P
(Gao et al., 2011). The outcome was loss of
LLO with no accumulation of truncated LLO
biosynthetic intermediates. Because this re-
sult was similar to that observed in pmm2
morphants (Figure 5), we designed experi-
ments to test the hypothesis that LLO de-
pletion in the pmm2 morphants was caused
by accumulated M6P, resulting in LLO
hydrolysis.

LLO levels in pmm2 morphants are
stabilized by manipulating the Mé6P-
synthesizing enzyme mannose-6-
phosphate isomerase

M6P can be formed from FéP in a reversible
reaction catalyzed by Mpi (see Figure 5E).
MPI-CDG patients have reduced Mpi activ-
ity, leading to an N-glycosylation deficiency
similar to that in PMM2-CDG. Evidence
suggests that the etiology of MPI-CDG is
due to impaired conversion of F&6P to M6P,
leading to suppressed M1P concentrations
(Panneerselvam and Freeze, 1996; Niehues
et al., 1998). Moreover we recently demon-
strated that zebrafish with suppressed Mpi
activity had reduced levels of LLOs and
N-glycans (Chu et al., 2012).

In light of these data, we hypothesized
that the contribution of excess MéP to the
biochemical phenotypes associated with
Pmm2 deficiency could be tested by simul-
taneous knockdown of Pmm2 and Mpi
(Figure 5E). In other words, if the LLO defi-
ciencies in the pmm2 and mpi morphants
were both due solely to lower concentra-
tions of M1P and GDP-mannose, then we
would expect a synergistic suppression of
LLO levels in double morphants (Figure 5E, model A). Conversely, if
higher concentrations of MéP caused the LLO deficiency in pmm2
morphants, we would predict offsetting effects in double morphants.
As indicated in Figure 5E (model B), whereas mpi knockdown might
cause LLO deficiency on its own due to M1P depletion, it might also
counteract the effect of the pmm2 knockdown by inhibiting synthe-
sis of M6P. According to model B, the net result of a simultaneous
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FIGURE 5: G3MgGn,-P-P-Dol suppression and restoration in pmm2 morphants. G3MoGny-P-P-
Dol and M6P were measured with the FACE technique from the same samples of zebrafish.
Similar numbers of 4-dpf embryos (50-200, depending on need) were used for each
comparison. All measurements were normalized to total protein, which did not vary significantly
among the different genetically modified groups of fish. (A) Representative FACE gel for total
N-glycans released from the proteins of yolk-containing zebrafish embryos. Total N-glycan
amounts (normalized to control) are indicated above each lane. (B) Bar graph depicting the
average percentage loss of total N-glycans in pmm2 morphants (with and without yolks) in two
separate experiments (mean = SEM), normalized to control embryos. Direct comparison of the
control samples showed that yolk-free embryos had 49% of the N-glycan content of whole
embryos. Related information is provided in Supplemental Figure S1. (C) Representative FACE
images showing LLO glycans (MsGn, and G3MyGn; standards are indicated) and MéP from a
single set of control fish, pmm2 morphants, and morphants rescued by coinjection of pmm2
mRNA. Vertical lines denote electronic removal of irrelevant lanes from the image. The portion
below the MsGn,-LLO standard on FACE gels generally contains mostly non-LLO species, but it
is included here because this is where any accumulation of M3Gny-MyGn,-LLO is likely to
appear. Related information is provided in Supplemental Figure S2. (D) G3MoGny-LLO and MéP
measured in three independent experiments, mean + SEM. Control levels were arbitrarily set as
100% (dashed line). (E) Top, schematic comparisons of hypotheses for M1P insufficiency (model
A) and M6P accumulation (model B). Bottom, models A and B are indicated by light and dark
gray bars, respectively, and contrasting double-morphant outcomes are highlighted with boxes.
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knockdown of both enzymes could be a loss of
LLO no more severe than the loss due to ei-
ther knockdown alone.

To address whether reducing Mpi levels
would mitigate the increased levels of M6P
detected in pmm2 morphants, we coinjected
the pmm2 SB MO with the mpi translation
blocking MO previously described (Chu et al.,
2012). The effects on Mpi activity were as-
sessed over a range of MO concentrations in
control and pmm2 morphant embryos (Sup-
plemental Figure S3). In an effort to lower but
not eliminate Mpi levels, we ultimately chose
to work with 0.02 pM MO, which reduced Mpi
activity to 47 and 36% of wild type (WT) in the
control and pmm2 morphant backgrounds, re-
spectively (Figure 6A). Although this degree of
suppression was less robust than that studied
in Chu et al. (2012), which resulted in no
greater than 20% mpi expression, it was none-
theless desirable, as it resulted in a rebalance
of the normal 1:1.5 ratio of Pmm2:Mpi activity
in the pmm2 morphants (Supplemental Figure
S3). Although this concentration of the mpi
MO on its own caused no developmental de-
fects, they were clearly observed with higher
degrees of knockdown (Chu et al., 2012). Of
interest, whereas morpholino-based suppres-
sion of pmm2 and mpi (either separately or
combined) resulted in decreases of mRNAs
(unpublished data) and enzymatic activities
(Figure 6A), individual inhibition of pmm2 ex-
pression also consistently resulted in a slight
decrease in Mpi activity. However, a reciprocal
decrease in Pmm2 activity was not observed
when mpi was individually inhibited.

Knockdown of either pmm2 or mpi alone
caused the expected losses of LLO (Figure
6B). It is striking that double morphants had
LLO concentrations no lower than that of ei-
ther individual morphant. In some individual
experiments, LLO levels in the double mor-
phants appeared to increase. In four sets of
samples, sugar phosphate data obtained by
FACE indicated that M6P increased ~175% in
the pmm2 morphant, was not significantly in-
creased in the mpi morphant, and returned to
control levels in the double morphant (Figure
6B). Consequently, this genetic approach sup-
ports the hypothesis that elevated MéP con-
centrations make a significant contribution to
the LLO deficiency in pmm2 morphants, a
phenotype that cannot be readily explained
solely by a loss of M1P.

Free glycans, the products of M6P-
dependent LLO cleavage, are increased
in pmm2 morphants

Whether triggered in vitro with pure M6P (Gao
et al., 2005) or in cultured cells by activating
MéP signaling (Gao et al., 2011), the cleavage
of LLO results in release of free glycans into
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FIGURE 6: Knockdown of mpi in the pmm2 background normalizes M6P levels, with no further
loss of G3MgGny-LLO. (A) Pmm2 and Mpi enzyme activity for control embryos, pmm2
morphants, mpi morphants, and pmm2/mpi double morphants. (B) G3M¢Gny-P-P-Dol and Mé6P
were measured in control embryos, pmm2 morphants, mpi morphants, and pmm2/mpi double
morphants. Results are shown for four independent experiments, mean + SEM, with control

values set as 100%.

the ER lumen. These free glycans then appear to undergo remodel-
ing reactions within the secretory pathway, resulting in a heteroge-
neous mixture. We assessed free glycans in the same sample of
pmm2 morphants used for LLO and sugar phosphate analysis (Fig-
ure 5). As shown in Figure 7A, total free glycans were increased ap-
proximately twofold in pmm2 morphants and returned to control
levels after coinjection of pmm2 mRNA. However, there were no
obvious qualitative differences in the free glycan pools, suggesting
that remodeling reactions in the secretory pathway were unaffected
in pmm2 morphants (Figure 7B). Consistent with a M6P-driven pro-
cess (Figure 7, B and C), the increase in free glycan pool size was
suppressed by coinjection of the pmm2 and mpi morpholinos.

In previous studies regarding the M6P-dependent production of
free glycans in mammalian cells, it was possible to demonstrate by
selective permeabilization of plasma membranes that the released
glycans were present in lumenal but not cytosolic compartments
(Gao et al., 2011). This was not feasible in our zebrafish system, and,
in principle, the results could be due to greater production of cyto-
solic free glycans generated by ER-associated degradation (ERAD)
of glycoproteins that failed to fold due to impaired acquisition of
N-glycans. However, this is unlikely for two reasons. First, knock-
down of pmm2 did not induce mRNAs encoding GRP78/BiP or
CHOP, both markers for ER stress, although pmm2 message itself
was diminished to ~20% of controls (unpublished data). Second, in
deliberate attempts to increase ERAD by exposing mammalian cells
to agents that impair folding, there were no changes in cytosolic
free glycans (Gao et al., 2011). Consequently, the results of Figure 7
are best explained by increased production of lumenal free glycans
from LLO. Taken together, our data with zebrafish pmm2 morphants
strongly support a substrate-accumulation mechanism in which ele-
vation of M6P increases LLO hydrolysis, expanding the lumenal free
glycan pool and impairing protein N-glycosylation (Figure 7D).

Reducing Mpi levels in pmm2 morphants improves
chondrocyte morphology

Although M6P and free glycan levels were normalized in mpi/pmm2
double morphants, these animals still had their respective enzyme
levels reduced to one-third of normal (Figure 6A) and still had ap-
preciable LLO deficiencies (Figure 6B). For these reasons we did not
expect suppression of mpi to mitigate all of the phenotypic defects
of pmm2 morphants, and indeed many of their phenotypes, includ-
ing the motility deficits, were not significantly corrected by mpi
knockdown. However, analysis of mpi/omm2 double-morphant
embryos demonstrated that there was substantial recovery of
the chondrocyte morphology phenotype (Figure 8). Flat-mount
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preparations of Alcian blue-stained em-
bryos revealed that although the size of indi-
vidual cartilage structures was not signifi-
cantly changed by mpi suppression, the
----- round chondrocyte morphology characteris-
tic of pmm2 deficiency was improved (Fig-
ure 8A). In each of the three structures ana-
lyzed, mpi/omm2  double-morphant
chondrocytes regained the columnar archi-
tecture typical of control chondrocytes
(Figure 8B). Although occasionally thinner
than control cells, double-morphant cells
were clearly more elongated and less round
than pmm2 chondrocytes.

Although not fully restored, chondrocyte
organization was also significantly improved
after mpi suppression. Although mpi/pmm2
double-morphant chondrocytes were still present as multicellular
layers, these regions were typically no more than two cells wide, a
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FIGURE 7: Free glycans in pmm2 morphants. Total free glycans were
measured with FACE techniques from the same samples of zebrafish
presented in Figures 5 and 6. (A) Free glycans were measured in
control embryos, pmm2 morphants, and morphants rescued by
coinjection of pmm2 mRNA. Results of three independent
experiments, mean + SEM. Control levels were arbitrarily set as 100%.
(B) Representative FACE image showing total free glycans from
control embryos, pmm2 morphants, mpi morphants, and pmm2/mpi
double morphants. Glucose oligomer standards (G4-G5) are shown.
As shown previously (Gao et al., 2011), G3MyGnj released from the
LLO pool by M6P action is glycosidically degraded, resulting in the
heterogeneous mixture of free glycans detected. The most abundant
glycan detected near the bottom of the gel is likely to be M;Gny,
based on migration. (C) Results for four independent experiments as
in B, mean £ SEM, with control set as 100%. (D) Schematic showing
that dolichol pyrophosphate can be recycled for multiple rounds of
LLO synthesis while free glycans are released by the action of M6P.
This explains why the molar increase of free glycans in pmm2
morphants vastly exceeds the measured loss of LLO (see Discussion).
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FIGURE 8: Inhibition of mpi in the pmm2 background improves craniofacial chondrocyte
morphology. (A) Alcian blue stains of 4 dpf control, pmm2 morphant, mRNA-rescued, and
pmm2/mpi double-morphant embryonic cartilage revealed significant improvement after mpi
manipulation. Unlike pmm2 morphant chondrocytes, which were round and unorganized,
reducing mpi in pmm2 morphants restored the elongated shape of chondrocytes within the
Meckel’s, ceratohyal, and palatoquadrate (not shown) cartilages. (B) Quantitative measurement
of cell shape demonstrated significant recovery of cell elongation in pmm2 morphants after
either introduction of pmm2 mRNA or reduction of mpi expression. Briefly, the long and short
axes of individual chondrocytes were measured and their ratio calculated. A ratio of 1 indicates
equivalence of these axes and a perfectly round cell. (C) Cellular organization was also partially
improved in pmm2 morphants after mpi manipulation. This is quantitatively demonstrated in the
number of cells spanning the width of the Meckel’s and ceratohyal elements.

notable improvement from the three- to four-cell-wide structures
observed in pmm2 morphants (Figure 8C). Therefore unlike pmm2
morphant cells, which exist in multilayered stacks, the chondrocytes
of mpi/pmm2 double-morphant cartilages appear to have regained
characteristics favoring the tendency to form a single cellular layer.
It is noteworthy that, although additional aspects of the phenotypes
(in particular, motility) were not significantly improved, they were
also not exacerbated by mpiknockdown. The lack of complete phe-
notypic and biochemical correction in this double-morphant back-
ground is perhaps not surprising, considering the fact that both
Pmm2 and Mpi activities are reduced to one-third their normal lev-
els (Figure 6A), and these animals still have an appreciable LLO de-
ficiency. In contrast, chondrocyte morphology defects appear to
correlate with accumulation of free glycans rather than LLO
deficiency.

DISCUSSION

PMM2-CDG, the most common and first identified subtype of CDG,
clearly demonstrates that proper glycosylation is essential for nor-
mal human development and physiology. Abnormalities affecting
the development and function of multiple organ systems are mani-
fested by heritable deficiencies in the PMM2 enzyme. This enzyme
converts M6P to M1P, the immediate precursor of GDP-mannose.
GDP-mannose is required for the biosynthesis of at least four highly
distinct classes of mannosyl conjugates (O-linked mannosyl glycans,
C-linked mannose, glycosylphosphatidylinositol anchors, and N-
linked glycans). Although many studies have demonstrated a clear
association between PMM2 gene defects and aberrant N-glycosyla-
tion of the serum glycoprotein transferrin, the disease has been con-
founding for both basic scientists and clinicians with regard to its
pathophysiology and treatment. Recent work by several groups has
shown that bypassing defective metabolic steps or enhancing meta-
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bolic flux through depleted glycosylation
pathways represents a promising mode of
therapy for some type | CDGs (Freeze, 2009;
Higashidani et al., 2009; Schroeder et al.,
2011; Sharma et al., 2011). This concept is
perhaps best supported by the clinical im-
provement of MPI-CDG patients who re-
ceive oral mannose supplementation. Up-
take of mannose into cells and rapid
conversion to MéP by hexokinase circum-
vents the need for Mpi to produce MéP
from F6P. Our recent studies have demon-
strated the same phenomenon in zebrafish:
mpi morphants are rescued with mannose
addition to their water (Chu et al., 2012).

In contrast, there is no clear clinical ben-
efit for PMM2-CDG patients given mannose
supplements (Mayatepek et al, 1997;
Mayatepek and Kohlmuller, 1998). Although
mannose-derived M6P in CDG-MPI cells has
a direct metabolic path into N-glycans, in
CDG-PMM2, the M6P s still dependent on
impaired PMM2 activity for downstream
use. Although this may help explain the lack
of efficacy with mannose supplementation,
it also highlights the metabolic complexity
that underlies PMM2-CDG. For example,
prenatal mannose supplementation was
successful in overcoming embryonic lethal-
ity in pmm2 mice bearing a combination of
disease alleles, suggesting that the timing of mannose supplemen-
tation may be critical (Schneider et al., 2012). In addition, other stud-
ies have provided support for therapeutic strategies for PMM2-CDG
that either enhance mannose supplementation or are entirely inde-
pendent of it. With cultured CDG-PMM2 fibroblasts, the drug met-
formin significantly improved the efficiency of mannose correction
by increasing mannose uptake (Shang and Lehrman, 2004). Treat-
ment of PMM2-CDG fibroblasts with zaragoic acid, which is believed
to divert lipid precursors toward dolichol synthesis, was shown to
rescue impaired N-glycosylation (Haeuptle et al., 2011). By a similar
mechanism, high concentrations of ketoconazole were reported to
counteract the effects of the glycosylation blocker tunicamycin
(Harding et al., 2005). By lessening the demand on the LLO biosyn-
thetic pathway, the translation attenuators diamide and disulfiram
improved the quality of LLOs and the glycans transferred to protein
(Shang et al., 2007). More recently, a compound that inhibited Mpi
diverted mannose-derived M6P away from glycolytic catabolism
and toward glycoconjugate production, providing a proof of princi-
ple for the strategy of enhancing glycosylation in PMM2-CDG cells
by altering flux through key metabolic pathways (Higashidani et al.,
2009; Sharma et al., 2011). The availability of valid, tractable animal
models of PMM2-CDG would greatly aid the thorough evaluation of
such pharmacological approaches and thus accelerate the search
for useful clinical treatments.

Although there is no doubt that PMM2-CDG etiology involves
loss of PMM2 expression and can result in hypoglycosylation of N-
linked glycoproteins, the biochemical cause, like the search for a
treatment, has remained enigmatic. In physiological (5 mM) glu-
cose, cultured PMM2-CDG fibroblasts have normal LLO levels (Gao
et al., 2005) and do not exhibit abnormal protein glycoforms detect-
able with immunoblots (Marquardt et al., 1995, 1996; Dupre et al.,
2000). However, the PMM2 deficiency in these cells clearly causes a
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metabolic constriction that can be demonstrated in subphysiologi-
cal (2.5 mM) glucose (Gao et al., 2005) or with physiological concen-
trations of stable isotopic glucose monitored by mass spectrometry
(Sharma et al., 2011). Moreover, a recently validated marker for gly-
cosylation deficiency, cell-surface ICAM-1, is diminished in PMM2-
CDG fibroblasts cultured with physiological glucose and restored
upon introduction of a functional Pmm2 gene (He et al., 2012). The
picture is confounded further by chronic ER stress in these cells,
which can alter LLO synthesis in several ways (Shang et al., 2002,
2007). The apparent contradictions in some of these results may
originate from differences in the actual disease allele, donor age,
and cell passage number. This emphasizes the need for a useful ani-
mal model amenable to multiple forms of experimentation, both to
explore potential treatments and to provide mechanistic under-
standings of the systemic abnormalities of the disease.

The zebrafish model of Pmm2 deficiency reported here is remi-
niscent of human PMM2-CDG disease in several important ways:
1) Pmm2 activity is suppressed; 2) developmental abnormalities, in-
cluding craniofacial and motility defects, are detected; and 3) global
deficiency of N-glycosylation was identified. In addition, we directly
demonstrated for the first time an LLO deficiency in Pmm2-depleted
animal tissues, confirming a long-standing prediction for this ge-
netic defect. Our biochemical analyses further established that the
extent of protein underglycosylation in the PMM2-CDG zebrafish
model was initially underestimated due to the abundance of yolk-
derived glycoproteins. Along with the validation of this system as a
CDG model, our observation that increased numbers of spinal mo-
toneurons are associated with Pmm2 deficiency provides novel and
unprecedented insight into the cellular basis for the neurological
defects associated with PMM2-CDG. This insight will inform future
studies geared at identifying the specific glycoproteins that are re-
sponsible for these neurological phenotypes. In light of the fact that
>2200 N-linked sites were recently documented in zebrafish (Zielin-
ska et al., 2012), the identification of these glycoproteins is beyond
the scope of this study. Depletion of pmm2 in zebrafish resulted in
cartilage defects that bear some resemblance to known mutants
that affect proteoglycan glycosylation (Clément et al., 2008), rein-
forcing the necessity of proper glycosylation during cartilage devel-
opment. Although they are phenotypically similar to other zebrafish
mutants that affect matrix secretion via mutations in COPII subunits
(Melville et al., 2011), we did not detect any alterations in collagen
secretion or deposition or evidence of ER stress in the pmm2 mor-
phants. This suggests that the mechanisms that account for the car-
tilage morphogenesis defects when N-glycosylation is impaired in
zebrafish do not involve misfolding of glycoproteins or a block in
their exit from the ER.

Although LLO levels were reduced in pmm2 morphants, the un-
derlying mechanism revealed by our experiments was unexpected.
Specifically, accumulation of the Pmm2 substrate M6P was detected
and linked to LLO and N-glycosylation deficiency in a manner spe-
cific for the genetic lesion. The limits of sensitivity of our analytical
methods prevented us from consistently assessing M1P or GDP-
mannose. However, in the few experiments in which these mole-
cules appeared detectable, they were not decreased by the pmm2
morpholino. The loss of LLO is therefore most easily explained by
Mé6P promoting LLO hydrolysis, as reported previously in mamma-
lian cells (Gao et al., 2011). This conclusion was supported by dem-
onstrating both epistasis with mpi (the gene encoding the M6P-
synthesizing enzyme mannose phosphate isomerase) and the
Pmm2-dependent appearance of free glycans that are markers for
LLO hydrolysis. Although our data show clear changes in the levels
of key metabolic precursors within the pmm2 morphants, it is
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unclear whether these changes occur in a tissue-specific manner. In
other words, it is possible that certain tissues or cell types such as
neurons or chondrocytes are more susceptible to M6P accumulation
and LLO hydrolysis than others. Furthermore, we cannot rule out
that still other tissues in the embryo are subject to undergycosyla-
tion due to loss of M1P and GDP-mannose. Because our methods
measured static metabolic levels, any alterations in substrate flux
that did not reduce steady-state concentrations would also have
gone undetected.

Our studies therefore suggest that two separate and potentially
synergistic mechanisms of LLO loss and glycosylation deficiency,
which may differ in significance, depending on the cell and tissue
type and the point in development, should be considered in PMM2-
CDG: absence of M1P, limiting the synthesis of mannosyl conju-
gates; and excess MéP, causing hydrolysis of LLO. The latter mecha-
nism also raises the possibility of processed, lumenal free glycans
acting as competitive inhibitors of vesicular lectin—~dependent pro-
cesses. As we showed earlier with permeabilized cells (Gao et al.,
2005) and intact cells (Gao et al., 2011), the Dol-P-P released from
LLO by M6P action can be recycled to make new LLO, whereas the
corresponding free glycans accumulate (Figure 7D). LLO levels may
either remain unchanged or decrease, depending on the rate of
consumption (hydrolysis plus transfer to protein) and the existence
of mutations or other factors that lower the rate of new synthesis.
This concept predicts that the amount of free glycan generated may
greatly exceed the apparent loss of LLO. Indeed, comparison of the
total quantity of free glycan increased in Figure 7B with the LLO
decreased in the pmm2 morphant samples revealed a remarkable
~70-fold molar excess of free glycans. This amount does not include
free glycans that may have been secreted or degraded and may be
a significant underestimate. In some circumstances, the free glycan—
generating potential of the M6P-dependent process described here
may therefore be more significant than LLO depletion.

Our results help to explain the ineffectiveness of mannose sup-
plementation for PMM2-CDG patients, a treatment that we suggest
may ameliorate the loss M1P but at the same time exacerbate the
M6P accumulation. The offsetting nature of these two mechanisms
may also explain why further decreases in N-glycosylation of serum
glycoproteins have not been detected in PMM2-CDG patients in-
fused with mannose. In addition, substantial LLO loss attributed to
Mé6P accumulation may not always be sufficient to impair N-glycosy-
lation: in one study with mouse fibroblasts carrying a null allele for
Mpi, high concentrations of M6P were measured and LLO levels
were substantially reduced, but no change in overall protein N-glyco-
sylation was detected (Higashidani et al., 2009). Manipulating meta-
bolic flux is therefore likely to be a useful therapeutic approach, but
it will require careful attention to conditions that offer beneficial ef-
fects while minimizing potential damage. With a useful animal model
now in hand, these insights should enable specific, hypothesis-driven
studies aimed at understanding the identified alterations in neuro-
genesis, as well as the roles of developmental time, tissue specificity,
and enzyme concentration in the etiology of PMM2-CDG.

MATERIALS AND METHODS

Fish strains, maintenance, and husbandry

Wild-type zebrafish were obtained from the commercial source
Fish2U (Gibsonton, FL) and maintained using standard protocols.
Embryos were staged according to the criteria established by
Kimmel et al. (1995). When necessary, pigment formation was
inhibited by addition of 0.003% 1-phenyl-2-thiourea to embry-
onic growth medium. Although the data presented are derived
primarily from experiments in F2U, all MO-generated phenotypes
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(e.g., craniofacial and motility defects) were confirmed in multiple
genetic backgrounds (AB, TAB14, fli1a:EGFP). For analysis of neu-
ronal phenotypes, morphants were generated in the hb9:GFP
transgenic background. Handling and euthanasia of fish for all ex-
periments were carried out in compliance with the University of
Georgia’s Institutional Animal Care and Use Committee (permit
number A2011 8-144).

Antisense morpholino injection and mRNA rescue

Expression of pmm2 was inhibited by injection of antisense mor-
pholinos (MO) into the yolks of one- to two-cell embryos. Transla-
tion-blocking  (5-GAATCCACGGTAGAGCCAGACATTG-3) and
splice-blocking  (5-TTCCGCATTAATTCACTCACTTGAC-3") MOs
were designed to target either the pmm2 5’ untranslated region or
the pmm2 exon 1-intron 1 splice junction, respectively (Gene Tools,
Eugene, OR). Optimal MO doses were determined by Pmm2 activ-
ity assays and RT-PCR analyses. Maximal inhibition (33% of control)
of Pmm2 activity was achieved after injection of 0.5 nl of a 1 uM
solution (0.52 pM final concentration based on a 1-pl estimate per
egg) of the splice-blocking MO. The maximal inhibition achievable
with the translation-blocking MO (60%) was found after injection of
0.5 nl of a 1 pM solution (0.52 uM final). To facilitate various recovery
analyses, the full-length coding region of pmm2 was cloned by
RT-PCR from mRNA isolated from 3-dpf embryos using the primers
ttccaaatatcacaatgtctgge and tcagctgaaaaagagctcectgcag. The re-
sulting product was cloned into the TA site of pCR2.1 (Life Technolo-
gies, Grand Island, NY) and subsequently excised by from vector-
derived EcoRl and Xbal sites. This product was subcloned into pCSII.
pCSll-pmm2 plasmid DNA was linearized with Kpnl and full-length
mRNA generated with Message Machine SP6 kit (Roche Applied
Science, Indianapolis, IN.) Rescue experiments were performed by
sequential injection of 0.52 uM splice-blocking MO and 200 pg of
purified pmm2 mRNA into the yolks of one- to two-cell embryos.
For mpi knockdown a translation-blocking MO was designed to the
5’ portion of the gene. This MO was validated using the described
Mpi activity assay (see later discussion) over a range of MO concen-
trations (Supplemental Table S1). Because no phenotypic defects
resulted in this concentration range, we did not examine the pres-
ence of off-target effects by mRNA rescue. However, our recent
work demonstrated that all phenotypic effects caused by injection
of higher mpi morpholino concentrations are rescued by coinjection
of mpi MRNA (Chu et al., 2012).

RT-PCR analysis of pmm2 expression and Pmm2/Mpi
activity assay
Total RNA was extracted from approximately 30 3-dpf embryos us-
ing TRIzol reagent (Invitrogen, Carlsbad, CA). RNA was reverse tran-
scribed to cDNA using iScript cDNA Synthesis Kit (Bio-Rad, Hercu-
les, CA). RT-PCR analysis of pmm2 expression performed with prim-
ers flanking the first intron (tcacaatgtctggctctaccg and
gagacattcagcattccattec). Pmm2 transcript abundance was normal-
ized to RPL4 transcripts. Using this method, we did not detect an
accumulation of the larger PCR product expected if the intron was
retained in an mRNA exported from the nucleus. This was assessed
with two different primer pairs, including one yielding a smaller
product to ensure ample amplification. The primer pairs were as fol-
lows: forward primer in exon 1, 5’-tcacaatgtctggctctaccg-3’, and
one of two reverse primers—one in intron 1, 5’-cgacacaggtacaag-
tagtgttttg-3’ (product 552 base pairs), or one in exon 2, 5’-gagacat-
tcagcattccattee-3” (product 2.7 kb with intron).

For analysis of Pmm2 enzyme activity, 50-100 embryos were col-
lected at the indicated time points and the yolks manually removed.
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Embryos were lysed in 50 mM Na-4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid, pH 7.4, sonicated, and total protein quanti-
tated using a microBCA protein assay kit (Pierce, Rockford, IL).
Pmm2/Mpi enzyme activity assays were performed as previously de-
scribed (Van Schaftingen and Jaeken, 1995). Briefly, Pmm2 activity is
assayed by a coupled enzyme assay system that relies on the spec-
trophotometric detection of the reduction of NADP* to NADPH us-
ing M1P as a substrate. Samples were measured 60 min after add-
ing the substrate. Units were calculated as milliunits of enzyme
activity/milligrams of protein based on the change in OD during the
reaction time.

Histochemistry, immunohistochemistry, and whole-mount

in situ analysis

To visualize craniofacial cartilage, we stained embryos with Alcian
blue as described previously (Flanagan-Steet et al., 2009). Stained
animals were photographed on an Olympus SZ16 stereoscope
(Olympus, Tokyo, Japan) outfitted with a Retiga charge-coupled de-
vice camera (Qlmaging, Surrey, Canada). Morphometric measure-
ments of Alcian blue-stained animals were performed using Photo-
shop (Adobe, San Jose, CA). To account for differences in animal
size, all measurements were normalized to interlens distance. Sec-
ondary motoneuron identities were assessed by whole-mount im-
munohistochemistry using the zn-5 antibody (ZIRC, Eugene, OR).
Immuno-whole mounts were performed as previously described
(Flanagan-Steet et al., 2009). Confocal images were acquired on an
Olympus FV100 laser-scanning microscope using a 40x (numerical
aperture 1.2) water immersion objective. Whole-mount in situ hy-
bridization for pmm2 was performed as previously described (Thisse
and Thisse, 2008).

Motility assays

For assessment of early spontaneous and elicited motility, embryos
were dechorionated at 22 h postfertilization (hpf) and allowed to
age to 24 hpf. The number of spontaneous tail curls was then mea-
sured in a 60-s interval. Fifty fish were measured at a time from four
separate injections. Elicited responses were measured at 24 hpf by
touching embryos on the head near the otilith and recording the
number and quality of subsequent tail responses. For assessment of
later-stage elicited motility, 3-dpf embryos were placed in the center
of a Petri dish marked by three concentric rings. Embryos were
touched beside the otilith and their response recorded. Swimming
distance of individual embryos was assigned as 1, 2, or 3, according
to the number of rings crossed. The diameters of the zones were as
follows: zone 1, 3 cm; zone 2, 6 cm; zone 3, 8 cm. Fifty fish were
measured at a time from three separate injections.

Fluorophore-assisted carbohydrate electrophoresis analysis
of zebrafish saccharides and glycoconjugates

In the lab of R.S., embryos were collected by centrifugation, excess
water was removed, 1 ml of methanol (room temperature) was
added to the tube, and the contents were disrupted by brief probe
sonication (Branson Sonifier 150; low setting, 3x 5-s pulses). In some
cases, the yolks were first removed from the embryos by gentle pas-
sage through a flame-polished Pasteur pipette. The suspension was
transferred to a 15-ml conical tube, and an additional 10-12 ml of
methanol was added. After thorough vortexing, the tubes were
capped and sealed with parafilm, and sent by express shipping at
room temperature to the lab of M.A.L. At that point, samples were
dried and processed for FACE analyses as described (Gao and
Lehrman, 2006; Gao et al., 2011). In brief, after removal of most
lipids by extraction with chloroform:methanol (2:1), aqueous
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saccharides were recovered by extraction with water, and LLOs were
then obtained by extraction with chloroform:methanol:water
(10:10:3), with N-linked glycoproteins remaining in the residual ma-
terial. lon exchange fractionation of the aqueous saccharides yielded
free sugars and free glycans in an uncharged fraction, sugar mono-
phosphates in a weakly anionic fraction, and both nucleotide-sugars
and sugar 1,6-bisphosphates in a more strongly anionic fraction.
Phosphate esters of the 1-position of monosaccharides and oligo-
saccharides were released with weak acid (a condition that retained
6-phosphate esters), and N-glycans were released with peptide N-
glycosidase F. All monosaccharide species were then conjugated
with 2-aminoacridone and separated on a monosaccharide profiling
gel, and all oligosaccharide species were conjugated with 7-amino-
1,3-naphthalenedisulfonic acid and detected with an oligosaccha-
ride profiling gel. Where appropriate, standards were included
consisting of monosaccharide mixtures, glucose oligomers, or LLO-
derived glycans. Fluorescent saccharide conjugates were detected
with a Bio-Rad Fluor-S scanner and quantified with Quantity-One
software. Loading of various quantities of standards established that
detection was linear, with a sensitivity of ~2 pmol of saccharide. For
quantitation of free glycan experiments, only the portions in the size
range delimited by the G4 and Gy standards were used.
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