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Mucolipidosis II (ML-II) is a pediatric disorder caused
by defects in the biosynthesis of mannose 6-phos-
phate, the carbohydrate recognition signal responsi-
ble for targeting certain acid hydrolases to lysosomes.
The mechanisms underlying the developmental de-
fects of ML-II are largely unknown due in part to the
lack of suitable animal models. To overcome these
limitations, we developed a model for ML-II in ze-
brafish by inhibiting the expression of N-acetylglu-
cosamine-1-phosphotransferase, the enzyme that ini-
tiates mannose 6-phosphate biosynthesis. Morphant
embryos manifest craniofacial defects, impaired
motility, and abnormal otolith and pectoral fin de-
velopment. Decreased mannose phosphorylation
of several lysosomal glycosidases was observed in mor-
phant lysates, consistent with the reduction in phos-
photransferase activity. Investigation of the craniofa-
cial defects in the morphants uncovered striking
changes in the timing and localization of both type
I collagen and Sox9 expression, suggestive of an
accelerated chondrocyte differentiation program.
Accumulation of type II collagen was also noted
within misshapen cartilage elements at later stages of
development. Furthermore, we observed abnormal
matrix formation and calcium deposition in mor-
phant otoliths. Collectively, these data provide new
insight into the developmental pathology of ML-II and
suggest that altered production and/or homeostasis
of extracellular matrix proteins are integral to the
disease process. These findings highlight the poten-
tial of the zebrafish system in studying lysosomal
disease pathogenesis. (4m J Pathol 2009, 175:2063-2075;
DOI: 10.2353/ajpath.2009.090210)

Proper catabolism of macromolecules within the lyso-
some is necessary to maintain the normal function of cells

and their surrounding environment. The importance of
this process in human health is underscored by a grow-
ing number of genetic diseases that involve defects in the
proteins and enzymes responsible for this task. These dis-
eases (termed lysosomal storage disorders or LSDs) have a
diverse etiology, encompassing defects in individual acid
hydrolases, metabolite transporters, and enzymes that aid
in targeting hydrolases to this organelle.” Collectively, LSDs
are one of the most frequently occurring genetic diseases
affecting children in the Unites States, with an estimated
incidence of 1 in every 5000 to 7000 live births.

Mucolipidosis Il (ML-II or I-cell disease) is an autoso-
mal recessive LSD caused by defects in the enzyme,
UDP-GIcNAc:lysosomal enzyme N-acetylglucosamine-1-
phosphotransferase. This enzyme (herein abbreviated as
“phosphotransferase”) catalyzes the first step in the bio-
synthesis of mannose 6-phosphate (M6P) residues on the
oligosaccharide chains of most soluble lysosomal hydro-
lases.?® This recognition marker mediates the binding of
lysosomal hydrolases to high-affinity M6P receptors in the
trans-Golgi network and their subsequent targeting to the
endosomal/lysosomal system via clathrin-coated vesi-
cles.* Loss of the MBP recognition marker leads to mis-
sorting of newly synthesized lysosomal hydrolases into
the extracellular space. On a cellular level, ML-Il tissues,
particularly those of mesenchymal origin, are charac-
terized by the presence of numerous cytoplasmic in-
clusions and/or dense lysosomes filled with undigested
macromolecules.

The phosphotransferase enzyme exists as a hetero-
hexameric complex composed of three different subunits
(a2, B2, and y2). The « and B subunits, encoded by a
single gene (GNPTAB), contain the catalytic activity of
the enzyme and also mediate the selective binding of
lysosomal enzymes to the enzyme.®>® The vy subunit,
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encoded by a separate gene (GNPTG), is thought to
modulate the activity of the a/B subunits by an unde-
termined mechanism.®'° Deletions and frameshift mu-
tations in the GNPTAB gene that result in little or no
residual enzyme activity lead to ML-II (or ML-Il «/B),
whereas activity-compromising point mutations in this
gene cause a milder form of the disease termed ML-
A (or ML-III o/B)." 118

ML-II is often considered the most severe LSD, with
developmental defects that are apparent at or shortly
after birth and a highly progressive course. Children with
ML-II rarely survive beyond early childhood. The multi-
systemic clinical presentation of ML-Il includes a spec-
trum of skeletal abnormalities (termed dysostosis multi-
plex), developmental delay, recurrent lung infections,
and heart and craniofacial defects.’® Like many LSDs,
the cellular and molecular pathogenesis of ML-Il is poorly
defined but may involve mechanisms that extend beyond
the lysosomal compartment.’” Indeed, radiographical
and microscopic examination of postmortem human
ML-II bone and cartilage has suggested that impaired
organization and structure of the extracellular matrix
(ECM) are associated with the pathological changes in
these tissues.'®'® The mechanisms whereby loss of
MG6P biosynthesis leads to impaired maintenance of the
extracellular environment of these tissues are unclear.

Understanding the molecular pathogenesis of ML-Il is
a high priority from a clinical standpoint because there
are currently no therapies available for this debilitating
disease. Efforts to define the disease process of ML-II
have been hampered by the lack of animal models that
are both genetically accessible and amenable to the
study of early development. The latter of these issues is of
particular importance since many of the features of ML-I
appear to be because of abnormal fetal development.®©
A feline model for ML-II has been reported that displays
pathological and biochemical features consistent with the
human condition, including facial dysmorpia, skeletal de-
fects, and faulty targeting of hydrolases to the lyso-
some.?"22 This model is limited by the fact that early
developmental processes cannot be followed in these
animals due to intrauterine gestation. Kornfeld and col-
leagues®*?® have also characterized a GNPTAB knock-
out mouse, which exhibits retinal degeneration, reduced
size, and pathological lesions in several exocrine glands.
Although chondrocytes from these mice were found to be
hypertrophic and often distended, fibrocytes and mesen-
chymal cells did not develop the cytoplasmic vacuolar
inclusions characteristically observed in human ML-I|
and ML-III patients.

In an effort to gain insight into the developmental im-
pact of impaired M6P biosynthesis, we applied a mor-
pholino (MO)-based knockdown strategy to develop
phosphotransferase-deficient zebrafish and character-
ized these morphant embryos using a combination of
cellular and molecular approaches. Morphant embryos
exhibit multiple phenotypes, including abnormal cranio-
facial development, impaired motility, and defects in otic
vesicle structure. Our detailed investigation of the carti-
lage defects in the morphants uncovered striking
changes in the timing and localization of both type Il

collagen and Sox9 expression in craniofacial elements,
suggestive of an altered chondrocyte differentiation pro-
gram. Alterations in the homeostasis of the ECM were
also noted in the otoliths of the ML-Il morphants. Taken
together, these findings suggest that impaired produc-
tion and/or homeostasis of ECM proteins may represent a
common pathological mechanism of this disease.

Materials and Methods

Fish Strains, Maintenance, and Breeding

Wild-type zebrafish were obtained from Fish 2U (Gibson-
ton, FL) and maintained using standard protocols. Em-
bryos were staged according to the criteria established
by Kimmel.?® In some cases, 0.003% 1-phenyl-2-thiourea
was added to the growth medium to block pigmentation.
All MO-generated phenotypes were tested in several ge-
netic backgrounds, including a wild-type strain from a
commercial source (Fish 2U). Analyses of craniofacial
phenotypes were performed in both the F2U wild-type
strain and Tg (fiT:EGFP)” transgenic line.?”

Antisense MO Injections

The protein and nucleotide sequences of the zebrafish
N-acetylglucosamine-1-phosphotransferase o/ subunit
(GNTPAB) were identified by basic local alignment
search tool analysis of the human sequence. Translation-
blocking (5'-TTAACGACCAACATGACTCCGGCC-3')
and splice-blocking (5'-TAAACATTTGTAGAGCCAAC-
CTGGT-3’) antisense MOs were designed to the 5'-
untranslated region and exon-intron junction between ex-
ons 9 and 10, respectively (Gene Tools, Eugene, OR). On
the basis of phenotypic and biochemical analyses of
various concentrations, 8.2 ng of both MOs was in-
jected into the yolks of one- to two-cell stage embryos.
These concentrations were chosen following careful
assessment of percent knockdown via enzymatic as-
says and phenotypic penetrance.

GNTPAB Cloning and mRNA Rescue

The full-length coding region of GNPTAB was syntheti-
cally generated according to the GenBank deposited
sequences CAI11844 (Gene Art AG, Toronto, ON, Can-
ada). The cDNA was subsequently cloned into a pCSD-
est expression vector (provided by Dr. Nathan Lawson,
University of Massachusetts Medical School, Worcester,
MA). Full-length mRNA was generated with the Message
Machine SP6 kit (Roche Scientific, Indianapolis, IN). Res-
cue experiments were performed on one-cell stage em-
bryos by sequential injections of 8 ng of the splice block-
ing MO and 50 pg of purified GNPTAB mRNA.

GlcNAc-1-Phosphotransferase Enzymatic
Activity Assay

Activity of GIcNAc-1-phosphotransferase was measured
in microsomal preparations from wild-type and morphant



embryos following MO injection as described previously. '
Reactions using a-methylmannoside as the acceptor and
[®°P]JUDP-GIcNAC as a substrate were conducted for 90
minutes, and activity units are calculated as pmoles of
GIcNAc-[32P] transferred/hour/mg protein.

M6P Receptor Affinity Column

Wild-type and morphant embryo extracts were fraction-
ated using an M6P receptor affinity column as described
previously.® Activity of lysosomal enzymes was mea-
sured in each column fraction using fluorescent sub-
strates: 4-methylumbelliferyl galactoside (for B-galactosi-
dase activity), 4-methylumbelliferyl glucuronide (for
B-glucuronidase activity), and 4-methylumbelliferyl B-IN-
acetylglucosaminide (for B-hexosaminidase activity). Reac-
tions were performed in 50 mmol/L citrate buffer (pH
4.5) and 0.5% Triton X-100 containing 3 mmol/L of the
respective substrates. The percentage of bound activ-
ity relative to total activity recovered from three inde-
pendent experiments is shown.

Histochemistry and Whole-Mount in Situ
Analysis

Embryos were stained with Alcian blue as described
previously.?® Bone development was assessed in em-
bryos using a method optimized for dual Alcian blue and
Alizarin red staining.?® Morphometric measurements
were performed using the Olympus FV1000 software.
Analysis of proliferation by 5-bromo-2’-deoxyuridine
(BrdU) labeling was performed according to the protocol
outlined by Harris et al.*® Whole-mount in situ analysis
was performed as described previously.®' The plasmids
for the sox9a and sox9b probes were provided by Dr. J.
Postlethwait (University of Oregon, Eugene, OR).

Whole-Mount Immunohistochemistry

Embryos were stained with the appropriate primary anti-
bodies as described earlier.3* Antibodies were as fol-
lows: anti-BrdU (1/100; Developmental Studies Hybrid-
oma Bank); anti-collagen type Il (1/100; Developmental
Studies Hybridoma Bank); anti-phospho Smad 2 (1/100;
Upstate Cell Signaling, Lake Placid, NY); and anti-sox9
(1/100; Santa Cruz Biotechnology, Santa Cruz, CA). Em-
bryos were imaged on an Olympus FV-1000 laser scan-
ning microscope. Confocal images were acquired as
described previously.®?

Flow Cytometry and FACS Analysis

Wild-type and morphant fliT:EGFP embryos were col-
lected in Ca®*-free Ringers solution. Embryonic yolks
were removed by passage through a flame polished
Pasteur pipette. Embryos were subsequently rinsed for
15 minutes in Ca®*-free Ringer’s solution. Dissociated-
cellular suspensions were generated by soaking the em-
bryos in 0.25% trypsin, followed by repeated passage
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through 23- and 25-gauge syringes. Cellular dissociation
was monitored microscopically. When cellular aggre-
gates were no longer visible, the suspensions were fil-
tered through sterile 40-um Falcon filters to remove de-
bris. Cells were collected following centrifugation and
suspended in L-15 growth medium (minus phenol red)
containing 10% FBS and 10% fish embryo extract. Green
fluorescent protein (GFP)-positive and -negative cells
were subsequently isolated by flow cytometry.

Results

Depletion of N-Acetylglucosamine-1-
Phosphotransferase Activity in Zebrafish Results
in Multiple Developmental Defects

To assess the developmental impact of impaired M6P
biosynthesis, we inhibited the expression of the phospho-
transferase enzyme (the GNPTAB gene product) in de-
veloping zebrafish embryos. Injection of one-cell stage
embryos with either translation-blocking or splice-block-
ing antisense MOs targeting the o/ subunit of GIcNAc-
1-phosphotransferase enzyme resulted in multiple phe-
notypes (Figure 1). At 24 hours postfertilization (hpf),
MO-injected embryos (herein referred to as morphants)
displayed reduced motility but were otherwise outwardly
normal. However, by 48 hpf, morphants began to exhibit
a pericardial edema (Figure 1B, red arrows) that subse-
quently increased in severity, as well as small misshapen
eyes and irregular otoliths. In particular, loss of phospho-
transferase activity consistently reduced the size and
number of ear stones. By 3 days postfertilization (dpf),
morphant embryos were significantly affected. They had
blunt, rounded neurocraniums, significant heart edema,
abnormal otic vesicles, and a pronounced motility defect.
In addition, phosphotransferase morphant animals were
shorter (10 = 3%) than their wild-type clutch mates and
were often missing one or both pectoral fins (Figure 1E,
black arrows). They also lacked swim bladders and con-
sistently displayed reduced yolk consumption, as evi-
denced by the presence of large irregular yolks at 5 dpf
(Figure 1). All of the phosphotransferase morphants died
within the first 5 or 6 days of development.

To gauge the level of residual phosphotransferase ac-
tivity following MO injection, we performed enzymatic
assays on detergent extracts from wild-type and MO-
injected embryos. In wild-type embryos, phosphotrans-
ferase activity was present at relatively steady levels
during the first 5 days of development (35 to 51 pmol/
mg/hour). Furthermore, in situ hybridization experiments
showed that GNPTAB mRNA was ubiquitously expressed
throughout the embryo during the first 5 days of devel-
opment (data not shown). As shown in Table 1, injection
of embryos with various concentrations of MO resulted in
a dose-dependent reduction of phosphotransferase ac-
tivity, with a maximal inhibition of 89% occurring at 4 dpf.
Analysis of animals injected with increasing concentra-
tions of MO demonstrated that the penetrance of the
phenotypes directly correlated with the degree to which
phosphotransferase activity was reduced. Conversely,
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embryos in which phosphotransferase activity had only
been reduced by 58% were largely normal and generally
indistinguishable from wild-type embryos (Table 1). To
determine the half-life of the MO, we measured activity as
a function of time in morphant embryos. The maximal
effect of highest MO concentrations was observed at 4
dpf, with activity recovering slightly (~10%) by 5 dpf.

Morph

Morphant Phenotypes Are Due to Specific Loss
of Phosphotransferase Activity

We performed several control experiments to verify that
the observed phenotypes were due to specific loss of
phosphotransferase activity. First, injection of a 4-bp
mismatch MO yielded embryos with no observable

Morphant/PT RN \

5 dpf

Figure 1.Knockdown of phosphotransferase
enzyme results in multiple phenotypes that mir-
ror the developmental defects seen in human
ML-II patients. Compared with wild-type (WT)
embryos at 5 days postfertilization (A and D),
embryos injected with phosphotransferase MO
(B and E) had rounded neurocraniums and pro-
tracted jaws, enlarged hearts, pericardial edema
(B, red arrows), and underused yolks and
lacked pectoral fins (E, arrow). Introduction of
wild-type phosphotransferase (PT) mRNA in the
morphant background fully rescued each of
these phenotypes (C and F). Black arrows de-
note the position (or lack of) of pectoral fins
(D-F).

phenotypes and did not affect the enzymatic activity of
the phosphotransferase (Table 1). Second, to address
whether nonspecific apoptotic events contributed to the
MO-based phenotypes, embryos were co-injected with
the translation blocking phosphotransferase MO and a
MO directed against the apoptotic inducer, p53. Concur-
rent knockdown of p53 has been shown to ameliorate the
cellular death induced by off target MO effects.®*® Co-
injection of these two MOs resulted in animals that were
indistinguishable from animals injected with the transla-
tion blocking MO alone. The lack of a significant apopto-
tic response in MO-injected embryos was confirmed by
both TUNEL analyses and acridine orange stains of wild-
type and phosphotransferase morphant embryos (data
not shown).

Figure 2.Phosphotransferase morphants dis-
play pronounced craniofacial defects. Alcian
blue staining of wild-type (WT) (A and D) and
morphant (B and E) embryos (5 dpf) revealed
significant dysmorphogenesis of the jaw. Lateral
views (A—C) highlight the protracted nature of
the jaw, as well as the lack of Alcian blue pos-
itive auditory capsule structures (B, arrow-
heads), whereas ventral views (D-F) clearly
demonstrate the reduction of morphant brachial
rays and missing pectoral fins (E). Introduction
of wild-type phosphotransferase mRNA resulted
in complete rescue of these structural anomalies
(C and F). Confocal analysis of fi1:EGFP em-
bryos showed that, although the chondrocytes
had condensed into distinct branchial rays by 5
dpf in wild-type (G, white arrows) embryos,
morphant (H) embryos lacked mature cartilage
elements in these regions. Interestingly, al-
though the morphant cells were not differenti-
ated into stacks of elongated chondrocytes, the
branchial domains of phosphotransferase em-
bryos were haphazardly populated with a large
number of round GFP-positive cells (H, white
arrows).



Table 1. Phosphotransferase Activity in Wild-Type and
Morphant Embryos
MO MO % Phenotypes and %
injected  (ng)  Knockdown embryos affected
0 0 None
B 0.1 40 None
B 0.5 58 M (15%)
B 4.2 70 M, CF (100%); H (20%)
B 8.2 89 M, CF, H (100%)
SB 8.2 86 M, CF, H (100%)
MM 8.2 <5 M, CF, H (<3%)

TB, translation-blocking MO; SB, splice-blocking MO; MM, 4-bp
mismatch MO; M, motility defect, CF, craniofacial defects; H, pericardial
edema.

Morphality is shown in nanogram.

To definitively establish that the phenotypes associ-
ated with MO injection were solely due to inhibition of
phosphotransferase activity, we performed rescue exper-
iments on morphants using wild-type zebrafish phospho-
transferase mMRNA. Sequential injection of the splice
blocking MO and wild-type mRNA resulted in embryos
that were indistinguishable from uninjected animals and
animals injected with mRNA alone (data not shown; Fig-
ure 1, A and C). The rescued embryos swam and ate
normally, lacked any obvious heart defects, and devel-
oped normal pectoral fins. In addition, these animals had
normal swim bladders, well-developed eyes, and used
their yolks within 5 to 6 days. Finally, the rescued em-
bryos had elongated cranial structures and protruding
jaws that resembled wild-type embryos (Figure 1, D and
F). Taken together, these data suggest that the pheno-
types observed following inhibition of phosphotransfer-
ase expression are specific to the loss of phosphotrans-
ferase activity.

Inhibition of Phosphotransferase Activity
Resulted in Reduced Mannose Phosphorylation
of Lysosomal Hydrolases

The phosphotransferase enzyme is responsible for initi-
ating the biosynthesis of M6P residues on most lysosomal
hydrolases. Thus, decreased enzyme activity is expected
to result in loss of M6P residues on the oligosaccharides
of lysosomal enzymes that use this targeting pathway.
We next sought to determine the degree to which inhibi-
tion of phosphotransferase activity leads to a reduction in
the mannose phosphorylation of such hydrolases. For
these experiments, detergent extracts of wild-type and
morphant embryos were passed over a cation-indepen-
dent M6P receptor (CI-MPR) affinity column that binds to
enzymes bearing M6P residues. After elution with 5
mmol/L M6P to recover M6P-modified lysosomal hydro-
lases, the activity of several hydrolases was measured in
the column fractions, and the percentage of each en-
zyme that bound to the column and was selectively
eluted with M6P was calculated (Table 2). As shown, in
wild-type embryos, 17 to 23% of the total activity of three
M6P-modified hydrolases bound to the column. In con-
trast, the bound enzyme activity was substantially re-
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Table 2. Mannose Phosphorylation of Lysosomal Hydrolases
in Whole Wild-Type and Phosphotransferase
Morphant Embryos
% of activity bound to
the CI-MPR column
Lysosomal Wild type
hydrolase (n=23) Morphant (n = 3)
B-Galactosidase 18.4 £ 3.3 11.7+19
B-Glucuronidase 17520 7615
B-Hexosaminidase 23.4 = 3.1 96 25

Detergent extracts from 4-day-old wild-type and morphant embryos
were fractionated on the CI-MPR column, and bound activity relative to
the total activity was determined.

duced in morphant extracts (Table 2). These findings
confirm that loss of phosphotransferase activity in the
morphant embryos resulted in decreased mannose
phosphorylation of lysosomal glycosidases.

Phosphotransferase Morphants Exhibit
Reduced Motility

Inhibition of phosphotransferase activity led to a pro-
nounced motility defect that was apparent by 24 hpf. At
this time point, normal zebrafish embryos typically exhibit
two different motility behaviors: spontaneous movements,
consisting of slow alternating tail flexures, and elicited
movements, where embryos respond to external stimuli
with rapid tail flexures. Analysis of morphant embryos (at
24 hpf) revealed decreases in both of these behaviors.
Whereas wild-type embryos spontaneously flex their tails
frequently (19.8 = 7.2 times/minute), morphant embryos
rarely coiled their tails in the absence of mechanical
stimulation (2.9 = 2.6 times/minute). In addition, phosph-
otransferase-deficient embryos rarely exhibited the rapid
side-to-side tail flexions characteristic of healthy embryos
but were capable of limited movement following stimula-
tion. The tail flexions of morphant embryos were uncoor-
dinated, slower, and often restricted to one side of the
body. Furthermore, wild-type clutch mates hatched from
their chorions between 2 and 3 dpf, whereas the morphants
generally required manual removal of the chorion and many
were still unhatched by 5 dpf. Morphant embryos also dis-
played defects in later stage swimming behaviors. While
wild-type embryos swam actively by the third day of devel-
opment, the majority of morphant embryos (88 + 5%) were
typically found lying on their sides. Taken together, these
data indicate that loss of phosphotransferase activity ad-
versely affected multiple aspects of motor function.

Phosphotransferase Morphants Have
Pronounced Craniofacial Defects

Because our initial phenotypic analysis of morphant em-
bryos revealed rounded neurocraniums and protracted
mouths, we investigated whether these phenotypes were
associated with defects in the craniofacial development,
a hallmark feature of ML-II. Analysis of embryos stained
with Alcian blue at 3 (data not shown) and 5 dpf (Figure
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2) revealed striking dysmorphogenesis of several carti-
lage elements in the morphants. The shapes of these
elements and the angles of articulation between individ-
ual structures were consistently altered, particularly
within portions of the jaw. In contrast to the elongated
jaws of wild-type embryos (Figure 2, A and D), morphant
jaws were shorter along the rostral-caudal axis but wider
along the left-right axis (Figure 2, B and E). Morphometric
measurements of cartilage structures demonstrated that
Meckel's cartilages of morphant embryos were 7.5 *
1.2% wider than wild-type cartilages along the short axis
and 6 = 1% shorter along their long axis. In wild-type
embryos, Meckel’s cartilage was typically positioned di-
rectly beneath the ethmoid plate, whereas this structure
developed in a position posterior to the ethmoid plate in
morphants (Figure 2, D and E). As a result, the associations
among Meckel's cartilage, the palatoquadrate, and the
ceratohyal bones (CH) were distorted, producing mor-
phants with a broader, more flattened jaw. Introduction of
wild-type phosphotransferase mRNA resulted in complete
rescue of these structural anomalies (Figure 2, C and F).

Unlike the anterior structures (which although mis-
shapen are present), posterior elements, including por-
tions of the auditory capsule, the occipital arches, and
the branchial rays, were either completely absent or sig-
nificantly reduced in the phosphotransferase morphants
(Figure 2, B and E, arrowheads). To determine whether
these structures were indeed missing or whether the lack
of Alcian blue staining simply reflected altered produc-
tion of acidic matrix components, we generated mor-
phant embryos in the Tg(fli1:EGFP)’" transgenic back-
ground. The fli1:EGFP transgene labels a subset of neural
crest (NC) cells, which ultimately give rise to craniofacial
chondrocytes. Developing craniofacial structures can
therefore be followed fluorescently in this line. MO knock-
down of phosphotransferase activity in the fliT:EGFP
background resulted in dysmorphic craniofacial struc-
tures identical to those observed in morphants of the
other genetic strains tested. Analysis of fliT:EGFP-positive
chondrocytes confirmed that mature forms of several of
the posterior structures, including portions of the auditory
capsule and the pharyngeal rays, had not developed in
morphant embryos (Figure 2, G and H). We did, however,
note some GFP-positive cells populating the presumptive
domains of posterior cartilage formation. These morphant
cells lacked the elongated shape and regular organiza-
tion of wild-type chondrocytes (Figure 2G, arrowheads)
and were instead small and round and highly disorga-
nized (Figure 2H, arrowheads). Taken together, these
data indicate that lack of morphant cartilages within the
posterior regions may stem from alterations in the chon-
drocyte maturation program rather than a loss of the
NC-derived progenitor cells.

Wild-Type and Morphant Animals Contain
Similar Numbers of NC Cells during the First 2
Days of Development

To determine whether early aspects of NC cell develop-
ment were altered, we first determined whether similar

Table 3. FACS Analysis of GFP-Positive Cells
Age % GFP negative % GFP positive
1 Day
Wild type 95.0 50+0.6
Morphant 94.8 52*04
2 Day
Wild type 95.4 46 +0.6
Morphant 94.7 51+11
3 Day
Wild type 77.2 228+ 20
Morphant 72.6 274 +14

numbers of these cells were present in wild-type and
morphant embryos. Wild-type and morphant fi7:EGFP
embryos were dissociated into single-cell suspensions
and subjected to FACS analysis (Table 3). At both 24 and
48 hpf, similar percentages of GFP-positive cells (relative
to GFP-negative cells) were detected. Although these
data suggested that wild-type and morphant embryos
contained similar percentages of GFP-positive NC cells,
we could not rule out the possibility that differences in the
distribution of NC cells did exist. Because the fli1:EGFP
transgene is active in cell lineages other than those de-
rived from the NC, it was also possible that subtle differ-
ences in the number of NC cells might be masked by
other GFP-positive populations. In light of this possibility,
we performed in situ hybridization of sox9b, a known
marker of pre- and postmigratory NC cells (Figure 3A).
This analysis showed no obvious differences in either the
intensity or pattern of sox9b-positive cells between 11
and 14 hpf, suggesting that phosphotransferase activity
is not essential for the earliest aspects of premigratory
NC cell development. Sox9b in situs of embryos 17-20
hpf was also similar. Although sox9b expression had
been down-regulated across the majority of cranial field
by 17 hpf, both wild-type and morphant embryos main-
tained strong expression within the pectoral fin buds. In
addition, both wild-type and morphant embryos showed
prominent sox9b expression across the anterior forebrain
and nasal cavity at 20 hpf. We did not detect any differ-
ences in the expression of the sox9a transcript at these
time points (data not shown). Interestingly, however, sev-
eral regions were noted within morphant embryos that
lacked normal sox9b expression. These included four
distinct stripes of sox9b-positive cells normally present
caudal to the otic vesicle. Collectively, these data dem-
onstrated that, although inhibition of phosphotransferase
activity does not appear to significantly alter the number
or distribution of premigratory NC cells, it could affect a
subset of NC once the cells become mobile.

Loss of Phosphotransferase Activity Does Not
Alter the Proliferation or Cell Fate Specification
of Prechondrocytic Cells in the Pharyngeal
Pouches

We next sought to address whether other aspects of early

chondrocyte development were affected in the mor-
phants, focusing on postmigratory events such as pro-
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Figure 3. Early aspects of NC development appear normal. Az I situ analysis of sox9b expression in wild-type (WT) and morphant embryos show no obvious
differences between 11 and 19 hpf. By 24 hpf, several sox9b-positive stripes were notably absent from morphant embryos (see boxed region and inset).
B: Confocal analysis of wild-type and morphant f1i7:EGFP embryos show that both have strong EGFP-positive fluorescence throughout the pharyngeal arches
(numbered in yellow 1 to 5). In both cases, immunohistochemical staining for Sox9 (red) also showed strong staining in the same regions. Immunohistochemical
stains of BrdU-labeled (purple) embryos demonstrated similar indexes of proliferation throughout these regions.

liferation and cell fate specification of the NC-derived
chondroctye precursors present in the pharyngeal arches.
As shown in Figure 3B, confocal imaging of fli1:EGFP
embryos revealed that the pharyngeal regions of both
wild-type and morphant animals were highly positive for
GFP, indicating that fli7-positive cells were capable of
migration into and expansion within these regions. Con-
focal analysis of BrdU-labeled embryos also demon-
strated that the GFP-positive cells within the pharyngeal
arches proliferated at similar rates in wild-type and mor-
phant embryos (18 = 4% of the GFP-positive cells in
wild-type samples were also BrdU positive, compared
with 20 = 5% of morphant cells staining positive for both
GFP and BrdU). FACS analyses of cells isolated from
fliT:EGFP embryos at 72 hpf detected no significant dif-
ferences in the number of GFP-positive cells between
wild-type (22.8 = 2%) and morphant (27.4 = 1.4%) em-
bryos (Table 3). These data suggest that, although alter-
ations in migratory patterns and proliferation indexes of
subsets of NC cells may exist, the majority of cells that
contribute to anterior cartilage development do ultimately
populate the arches and expand at similar rates.

We next addressed whether the fii1.EGFP-positive
cells populating the pharyngeal arches continued to ex-
press sox9, which not only serves as a marker for early

NC but also functions to specify the fate of early chon-
droctyes. Whole-mount immunohistochemical analyses
of 48-hour-old animals showed that the GFP-positive cra-
nial NC cells within the arches of wild-type and morphant
embryos expressed sox9 in a spatially and temporally
similar manner. Normal expression of sox9 in the anterior
arches of the morphants suggests that the NC cells in the
arches are committed to the chondrocyte cell fate. These
data support the conclusion that the primary defect lead-
ing to dysmorphogenesis of the anterior structures oc-
curs after the NC cells reach the pharyngeal arches.

The Craniofacial Defects in the Morphants Is
Associated with Striking Alterations in the
Expression of Type Il Collagen

To analyze the effect of impaired M6P biosynthesis on the
late-stage aspects of NC cell development, we examined
several parameters of chondrocyte condensation and
differentiation (Figure 4). Once in the pharyngeal arches,
specific domains of chondrocytes condense to form the
primordia of spatially defined craniofacial structures. This
condensation is followed by multiple phases of differen-
tiation, whereby NC cells commit to the chondrocyte
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fli1:EGFP

fli1:EGFP

i1:EGEP

Figure 4. Inhibition of phosphotransferase activity results in disruptions in
type II collagen expression. Wild-type (WT) and morphant embryos were
stained immunohistochemically for type II collagen. A: Although condensing
chondrocytes were visible by fliI:EGFP expression in both wild-type and
morphant embryos at 3 dpf (white arrows), very little type II collagen
expression was detected in wild-type anterior cartilages (asterisk), such as the
trabeculum. Conversely, morphant trabecular chondrocytes expressed signifi-
cantly higher levels of collagen (double asterisk). B: By 6dpf, collagen expres-
sion remained elevated. This was particularly evident within the articulations
between individual cartilages of the morphant jaw (yellow arrows).

cellular fate. As craniofacial chondrocytes differentiate,
they wrap themselves in a collagen-based ECM, reorga-
nize through morphogenetic movements, become hyper-
trophic, and undergo apoptosis and mineralization. A
comparison of wild-type and morphant embryos at 3 dpf
revealed striking differences in several aspects of this
differentiation program. First, the timing and localization
of collagen deposition is altered in morphant embryos, as
assayed by immunohistochemical staining for type Il col-
lagen—one of the earliest markers of chondrocyte differ-
entiation. Morphant embryos expressed high levels of
type Il collagen that was only detectable at low levels in
wild-type embryos (Figure 4A). This trend continued at 6
dpf, with morphant jaws and neurocraniums containing
significantly more type Il collagen than their wild-type
clutch mates. The presence of type Il collagen was par-
ticularly evident within the articular regions between car-
tilage elements of the jaw (Figure 4B). A corresponding
elevation (20-fold) in type Il collagen transcript abun-
dance was also observed by quantitative PCR analyses

of extracts generated from the heads of wild-type and
morphant embryos (data not shown). Although many of
the cells within wild-type cartilages had reorganized to
form a single row of tightly packed cells by 3 dpf, the
majority of the cells within morphant structures were un-
der intercalated (Figure 5, A-E). This defect was evident
in both high power confocal images and low power elec-
tron micrographs. Third, morphant chondrocytes were
25 £ 2% larger than wild-type counterparts, suggesting
that morphant embryos may have experienced an early
onset of cellular hypertrophy (Figure 5F). It is also possi-
ble that the increased size of morphant chondrocytes
indicates the storage of undigested cellular material.
However, we were unable to detect any obvious signs of
lysosomal storage in tissues by staining with periodic
acid-Schiff or Lysotracker.

Sox9 Is Inappropriately Expressed in the
Condensing Chondrocytes of Morphant
Embryos

In addition to its role in specifying NC cells, Sox9 is
required for multiple aspects of chondrocyte differentia-
tion, including expression of type Il collagen.*=3" Con-
focal analyses of Sox9-stained embryos revealed that,
although the GFP-positive chondrocytic cells of the wild-
type neurocraniums had begun to condense into the
trabecular cartilage at 48 hpf (Figure 6A, yellow arrows),
they did not yet express the Sox9 protein. Furthermore,
wild-type embryos demonstrated a clear demarcation of
Sox9 expression that was excluded from the chondrocyte
boundary (Figure 6, A, white dashed line, and B). In
contrast, the morphant chondrocytes, which were also
condensing to form the trabecular cartilage, had inappro-
priately begun to express high levels of Sox9 protein. In
fact, the boundary of Sox9 expression in the morphants
was not only expanded to include the chondrocytes but
also significantly disrupted in the more posterior portion
of the cranial field (Figure 6, A, yellow asterisks, and B).
The inappropriate expression of Sox9 within morphant
chondrocytes supports the notion that alterations in
aspects of the chondrocyte differentiation program
contribute to the cartilage malformations observed in
morphants.

Altered Otolith Formation in the
Phosphotransferase Morphants

On the basis of the findings above, it was not clear
whether loss of phosphotransferase activity had caused
the NC cells to both enter and complete their differentia-
tion program early, or whether the morphant cells had
simply upregulated the expression of sox9 and type Il
collagen but not actually induced the full differentiation
program. To address this issue, wild-type and morphant
embryos were dually stained with Alcian blue and Alizarin
red, a dye that complexes with deposited calcium. Anal-
ysis of wild-type and morphant craniofacial cartilages did
not reveal any obvious differences in the degree of Aliza-
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rin red-positive staining (Figure 7, A-D). However, we did
note striking changes in both the structure and the min-
eralization of the morphant otic vesicles. The otic vesicles
of morphant embryos were smaller in size, irregularly
shaped and exhibited clear differences in the pattern and
intensity of Alizarin red staining. In particular, morphant
stones lacked any internal mineralized fibers.

Smad2 Phosphorylation Is Increased in the Otic
Vesicles of Morphant Embryos

Several recent lines of evidence have suggested that
downstream effectors of the TGF-B pathway (eg,
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Smad?2/3) cooperate with sox9 to induce expression of
type Il collagen in developing cranial cartilages.®” To
assess whether the alterations in type Il collagen and
sox9 also correlated with changes in TGF-B signaling,
whole wild-type and morphant embryos were stained with
an antibody that recognizes phosphorylated forms of
Smad?2 (Figure 8). These experiments demonstrated sev-
eral differences in the overall pattern of Smad2 phosphor-
ylation within the heads of wild-type and morphant em-
bryos. In particular, the region of Smad2 phosphorylation
was expanded within the anterior regions, whereas the
posterior regions appeared to express more restricted
domains of phosphorylated Smad?2. Interestingly, we also

Figure 6. Sox9 is abnormally expressed within
the developing cartilage of phosphotransferase
morphants. A: Immunohistochemical staining of
Sox9, a transcriptional regulator of chondrocyte
differentiation, revealed that, although wild-
type (WT) chondrocytes lacked any detectable
expression at 2 dpf, morphant cells contained
high levels both within the chondrocytes them-
selves as well as throughout the cranial region.
Yellow arrows denote the location of condens-
ing chondrocytes. Dashed white lines mark
the boundaries of Sox9 expression in the ante-
rior head. Analysis of these boundaries in
merged images of flil:EGFP and Sox9 expres-
sion demonstrates that in wild-type embryos
Sox9 expression does not overlap with flil:
EGFP-positive chondrocytes. In contrast, Sox9 is
highly expressed in morphant chondrocytes. Al-
though these images represent maximal inten-
sity projections of several confocal planes, the
presence of Sox9 expression was confirmed
within individual planes as well (data not
shown). Yellow asterisks highlight regions
where Sox9 is inappropriately expressed in

Morphant - .
morphant embryos. B: Schematic representation
e of condensing chondrocytes and the associated
boundary of pattern of Sox9 expression in wild-type and

sox3 expression morphant embryos.
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5dpf B

Figure 7. Otic vesicle development is altered in phosphotransferse mor-
phants. Wild-type (WT) (A and €) and morphant (B and D) embryos were
dually stained with Alcian blue and Alizarin red. Magnified views of the
yellow boxes (C and D) of the otic vesicles highlight several striking
differences in the size, shape, and nature of the ear stones (otiliths, white
asterisks) in morphant embryos. Of particular note are disruptions in the
mineralization pattern of the rims of morphant otiliths (as detected by
Alizarin red staining) as well as the complete lack of a mineralized internal
matrix (white arrowheads).

noted dramatic increases in the amount of phosphory-
lated Smad?2 within the otic vesicles of morphant em-
bryos. Strong Smad?2 staining was primarily associated
with the morphant otiliths. Taken together, these findings
indicate that changes in downstream effectors of the
TGF-B pathway accompany the otic vesicle phenotypes.

Discussion

The molecular mechanisms that underlie the develop-
mental defects associated with ML-Il and related LSDs
remain poorly defined. Gaining insight into the disease
process is critical, however, because it may inform new
ways to treat this disorder without having to overcome the

Morphant|F

Morphant| E

current challenges of replacing the defective enzyme or
gene. Investigating the pathogenesis of ML-Il has been
particularly hampered by the lack of animal models that
are both genetically accessible and amenable to the
study of early developmental processes. In this article,
we demonstrate that loss of phosphotransferase activity
(the defective enzyme in ML-Il) in zebrafish embryos
results in multiple defects, including impaired cartilage
development and motility as well as altered otic vesicle
formation. Importantly, many of the affected systems in
the phosphotransferase-deficient embryos, including
craniofacial cartilage, also develop abnormally in human
ML-II patients. Using this model, we uncovered striking
alterations in the timing and expression of chondrogenic
factors (eg, type Il collagen and Sox9) in developing
cartilage structures as well as abnormal matrix formation
and calcium deposition in morphant otoliths. Collectively,
these data suggest that impaired production and/or
maintenance of ECM proteins are integral to the devel-
opment of these phenotypes.

Because phosphotransferase is the only known en-
zyme responsible for initiating M6P biosynthesis, a re-
duction in its expression and activity should result in loss
of these recognition markers on lysosomal hydrolases.
Fractionation of detergent extracts of phosphotransfer-
ase morphants using a M6P receptor affinity column did
in fact show a significant decrease in the activity of three
different hydrolases recovered from this column (Table
2). On the basis of the robust knockdown of phospho-
transferase enzyme activity in the morphants, we were
surprised to find such a sizable proportion of enzyme
activity bound to the CI-MPR column in these embryos. It
is possible, however, that this fraction of activity repre-
sents M6P-modified lysosomal hydrolases that are stored
within the yolk of the embryos (and thus not sensitive to
the translation or splice-blocking MOs). Indeed, we de-
tected a large amount of M6P-modified B-galactosidase
activity present in zebrafish eggs. However, it is unclear
at this time where this yolk-deposited enzyme is predom-

Figure 8. Smad2-dependent TGF- signaling is
altered in regions of phosphotransferase mor-
phants. Wild-type (WT) (A—C) and morphant
(D-F) embryos were stained immunohisto-
chemically at 2 dpf for phopshorylated forms of
Smad2. Confocal analysis of these animals re-
vealed several changes in the pattern of Smad2
phosphorylation (as denoted by white arrow-
heads and asterisks). Smad2 phosphorylation
was particularly high in the otiliths of the mor-
phant otic vesicles (E and F) compared with
wild-type otiliths (B and C). C and F represent
magnified views of boxed regions from B and E.
Nuclei are a stained with Topro II (purple, B, C,
E, and F).



inantly found throughout the embryo or whether it can
reach and be taken up by the developing tissues, in
particular craniofacial cartilage. A thorough analysis of
the level of mannose phosphorylation of lysosomal gly-
cosidases and proteases in zebrafish is ongoing and
should yield information regarding potential proteins in-
volved in the development of the phenotypes associated
with this model.

The analyses of Alcian blue-stained cartilage struc-
tures in wild-type and morphant embryos revealed nu-
merous phenotypes that ranged in severity from distor-
tions in shape (anterior elements) to complete loss of
mature cartilage structures (pectoral fins and portions
of the auditory capsule). These phenotypes were as-
sociated with strong and persistent increases in the
expression of type Il collagen as judged by immuno-
histochemical staining and quantitative PCR analysis.
These data in conjunction with noted alterations in the
timing and localization of Sox9 expression indicate that
loss of phosphotransferase activity adversely affects the
chondrocyte differentiation program. This is further sup-
ported by the fact that morphant chondrocytes both
failed to properly intercalate and were significantly larger
than wild-type cells. Although it is not clear why the
posterior structures are more severely affected than an-
terior elements, the robust nature of these phenotypes
may reflect an increased requirement for phosphotrans-
ferase activity and lysosomal function in these regions.
Conversely, the graded nature of the phenotypes along
the rostral to caudal axis may reflect local disruptions
in the activity of one or more growth factors required for
different aspects of chondrogenesis.

It is well established that members of the TGF-B su-
perfamily play a critical role during several aspects of
chondrocyte differentiation.®®=%2 This is evidenced by
the fact that dysregulation of TGF-B signaling, at the level
of the ligand or receptor, is associated with craniofacial
and skeletal abnormalities in humans. Although many
signaling pathways may be disrupted following inhibition
of phosphotransferase activity, we believe that the in-
volvement of TGF-Bs is likely for several reasons. First,
several TGF-Bs have been shown to regulate cartilage
development through their ability to control the expres-
sion and deposition of ECM proteins in chondrocyte pre-
cursors. In particular, expression of type Il collagen is
regulated in developing cartilage by the cooperative
activity of Sox9 and TGF-B-dependent Smad2/3 sig-
nals.®”4344 Immunohistochemical analysis of wild-type
and phosphotransferase morphant embryos showed that
the expression patterns of both Sox9 and phosphorylated
forms of Smad?2 were altered throughout the craniofacial
region. Second, several members of the TGF-B family are
known to interact with specific components of the ECM,
which in turn provides a mechanism for regulating their
bioavailability and local activities. Thus, disruptions in the
composition of the matrix can significantly alter the timing
and localization of TGF-B activity. In addition to our
data regarding type Il collagen expression, we ob-
served changes in the deposition and expression profiles
of fibronectin and laminin (data not shown), as well as
Alizarin red-positive mineralization. It is intriguing to
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speculate that changes in the integrity of the ECM, per-
haps due to the mislocalization or inappropriate activity of
lysosomal proteases, can result in disruptions in the tim-
ing of key growth factor signaling pathways.

In addition to the early expression of type Il collagen
within the trabecular chondrocytes of phosphotransfer-
ase morphants, we noted an apparent accumulation of
this ECM protein at later stages of development, in par-
ticular within the articulations of jaw elements (Figure 4B).
This accumulation may represent sustained overexpres-
sion of type Il collagen (consistent with an altered differ-
entiation program). Indeed, type Il collagen overexpres-
sion has been noted in several tissues from patients with
mucopolysaccharidoses.**¢  This observation could
also reflect impaired clearance of type Il collagen within
the intercalating chondrocytes. The turnover of collagen
within developing bone and cartilage begins with its initial
proteolysis within the pericellular space by a group of
secreted or membrane-associated matrix metalloprotein-
ases.*”*® Complete turnover may either be completed
outside the cell by the action of gelatinases such as
metalloproteinase-2 or following endocytosis of defined
fragments into the cell, transport to lysosomes, and
proteolytic degradation of acid-denatured collagen by
cathepsins. Loss of the cathepsin proteases from the
lysosomes, a common feature in some ML-II cell types,
may therefore result in failure to fully degrade type I
collagen and other ECM proteins via the intracellular
pathway. Alternatively, enhanced secretion and activity
of these proteases because of loss of the M6P recogni-
tion markers might affect the stability and turnover of
matrix components, including cartilage proteoglycans
and collagens. Regardless, one would predict that im-
paired clearance or persistent expression of type Il col-
lagen could impact normal development and morphoge-
netic movement of chondrocytes by altering the ability of
these cells to either properly navigate within their envi-
ronment or change their shape during the intercalation
process.

Our data suggest that the development of structures
highly dependent on the coordinated biosynthesis and
remodeling of ECM proteins (ie, cartilage and otoliths)
appear to be uniquely sensitive to the loss of phospho-
transferase activity and M6P biosynthesis. These obser-
vations are consistent with the early observations in
bone and cartilage samples from postmortem ML-Il pa-
tients."®4° In light of these findings, we have begun to
address whether additional phenotypes in the morphant
embryos such as impaired motility and abnormal eye
development may also involve ECM-derived defects.
Such a possibility is supported by recent evidence dem-
onstrating a critical role for the biosynthesis of ECM pro-
teins, such as collagen XVIII and fibronectin, in the es-
tablishment of neuromuscular development and motility
in zebrafish.50:"

Taken together, our results provide new cellular and
molecular insight into the craniofacial defects associated
with ML-1l and establish the utility of the zebrafish system
in the investigation of LSDs. The further characterization
of this model and the development of zebrafish that
model other related lysosomal disorders will provide an
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excellent opportunity to explore the developmental im-
pact of impaired lysosomal function. Such models will
also provide an ideal platform for the assessment of new
therapeutic strategies.
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