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ARTICLE INFO ABSTRACT

Mucopolysaccharidosis (MPS) VII is a lysosomal storage disorder characterized by deficient activity of B-glu-
curonidase, leading to progressive accumulation of incompletely degraded heparan, dermatan, and chondroitin
Bone sulfate glycosaminoglycans (GAGs). Patients with MPS VII exhibit progressive skeletal deformity including ky-
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ENA-Seq Ldi phoscoliosis and joint dysplasia, which decrease quality of life and increase mortality. Previously, using the
Cysésoma 1seases naturally-occurring canine model, we demonstrated that one of the earliest skeletal abnormalities to manifest in
anine

MPS VII is failed initiation of secondary ossification in vertebrae and long bones at the requisite postnatal
developmental stage. The objective of this study was to obtain global insights into the molecular mechanisms
underlying this failed initiation of secondary ossification. Epiphyseal tissue was isolated postmortem from the
vertebrae of control and MPS VII-affected dogs at 9 and 14 days-of-age (n = 5 for each group). Differences in
global gene expression across this developmental window for both cohorts were measured using whole-tran-
scriptome sequencing (RNA-Seq). Principal Component Analysis revealed clustering of samples within each
group, indicating clear effects of both age and disease state. At 9 days-of-age, 1375 genes were significantly
differentially expressed between MPS VII and control, and by 14 days-of-age, this increased to 4719 genes. A
targeted analysis focused on signaling pathways important in the regulation of endochondral ossification was
performed, and a subset of gene expression differences were validated using qPCR. Osteoactivin (GPNMB) was
the top upregulated gene in MPS VII at both ages. In control samples, temporal changes in gene expression from
9 to 14 days-of-age were consistent with chondrocyte maturation, cartilage resorption, and osteogenesis. In MPS
VII samples, however, elements of key osteogenic pathways such as Wnt/f3-catenin and BMP signaling were not
upregulated during this same developmental window suggesting that important bone formation pathways are
not activated. In conclusion, this study represents an important step towards identifying therapeutic targets and
biomarkers for bone disease in MPS VII patients during postnatal growth.

Mucopolysaccharidosis
Sly Syndrome
Biomarkers

1. Introduction multi-systemic clinical manifestations, with patients exhibiting sub-

stantially diminished quality of life and shortened lifespan [2,3].

The mucopolysaccharidoses (MPS) are a family of lysosomal storage
diseases, where each subtype is characterized by mutations in one of
the acid hydrolase genes responsible for the degradation of glycosa-
minoglycans (GAGs) [1]. These mutations result in production of en-
coded proteins with little or no activity, leading to the incomplete de-
gradation and subsequent accumulation of GAG fragments. Progressive
GAG accumulation results in cellular dysfunction and is associated with

MPS VII (Sly Syndrome) is characterized by a mutation in the p-
glucuronidase (GUSB) gene [4]. Impaired GUSB enzyme activity leads
to progressive accumulation of aberrant degradation products of three
types of GAGs: heparan, chondroitin, and dermatan sulfates [4]. Ske-
letal manifestations in MPS VII patients are severe [5-7]. In the spine,
vertebral dysplasia and accelerated intervertebral disc degeneration
lead to kyphoscoliosis and spinal cord compression resulting in related
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neurological complications [5,6,8,9]. In joints, irregularities of the
acetabula and femoral epiphyses have been reported in association with
hip dysplasia [5], and restricted joint range of motion, contractures,
and stiffness are common clinical observations [6]. Skeletal manifes-
tations in MPS VII arise in part through impaired endochondral ossifi-
cation of the vertebrae and long bones [8,10,11], which in normal
postnatal development involves the ossification of a cartilaginous ma-
trix that begins with a series of specified differentiation stages of re-
sident cells [12,13]. In prior work using the naturally-occurring canine
model, we showed that impaired endochondral ossification in MPS VII
manifests in part as failed cartilage-to-bone conversion in secondary
ossification centers during postnatal growth [11]. The resulting carti-
laginous lesions (epiphyseal cartilage that fails to transition to bone)
persist beyond skeletal maturity [14,15] and likely contribute to pro-
gressive spinal deformity and joint dysplasia. We also confirmed the
presence of these lesions in a 19-year-old human MPS VII patient (the
original patient of Dr. William Sly) [16] through post-mortem histolo-
gical evaluation of vertebrae [8]. This patient exhibited progressive
kyphoscoliotic deformity throughout postal growth. Delayed secondary
ossification has also recently been demonstrated in MPS VII mice [16].
Collectively, these findings suggest that failures of endochondral ossi-
fication during postnatal growth are a common pathophysiological trait
in both humans and animals with MPS VII. Further, persistent cartila-
ginous lesions have been described in MPS I dogs, suggesting failed
endochondral ossification is common across different MPS subtypes
[17]. Up until the recent approval of enzyme replacement therapy
(ERT) for clinical use in 2017 [18], there were few treatment options
for MPS VII patients. Laboratory and animal studies suggest ERT may at
best have partial efficacy for treating skeletal abnormalities in MPS VII
[9,19-23], highlighting the need for new approaches to specifically
target and correct this debilitating aspect of the disease.
Endochondral ossification in both vertebrae and long bones begins
with the condensation of mesenchymal progenitors. These cells differ-
entiate into chondroblasts that undergo proliferation, followed by dis-
tinct stages of differentiation, which culminates in apoptosis followed
by vascularization and osteoblast recruitment [13]. Chondrocyte dif-
ferentiation occurs in primary and, later, secondary centers of ossifi-
cation, and within the adjacent growth plates, enabling longitudinal
bone growth. Differentiation stages include pre-hypertrophic, hyper-
trophic, and terminal, each characterized by expression of unique ex-
tracellular matrix (ECM) molecules, transcription factors, and receptors
[13]. Previously, using post mortem microCT imaging and mRNA
analyses, we identified the critical developmental window to be be-
tween 9 and 14 days-of-age when the vertebral and long bone epiphyses
of unaffected dogs begin to ossify, but those of MPS VII dogs do not
[10]. In this previous study, we also showed that the failure of en-
dochondral ossification in MPS VII can be traced, in part, to the im-
paired ability of resident cells to undergo hypertrophic differentiation
by measuring mRNA expression of epiphyseal chondrocyte differ-
entiation markers across this developmental window [10].
Chondrocyte hypertrophic differentiation is regulated by a highly
orchestrated pattern of signaling pathways, including fibroblast growth
factors (FGFs), bone morphogenetic proteins (BMPs), Wingless/
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integrated (Wnts), Indian hedgehog (IHH), and others [24-28]. To-
gether, these pathways form an inter-dependent signaling axis ex-
tending from the perichondrium to the growth plate, in which secreted
growth factors tightly regulate the pace of chondrocyte proliferation
and hypertrophic differentiation. We hypothesized that in MPS VII,
impaired chondrocyte hypertrophic differentiation and subsequent lack
of bone formation is associated with impaired activation and regulation
of one or more of these signaling pathways, likely due to dysregulated
distribution and availability of multiple signaling molecules as a result
of aberrant GAG accumulation in the epiphyseal cartilage [29-32]. In
this study, we used RNA-Seq to profile transcriptomic differences in
epiphyseal tissue between MPS VII dogs and unaffected controls at both
9 and 14 days-of-age, in addition to temporal changes across this cri-
tical developmental window, with the goal of identifying the most
dysregulated signaling pathways affecting chondrocyte differentiation
and bone formation.

2. Materials and methods
2.1. Animals and tissue collection

For this study, we used the naturally-occurring canine model of MPS
VII. MPS VII dogs have a missense mutation (R166H) in the GUSB gene
[33] and exhibit a similar skeletal phenotype to human patients
[8,14,33]. Animals were raised at the University of Pennsylvania School
of Veterinary Medicine under NIH and USDA guidelines for the care and
use of animals in research, and all studies were carried out with IACUC
approval. Litter-matched control (heterozygous) and MPS VII (homo-
zygous) dogs were identified via real time PCR analysis at birth. Ani-
mals (n = 5 for both control and MPS VII animals at each time point)
were euthanized at 9 or 14 days-of-age, defined as number of postnatal
days, using 80 mg/kg of sodium pentobarbital in accordance with the
American Veterinary Medical Association guidelines. The thoracic spine
was dissected out immediately following euthanasia, and epiphyseal
tissue from both the cranial and caudal sides of the T12 vertebrae for
each animal was excised adjacent to the growth plate (Fig. 1) with
adjoining intervertebral disc tissue carefully removed. Cranial and
caudal tissue for each sample was combined and flash frozen in liquid
nitrogen. Microcomputed tomography (UCT) was used to verify the
presence or absence of bone in secondary ossification centers for all
samples using adjacent vertebrae (Fig. 1) (VivaCT40; Scanco Medical
AG, Briittisellen, Switzerland). Sequential axial images through the
entire vertebra were obtained with an isotropic voxel size of 19 um, an
integration time of 380 ms, peak tube voltage of 70kV, current of
0.114 mA, and an acquisition of 1000 projections per 180°. A three-
dimensional Gaussian filter of 1.2 with a limited, finite filter support of
2 was used for noise suppression, and mineralized tissue was segmented
from air or soft tissue using a threshold of 158. Bone formation was
visualized through 3D pCT reconstructed images of the cartilaginous
regions on the cranial and caudal ends of the primary ossification
centers.

Fig. 1. A. Representative mid-coronal microcomputed tomo-
graphy images of control and MPS VII thoracic dog vertebrae
at 9 and 14 days-of-age, showing initial bone formation in the
secondary ossification centers of 14 day-old controls, but no
other groups. Red boxes indicate initial bone formation in the
secondary ossification centers of 14-day old control animals.
B. Gross, mid-coronal image of a thoracic, 9day-old dog
vertebra showing the regions of cranial and caudal epiphyseal
tissue isolated via sharp dissection for RNA analysis.
Scale = 2mm. POC: primary ossification center; SOC: sec-
ondary ossification center. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to
the web version of this article.)
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2.2. RNA preparation and whole-transcriptome sequencing

Flash frozen epiphyseal tissue samples were pulverized using a
mortar and pestle, and RNA was extracted using serial TRIzol (Ambion;
Austin, TX)-chloroform extractions, with a modification to the standard
protocol that we previously described for the RNA precipitation step to
account for the high GAG content in cartilage that can co-precipitate
with RNA [10]. Briefly, 100% isopropanol and a solution of 1.2 M NaCl
and 0.8 M sodium citrate (Sigma-Aldrich; St. Louis, MO) in ddH,O was
used in a 1:1 mixture to separate contaminating GAGs from the RNA
pellet. Following precipitation, extracted RNA was in-column treated
with RNase-free DNase (Qiagen; Valencia, CA) on miRNeasy columns
(Qiagen; Valencia, CA) and eluted following the manufacturer's proto-
cols. The quality of each RNA sample was verified via BioAnalyzer
using the Agilent RNA 6000 Pico Kit (Agilent; Santa Clara, CA) to en-
sure all samples used for library preparation had an RNA Integrity
Number (RIN) value > 7. High quality total RNA from each sample was
used to prepare RNA-Seq libraries using the TruSeq mRNA stranded kit
(Illumina; San Diego, CA). Paired-end, 100-base pair sequencing was
performed using the Illumina HiSeq 2500 platform with the results
mapped to the canine genome version CanFam3.1 (NCBI) using En-
sembl build 77. Pathway analysis was performed using Ingenuity
Pathway Analysis (IPA; Qiagen, Valencia, CA, USA).

2.3. Validation of selected genes using gPCR

Real-time PCR validation of differential expression was performed
for a panel of 11 genes (Supplementary Table 1), using the same RNA
samples that were analyzed by RNA-Seq. For each sample, cDNA was
synthesized from RNA isolated as described using SuperScript First-
Strand Synthesis System for RT-PCR (Invitrogen; Carlsbad, CA). qPCR
reactions were carried out on 10 ng of each cDNA sample per well using
Fast SYBR Green Master Mix (Applied Biosystems; Foster City, CA) on a
StepOnePlus Real-Time PCR system (Life Technologies; Carlsbad, CA).
Primers were designed against Canis familiaris mRNA sequences pub-
lished in the NCBI nucleotide database and are listed in Supplementary
Table 1.

2.4. Statistical analyses

Differential gene expression between all groups from RNA-Seq re-
sults were determined using DESeq2 [34], with litter as a covariate and
adjusted for false discovery rate to generate adjusted p-values, which
are reported as p. Values of p < 0.05 were considered significant. For
genes validated using qPCR, significant differences were established
using 2-way analyses of variance (with age and disease state as the
independent variables) with post-hoc Tukey's tests (Systat, Systat
Software Inc.; San Jose, CA). Exact p-values were calculated to three
decimal places and are presented as such, except for when p < 0.001,
which are reported as p < 0.001. Results are expressed as mean *
standard deviation.

3. Results
3.1. Global analysis

Principal Component Analysis (PCA) of RNA-Seq data showed dis-
tinct clustering of each sample group, indicating clear effects of both
age and disease state on global gene expression (Fig. 2A). Litter was
included as a co-factor in the statistical analysis, but no significant ef-
fect of litter was found. At 9 days-of-age, 1375 genes were significantly
differentially expressed between MPS VII and control, and by 14 days-
of-age, this increased to 4719 genes (Fig. 2B). Examining temporal
changes, for controls and MPS VII, 7514 and 4282 genes were sig-
nificantly differentially expressed at 14 vs 9 days-of-age, respectively
(Fig. 2B). The top significantly upregulated gene in MPS VII versus
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control was GPNMB (glycoprotein non metastatic melanoma B, or os-
teoactivin) at both 9 and 14 days-of-age (45 and 44-fold higher, re-
spectively, both p < 0.001, Fig. 3A). The top significantly down
regulated genes in MPS VII versus control were ACP5 (tartrate resistant
acid phosphatase, 8-fold lower, p < 0.001) and WIF1 (Wnt Inhibitory
Factor 1, 38-fold lower, p < 0.001) at 9 and 14 days-of-age, respec-
tively (Fig. 3B).

3.2. Pathway analysis

Pathway analysis was performed using IPA, focusing on 15 path-
ways identified as having well-defined roles in the initiation and reg-
ulation of endochondral ossification (Fig. 4). At 9 days-of-age, 7 path-
ways, including hypoxia-inducible factor 1-alpha (HIF-la), matrix
metalloproteinases (MMPs), integrin signaling, osteoarthritis pathway,
platelet-derived growth factor (PDGF) signaling, retinoic acid receptor
(RAR) activation, and vascular endothelial growth factor (VEGF) sig-
naling, exhibited overall significantly altered expression in MPS VII vs
control. At 14 days-of-age, all 15 pathways exhibited overall sig-
nificantly altered expression in MPS VII vs control (Fig. 4A). The matrix
metalloproteinase (MMP) pathway exhibited the greatest percentage of
significantly differentially expressed genes (MPS VII vs control) at both
9 and 14 days-of-age (30 and 48%, respectively, both p < 0.001). Ex-
amining temporal expression patterns, for controls, all 15 pathways
exhibited significantly altered expression at 14 vs 9 days-of-age
(Fig. 4B). For MPS VII, all but Hedgehog signaling, MMPs, and trans-
forming growth factor-beta (TGF-P) signaling exhibited significantly
altered expression at 14 vs 9days-of-age, and the percent of sig-
nificantly differentially expressed genes within these pathways at 14 vs
9 days-of-age was lower for MPS VII than for controls (Fig. 4B). A subset
of significantly differentially expressed genes as identified by pathway
analyses was validated via qPCR. Fold-changes were calculated from
gPCR results and are presented in Supplementary Table 2.

3.3. Chondrocyte differentiation markers

We examined differential expression of selected markers of chon-
drocyte differentiation as a function of both disease state and age in our
RNA-Seq dataset (Fig. 5). At 9 days-of-age, positive markers of chon-
drocyte maturation, including forkhead box protein A2 (FOXA2),
myocyte enhancer factors 2C (MEF2C), MMP13, patched 1 (PTCHI),
parathyroid hormone 1 receptor (PTHIR), and runt-related transcrip-
tion factor 2 (RUNX2) were expressed at significantly lower levels in
MPS VII vs control (Fig. 5A). At 14 days-of-age, in addition to these six
genes, alkaline phosphatase (ALPL), osteocalcin (BGLAP), collagen type
10 Al (COL10A1), and osteopontin (SPP1) were all significantly lower
in MPS VII vs control. Expression of SOX9, a marker for chondrocyte
proliferation that is downregulated as chondrocytes mature, was sig-
nificantly higher in MPS VII vs control at 14 days-of-age. With respect
to temporal changes in chondrocyte differentiation marker expression,
in controls, positive markers of chondrocyte hypertrophy, including
ALPL, COL10A1, MEF2C, MMP13, RUNX2, and SPP1 were expressed at
significantly higher levels at 14 vs 9 days-of-age, while negative mar-
kers aggrecan (ACAN), collagen type 2 Al (COL2A1), and NK3
homeobox 2 (NKX3-2) were expressed at significantly lower levels
(Fig. 5B). In MPS VII, the only positive markers of chondrocyte ma-
turation to exhibit significantly higher expression at 14 vs 9 days-of-age
were MEF2C and RUNX2, with the magnitude of the fold change less
than for controls. Negative markers of chondrocyte maturation,
COL2A1 and NKX3-2, exhibited significantly lower expression in MPS
VII at 14 vs 9 days-of-age, while SOX9 exhibited significantly higher
expression (Fig. 5B).

3.4. Matrix metalloproteinases

As noted above, the MMP pathway exhibited the greatest
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Fig. 2. A. Principal Component Analysis (PCA) of RNA-Seq data showing clustering of samples from each group, indicating clear effects of both disease state and age
on global mRNA expression. B. Volcano plots illustrating relative numbers of genes significantly upregulated or downregulated as a function of disease state (MPS VII

vs control, top) and age (14 vs 9 days-of-age, bottom).
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Fig. 3. A. Top 10 genes identified from RNA-Seq analysis as significantly upregulated in MPS VII epiphyseal tissue vs control at 9 (left) and 14 (right) days-of-age. B.
Top 10 genes identified as significantly downregulated in MPS VII epiphyseal tissue vs control at 9 (left) and 14 (right) days-of-age.

percentage of significantly differentially expressed genes (MPS VII vs
control) at both 9 and 14 days-of-age (Fig. 4A). MMPs are important for
many biological processes involved in chondrocyte maturation and
bone formation, including cartilage remodeling and angiogenesis [35].
At 9 days-of-age, MMPs and related inhibitors that were expressed at

significantly lower levels in MPS VII vs control included MMPs 1, 3, 9,
and 13, and tissue inhibitor of metalloproteinase (TIMPs) 1 and 3, while
MMPs 2, 12, 19 and TIMP2 were expressed at significantly higher levels
(Fig. 6A). At 14 days-of-age, in addition to the genes above, a disin-
tegrin and metalloproteinases (ADAMs) 10, 12 and 17, MMP14, and
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Fig. 4. Pathway analysis of RNA-Seq data for 15 pathways with established roles in the regulation of endochondral ossification, showing relative numbers of
significantly differentially expressed genes within each pathway. A. Altered expression of endochondral ossification pathways as a function of disease state for
epiphyseal tissue at 9 and 14 days-of-age. Asterisks indicate pathways that are significantly altered (p < 0.05, MPS VII vs control). B. Altered expression of
endochondral ossification pathways as a function of age for control and MPS VII epiphyseal tissue. Asterisks indicate pathways that are significantly altered

(p < 0.05, 14 vs 9 days-of-age).

tissue factor pathway inhibitor 2 (TFPI2) were expressed at significantly
lower levels in MPS VII vs control. With respect to temporal changes, in
controls, ADAMs 10 and 17, MMPs 1, 9, 11, 12, 13, and TFIP2, TIMP1,
and TIMP3 exhibited significantly higher expression at 14 vs 9 days-of-
age, while MMPs 2, 16, and 23B, and TIMP2 exhibited significantly
lower expression (Fig. 6B). In MPS VII, ADAMs 10 and 17, MMPs 12, 13,
and 19 exhibited significantly higher expression at 14 vs 9 days-of-age,
while MMP2 and TIMP1 exhibited significantly lower expression.

3.5. Wnt/B-catenin signaling

The Wnt/p-catenin signaling pathway, an essential positive reg-
ulator of chondrocyte hypertrophic differentiation and endochondral
ossification [24-26,36], exhibited significantly altered overall expres-
sion as a function of both disease state and age (Fig. 4). Specifically, at
9 days-of-age, 8% of genes in this pathway exhibited significant dif-
ferential expression (MPS VII vs control, p = 0.127, Fig. 4A), while at
14 days-of-age, this increased to 32% of pathway genes (p < 0.001).
Notably, there was downregulation of both activating and inhibitory
elements of Wnt/f-catenin signaling in MPS VII vs control, which was

particularly evident at 14 days-of-age (Fig. 7A). Specific genes ex-
hibiting significant differential expression at one or both ages included
ligands (WNTs 2B, 3, 4, 5A, and 9B), inhibitors (dickkopf-related pro-
teins (DKKs) 2 and 3, and WIF1), transcription factors (lymphoid en-
hancer-binding factor 1 (LEF1) and transcription factor 7 like 2
(TCF7L2)), receptors (frizzled (FZD) 1 and 5), and other important
regulatory elements (-catenin (CTNNB1I), dishevelled segment polarity
proteins (DVLs) 1 and 2, and glycogen synthase kinase 3 3 (GSK3B)).
With respect to temporal changes, for controls, 43% of genes in the
Wnt/p-catenin pathway exhibited significant differential expression at
14 vs 9 days-of-age (p < 0.001, Fig. 4B), while for MPS VII, only 25%
of genes in this pathway exhibited significant differential expression
(p = 0.001).

3.6. BMP signaling

The BMP signaling pathway, another essential regulator of en-
dochondral ossification [27], also exhibited significantly altered overall
expression as a function of both disease state and age (Fig. 4). At 9 days-
of-age, 5% of genes in this pathway exhibit significant differential
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Fig. 5. Altered expression of selected chondrocyte differ-
entiation markers in epiphyseal tissue from RNA-Seq analysis

*p<0.05, MPS VIl vs Control * * as a function of: A. Disease state (MPS VII vs control, at 9 and
O v, 14 days-of-age); and B. Age (14 vs 9 days-of-age, for control
0 and MPS VII). Asterisks (*) indicate significant fold-changes in
o
g’ U I_l I_l 2 |_| 2 I;I LI 2 I_l ; ? gene expression (p < 0.05).
s 4 * * * % ¥ * ’ A« W 7
o -7 * * *
2 / *
w 8 /
) *
*
-12 T T T T T T T T T T T
N Vv (¢] O £V N < 2 ) N
¥ ¥ LI S AP M S L P
A N < Q O Q> 3 O Q
N o & ¢ & \glj' & &S % 2

B 5 mm Control: 14 vs 9 days-of-age E= MPS VII: 14 vs 9 days-of-age

* *p<0.05, 14 vs 9 days-of-age
*
6-
[
g *
£ 3 * = *
(8} * * *
3
g o | 0 8n "I
U DU © Jr r =
* * *
34 % * *
T T T T T T T T T T T
ST SRS AR SR S G
F ¥ P FVES TSP
W v 00 QOV ~ N e{j. <
A 3 9 days-of-age: MPS VIl vs Control & 14 days-of-age: MPS VIl vs Control Fig. 6. Al.tered expressi(?n _Of 'setlecte('i mat'rix me-
8 talloproteinases and their inhibitors in epiphyseal
*p<0.05, MPS VIl vs Control *[7 * . . . .
7 * ‘ * tissue from RNA-Seq analysis as a function of: A.
44 * * ’ ‘ * Disease state (MPS VII vs control, at 9 and 14 days-
ug" 0 1 ﬂ 4 I-l 4 ﬂ a of-age); and B. Age (14 vs 9 days-of-age, for control
F u o = 7 U 7 U4 Uy Uy N and MPS VII). Asterisks (*) indicate significant fold-
o * * / * / / * /L % g
% 44 * 2 * 2 * ? 2 * * changes in gene expression (p < 0.05).
- * N/ / /
- 2 . . /
-12 1 L] 1 L] 1 L] 1 L] L] 1 L] 1 L] L] 1
Q & A N Vv > CY N O > ) U I VR )
F FHFPHFPFPFHFIFTIFTIIT IS
v.o‘?- \S,\» v.o‘?' R R RN RO O PN R
B =3 MPS VII: 14 vs 9 days-of-age  m Control: 14 vs 9 days-of-age
8
 ¥p<0.05, 14 vs 9 days-of-age *l

]
2
g
o
3
[<]
'8
-2
-y * " * %
*
'4IIIIIIIIIIIIIII
8 W& M@ N e e e O N DD
F HFFFFFTFT & FE§ES
vo“@’““*“‘@““@*@“@"\&sg"\"\“\‘

expression (MPS VII vs control, p = 1.0, Fig. 4A), while at 14 days-of-
age, this increased to 36% of pathway genes (p < 0.001). With respect
to specific genes (Fig. 8A), at 9 days-of-age, chordin (CHRD), a BMP
inhibitor, was significantly upregulated in MPS VII vs control
(p < 0.001). By 14days-of-age, inhibitors CHRD and gremlin 1
(GREM1) were significantly upregulated in MPS VII vs control (both
p < 0.001), while activating ligands BMPs 1, 2, and 4, and the co-
factor Smad ubiquitin regulatory factor (E3 ubiquitin-protein ligase,
SMURF1) were downregulated (all p < 0.001). With respect to

temporal changes, in controls, there was significant upregulation of
BMPs 2, 4, and 8, and follistatin (FST), and significant downregulation
of GREM1, CHRD, and noggin (NOG) at 14 vs 9 days-of-age (Fig. 8B). In
MPS VII, BMP5, FST, and SMAD9 were significantly upregulated, and
BMPs 1 and 8B, and CHRD significantly downregulated at 14 vs 9 days-
of-age (all p < 0.001 except CHRD, p = 0.045).
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Fig. 7. Altered expression of selected Wnt/fB-catenin signaling pathway genes in epiphyseal tissue from RNA-Seq analysis as a function of: A. Disease state (MPS VII vs
control, at 9 and 14 days-of-age); and B. Age (14 vs 9 days-of-age, for control and MPS VII). Asterisks (*) indicate significant fold-changes in gene expression

(p < 0.05).

4. Discussion

Patients with MPS suffer from debilitating skeletal abnormalities,
including impaired bone formation through endochondral ossification
during postnatal growth [19]. ERT was only recently approved for use
in human MPS VII patients by the United States Food and Drug Ad-
ministration (2017) and by the European Commission (2018) [18,37],
and as of yet there is little published data on its efficacy specifically for
bone disease. However, studies in MPS VII mice suggest that, similar to
other MPS subtypes, ERT for MPS VII may at best be partially effective
in this respect [23,23]. This is supported by the results of long term
gene therapy studies in MPS VII dogs, in which despite very high levels

of circulating enzyme, cartilaginous vertebral bone lesions persisted
through the lifetime of the animals [15]. Therefore, there is a clinical
need to develop therapies that specifically and effectively target bone
manifestations in MPS VII patients.

Here, we used RNA-Seq to profile the transcriptome of epiphyseal
tissue across the critical developmental window when secondary ossi-
fication fails to initiate in MPS VII dogs. Our previous work demon-
strated that this failure is due in part to the impaired ability of resident
epiphyseal chondrocytes to undergo hypertrophic differentiation [10].
The RNA-Seq results presented here confirm these findings, with
chondrocytes in healthy controls exhibiting expected differential ex-
pression in upregulation of activators and downregulation of inhibitors
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Fig. 8. Altered expression of selected BMP signaling pathway genes in epiphyseal tissue from RNA-Seq analysis as a function of: A. Disease state (MPS VII vs control,
at 9 and 14 days-of-age); and B. Age (14 vs 9 days-of-age, for control and MPS VII). Asterisks (*) indicate significant fold-changes in gene expression (p < 0.05).

of hypertrophic maturation from 9 to 14 days-of-age, whereas similar
differential expression and progression towards chondrocyte matura-
tion are diminished or absent in MPS VII chondrocytes. Associated with
this failure of hypertrophic differentiation, our results also demon-
strated extensive dysregulation of the signaling pathways that regulate
endochondral ossification. While the link between pathway dysregu-
lation and the GAG accumulation that occurs in MPS VII has not been
directly established, our previous work demonstrated that both intra
and extracellular GAGs are elevated in MPS VII dog epiphyseal tissue at
as early as 9 days-of-age and are likely contributing factors [10].
Matrix metalloproteinases are a major family of proteinases that
play a critical role in ECM remodeling throughout the process of en-
dochondral ossification. A finely-tuned balance between the expression
of MMPs and their inhibitors must be maintained in both cartilaginous
and mineralized tissues for bones to form normally [38,39]. Cartilage
ECM resorption by MMP9 is a necessary step in endochondral ossifi-
cation, in part by allowing growth factors such as VEGF access into the
tissue for regulating angiogenesis, migration of additional growth fac-
tors and bone cells through newly formed vessels, and replacement with
bone matrix [40]. Other MMPs, such as MMP13 and MMP14, play a
role in remodeling the ECM during endochondral ossification when
expressed by hypertrophic chondrocytes [41,42], as well as con-
tributing to osteocyte perilacunar and pericanalicular remodeling, and
directing bone cell migration and osteoblastic differentiation [42,43].
In our RNA-Seq data, the expression of MMPs 9, 13, and 14 were
downregulated at 9 days-of-age in MPS VII animals compared to con-
trols, and the magnitude of the fold-change of downregulation in-
creased for all three genes at 14 days-of-age. Expression of ACP5 was
also found to be significantly lower in MPS VII epiphyseal cartilage at
the onset of secondary ossification. ACP5 encodes tartrate-specific acid
phosphatase, an enzyme secreted by osteoclasts, chondroclasts and
septoclasts that is essential for the degradation of mineralized matrix
surrounding hypertrophic chondrocytes during the cartilage-to-bone
transition [44]. Chondroclasts reside within cartilage canals [45], and
lower expression of ACP5 is suggestive of reduced chondroclast num-
bers or activity, or that the cartilage canal network itself is diminished

in MPS VII. Overall, diminished expression of these degradative en-
zymes in MPS VII epiphyseal cartilage suggests that the process of
cartilaginous ECM removal is impaired, negatively impacting the ne-
cessary infiltration of vessels, cells, and growth factors needed for in-
itiation of endochondral ossification.

Signaling pathways, such as Wnt/B-catenin and BMP, have broad
roles in the regulation of endochondral ossification, including control-
ling the timing and pace of chondrocyte hypertrophic differentiation.
While these regulatory roles have been most extensively studied in the
context of the growth plate, the combination and sequence of signaling
events that initiate chondrocyte hypertrophic differentiation within the
cartilaginous secondary ossification centers is less well understood.
Here, we show that both of these pathways exhibit significantly altered
expression patterns from 9 to 14 days-of-age in vertebral secondary
ossification centers, both for controls and MPS VII, although the mag-
nitudes of pathway changes are markedly different between the two
groups. In control dogs, this developmental window corresponds to the
initiation of secondary ossification — at 9 days-of-age, only a cartilagi-
nous template is present, and at 14 days, there is a small amount of
mineralized bone (Fig. 1). In contrast, in MPS VII tissue, the cartilagi-
nous template at 14 days-of-age is indistinguishable at the tissue level
from 9 days. This suggests that in MPS VII, while some of the requisite
mechanisms to initiate ossification may be occurring, they are in-
sufficient to drive cellular and ECM changes at the rate occurring in
controls. This may be due to a combination of factors, including sig-
naling molecules being secreted at levels insufficient to initiate hyper-
trophy, those molecules being sequestered by GAGs accumulating in the
ECM at abnormal levels, or cells being less able to respond to those
molecules when they are presented. Providing the necessary signals
exogenously has potential to normalize the timing and progression of
bone formation in MPS VII.

With respect to the Wnt/[-catenin pathway in control animals, the
transition from cartilage to bone was characterized by significant up-
regulation of downstream activating factors such as LEF1, CTNNB1, and
TCF7L2, as well as inhibitors such as WIF1 and DKK2. It has been
previously suggested that inhibitors such as WIF1 are expressed
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concomitantly with Wnt activating elements in autoregulatory feedback
loop during osteoblast maturation [46], and a similar mechanism may
be present here. In MPS VII, the Wnt/[3-catenin pathway gene expres-
sion changes from 9 to 14 days were diminished or absent, suggesting
impaired pathway activation. With respect to the BMP pathway, the
transition from cartilage to bone in controls was characterized by sig-
nificant upregulation of secreted ligands classically associated with
bone formation, including BMP2 and BMP4, with concomitant down-
regulation of inhibitors such as GREM1, NOG, and CHRD. Once again,
in MPS VII, these changes in gene expression were largely absent from 9
to 14 days, consistent with impaired BMP pathway activity.

Therapeutic targeting of either or both of these pathways may be
one strategy to normalize epiphyseal cartilage-to-bone conversion and
subsequent bone formation in MPS VIIL. The potential limitations of ERT
for addressing the bone manifestation in MPS are likely in part due to
the inability of the very large enzyme to diffuse into poorly vascularized
tissues such as epiphyseal cartilage. Administration of small molecules
may be more effective than growth factors themselves, which, like
endogenous molecules, may get sequestered by accumulated GAGs
before reaching cells. Therefore, small molecules that stimulate osteo-
genic signaling and can be delivered in combination with ERT may have
the greatest therapeutic efficacy. For example, GSK3B inhibitors, such
as lithium, which function as indirect agonists of Wnt/pB-catenin, have
been shown to enhance bone formation in mice [47]. Similarly, small
molecule agonists of canonical BMP signaling are currently under ex-
perimental evaluation [48,49]. The administration of osteogenic
therapies could theoretically be limited and timed to coincide with key
stages of skeletal development in MPS VII patients, with the goal of
normalizing bone formation through to skeletal maturity. As these
signaling pathways have broad regulatory roles that are not limited to
the skeletal system, tissue-specific targeting may be important, parti-
cularly in children.

In addition to identifying new therapeutic targets, there is also a
critical need for new disease-specific biomarkers that can be used for
non-invasive monitoring of disease progression and response to
therapy. Osteoactivin (glycoprotein non-metastatic melanoma B,
GPNMB), an osteogenic factor shown to stimulate osteoblast differ-
entiation [50], was found to be the top-ranked upregulated gene in MPS
VII secondary ossification centers at both 9 and 14 days-of-age. Os-
teoactivin is a trans-membrane glycoprotein expressed by numerous
cell types including various cancer cells, endothelial cells, macro-
phages, myocytes, chondrocytes, and all major bone cell types [51,52].
Osteoactivin has been shown to act as a positive regulator of osteoblast
differentiation [53] and an inhibitor of osteoclast differentiation [54],
and as such is being explored as a potential anabolic therapy for en-
hancing fracture healing [55]. Osteoactivin has also been linked to ly-
sosomal dysfunction, potentially due to its role macroautophagy and
phagocytosis [56], and its elevated expression has been linked to sev-
eral lysosomal storage disorders where it has been proposed as a po-
tential biomarker. In MPS VII, osteoactivin mRNA is upregulated in
mouse aorta and brain [57,58]. In Gaucher disease, osteoactivin protein
expression is elevated in serum, plasma, spleen, bone marrow, liver,
and cerebral spinal fluid [59-61]; in Niemann-Pick Type C, protein is
elevated in liver, spleen, and plasma [62]. Here, we provide evidence
that osteoactivin may exhibit similar elevated expression in MPS VII
skeletal tissue, and future work will examine its expression with age,
across different tissues, and in response to therapeutic intervention to
validate osteoactivin as a potential biomarker for MPS VII. Para-
doxically, while osteoactivin can act as a positive regulator of bone
formation, in this instance, its high expression in MPS VII epiphyseal
cartilage, putatively as a consequence of lysosomal dysfunction, is as-
sociated with impaired chondrogenesis and endochondral ossification.

In this study, we used whole transcriptome sequencing to char-
acterize the molecular events underlying failed initiation of secondary
ossification in MPS VII dogs. We present an unbiased analysis of top
dysregulated genes followed by a focused analysis centered around
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known regulators of endochondral ossification. While the results of this
analysis are in some respects intuitive based on our previous work, they
represent a logical first step towards identifying clinically relevant
therapeutic targets. Future studies will assess additional pathways
through similar focused analyses. A limitation of this work was the
heterogeneous cellular composition of the samples analyzed, which is
in general a limitation of all bulk RNA-Seq studies, and ongoing work is
focused on examining spatial variations in expression of dysregulated
molecules at the cellular level. Nonetheless our results identify key
osteogenic pathways that fail to activate in MPS VII epiphyseal carti-
lage, preventing the cartilage-to-bone transition from occurring at the
appropriate postnatal age. Such pathways represent potential ther-
apeutic targets for normalizing bone formation in MPS VII dogs and
patients.
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