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Abstract

Growth impairment in mucopolysaccharidoses (MPSs) is an unresolved issue as it is
resistant to enzyme replacement therapy (ERT) and growth hormone therapy. C-type
natriuretic peptide (CNP) is a promising agent that has growth promoting effects. Here, we
investigate the effects of CNP on growth impairment of MPSs using Gusb™*?) mice, a model
for MPS type VI[ with combination therapy of CNP and ERT by hydrodynamic gene delivery.
Although monotherapies were not sufficient to restore short statures of treated mice,
combination therapy resulted in successful restoration. The synergistic effects of CNP and
ERT were not only observed in skeletal growth but also in growth plates. ERT reduced cell
swelling in the resting zone and increased cell number by accelerating proliferation or
inhibiting apoptosis. CNP thickened the proliferative and hypertrophic zones. Regarding
changes in the bone, ERT restored bone sclerosis through decreased bone formation and
increased bone resorption, and CNP did not adversely affect this process. In addition,
improvement of joint deformation by ERT was suggested by analyses of joint spaces and
articular cartilage. CNP additively provided restoration of the short stature of MPS VIImice in

combination with ERT which improved abnormalities of growth plates and bone metabolism.
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Introduction

Mucopolysaccharidoses (MPSs), a group of lysosomal storage disorders, are caused
by deficiencies of enzymes that degrade glycosaminoglycans (GAGs). Accumulation of
undegraded or partially degraded GAGs in the lysosome injures multiple organs resulting in
sequelae such as mental retardation, corneal clouding, deafness, joint stiffness, obstructive
airway disease, valvular disease, organomegaly, and growth impairment (1). MPSs are
classified into 7 types (I, Il, 111, IV, VI, VII, and IX) according to the deficient enzymes. MPS
I (Hurler syndrome) and MPS 11 (Hunter syndrome) involve accumulation of dermatan
sulfate (DS) and heparan sulfate (HS), MPS 11l involves HS, MPS IV involves keratan
sulfate, MPS VI involves DS and chondroitin sulfate (CS), and MPS IX involves hyaluronan
(1). In MPS VII (Sly syndrome), caused by genetic mutations in the GUSB gene leading to -
glucuronidase (GUSB) deficiency, accumulated GAGs consist of CS as well as DS and HS

observed in MPS | and 11 (2-4).

Enzyme replacement therapy (ERT) was developed to specifically treat several types
of MPSs; more recently, hematopoietic stem cell transplantation can be considered. In MPS 1,
I, IVA and VI, ERT reduced urinary GAG excretion and improved some clinical
manifestations of the deficiency (5-9). However, growth impairment seemed to remain: for
example, a double-blind, randomized placebo-controlled study of ERT in patients with MPS

IV A showed no significant improvement in their standing heights and growth rates (9).

Short stature and skeletal dysplasia resulting from growth impairment need to be
treated in patients with MPSs (10). MPSs are characterized by disproportionate dwarfism
with short neck and trunk accompanied by a prominent forehead and pectus carinatum. The
short stature is severe as: the mean final height was 125.63 £ 9.09 cm in MPS 11 (11), and

119.3 £22.6 and 113.5 + 23.1 cm in male and female patients with MPS IVA, respectively
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(12). Furthermore, kyphoscoliosis and platyspondyly cause pain and neurodegeneration, and
tracheal obstruction is a fatal risk. Motor function is disturbed by the rigidity of joints. Thus,
quality of life and activity of daily living decrease proportionally with growth impairment in

patients with MPSs (10).

Growth hormone (GH) is a current therapeutic agent in clinical settings to treat short
stature (13). GH therapy has been applied for both patients with and without disorders of the
GH axis, such as Turner syndrome, Prader-Willi syndrome, and Noonan syndrome (14).
Polgreen et al. reported that there was no difference in growth velocity between children with
MPS | or MPS Il who were treated with GH and untreated children (15). Insulin-like growth
factor 1 (IGF1) is applied for some GH resistant disorders (16-18). However, a thesis
demonstrated that their IGF1 treatment did not promote proliferation of chondrocytes in MPS
VIl model mice (19). Growth impairment of MPSs might be resistant to GH and IGF1

therapy, so it is worth developing alternative agents.

C-type natriuretic peptide (CNP), a member of the natriuretic peptide family, has
growth promoting effects, verified by skeletal phenotypes of transgenic mice with
overexpressed CNP (20), CNP knockout mice (21), and through exogenous administration
(22). Skeletal growth mediated by CNP is also successfully observed in achondroplasia, one
type of skeletal dysplasia (20). In addition, glucocorticoid-induced growth retardation,
resistant to GH therapy (23), was restored by CNP overexpression (24). Therefore, CNP
could potentially be used to treat the short stature of MPSs involving skeletal dysplasia and

GH resistance.

In the present study, we investigated effects of CNP on growth impairment of MPSs.
Combination therapy of CNP and GUSB, as CNP add-on therapy to ERT, was performed for

MPS VII model mice which have an accumulation of more kinds of GAGs than MPS | or 1.
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Mechanistic insights were provided by histological analyses of growth plates and articular
cartilage and by analyses of bone formation and metabolism. As a result, CNP added on to
ERT caused independent changes in growth plates and bones, leading to their synergistic

effects on skeletal growth.
Materials and Methods
Animals

Gusb™2) mice, the MPS VII model mice, were purchased from the Jackson
Laboratory (Bar Harbor, ME) (25). Spontaneous insertion of a 5.4kb intracisternal A particle
transposon into the 3' end of intron 8 of Gusb gene depletes its expression. In the present
experiments, we only used homozygous mice that had less than 1% of the normal levels of
GUSB activity (26). The genetic background of this strain is C57BL/6 (25). The C57BL/6
mice used in the present study were generated by mating Gush™*2 heterozygous mice. The
mice were genotyped by PCR at 4 weeks old using following primers; 5°-
CAAGGGTATTTACGACCACTTGTACTCTGT-3’ (Forward for Gusb™*2); 5°-
CCAGAACAAGATCTCAATCGGGTAGCACAG-3’ (Forward for C57BL/6); 5°-
TAGCATGCACAGGCAAGGCCCTGAACTGGA-3’ (Reverse for both Gusb™s2) and
C57BL/6). All animals were housed at 23 °C in a 14:10-hour light/dark cycle with free access

to water and standard chow in the same manner as our previous study (27).

Plasmids construction and preparation

The coding sequence of the human NPPC gene (28) encoding preproCNP was
obtained by PCR technique from cDNA of TSA201 cells as a template and was cloned into

the pMD20-T vector (Takara Bio, Shiga, Japan): the forward primer 5°-
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AATAGGATCCGCCACCATGCATCTCTCCCAGCTG-3’ containing a BamH /7 linker and
Kozak sequence, and the reverse primer 5’-AATAGAGCTCCTAACATCCCAGGCCGCTC-
3’ containing a Sacl linker were used. Coding sequence of murine Gusb gene (29) was
obtained from hypothalamic cDNA of C57BL/6 mice and cloned into the pMD20-T vector:
the forward primer 5’-AATAGCTAGCGCCACCATGTCCCTAAAATGGAGTG-3’
containing a Nhe / linker and Kozak sequence, and the reverse primer 5°-
AATACTCGAGTTAGAACGTGAACGGTCTG-3’ containing a Xhol linker were used.
These cloned pMD20-T vectors were treated with BamHI/Sacl for human NPPC and
Nhel/Xhol for murine Gusb, and the obtained DNA inserts were subcloned into the
BamHI/Sacl-digested and Nhel/Xhol-digested pLIVE-Empty vector (Mirus Bio, Madison,
W1), respectively. Thus, we constructed pLIVE-NPPC vector and pLIVE-Gusb vector, and

verified these by sequencing.

We prepared a large amount of these three pLIVE plasmid vectors using NucleoBond
Xtra Midi Plus kit (Macherey-Nagel, Diiren, Germany), according to the manufacturer’s
instructions. Concentrations of plasmid DNA were measured with a Nanodrop-1000

spectrophotometer (Thermo Fisher Scientific, Waltham, MA).

Hydrodynamic tail-vein injection

Six-week-old C57BL/6 and Gush™"*2Y/Gusb™*2 homozygous mice were injected
with plasmid DNA using a hydrodynamic-based procedure as previously described (30,31).
At first, a solution of plasmid DNA and sterilized saline (Otsuka Pharmaceutical Factory,
Tokyo, Japan) was prepared as a total volume equivalent to 10% of mouse weight. The
solution was rapidly injected within 10 seconds into the tail-vein of mice using a 27-gauge

needle (Terumo Corporation, Tokyo, Japan). Amounts of vectors were fixed; pLIVE-NPPC
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vector was 25 pg and pLIVE-Gusb vector was 100 pg. pLIVE-Empty vector was mixed to
align with the total amount of injected vectors. Four weeks after injection (at 10 weeks old),

we sacrificed and collected blood and tissues as described below.

Growth curve and skeletal analysis

Body weight, naso-anal length, and naso-tail length were measured under anesthesia
with isoflurane every week from 6 to 10 weeks old. The anteroposterior and transverse
diameters of the cranial bone, the lengths of the upper limb (humerus and radius) and lower
limb (femur and tibia), and the lengths of lumbar vertebrae were measured on soft x-ray film
at 10 weeks old. The lengths of the upper and lower limbs were presented as averages of their

right and left values. Lumbar vertebrae were defined as the span from the first to the fifth

lumbar vertebra. Shoulder joint spaces were also measured on soft x-ray film at 10 weeks old.

Measurement of serum levels of NT-proCNP, osteocalcin, and TRAP5b

To obtain serum, blood samples of the treated mice were collected in microtubes and
left undisturbed for 15 minutes at room temperature. Subsequently, these samples were left
on ice for 30 minutes, and centrifuged at 1,500 g for 20 minutes at 4 °C. The supernatants
were collected and stored at —80 °C until use. Serum levels of N-terminal proCNP (NT-

proCNP) (Biomedica Medizinprodukte GmbH & Co KG, Vienna, Austria) (32,33),

osteocalcin (Alfa Aesar, Ward Hill, MA) (34), and tartrate-resistant acid phosphatase form 5b
(TRAP5Db) (Immunodiagnostic Systems Ltd., Boldon, UK) (35) were measured using the
each commercial assay kit based on the enzyme immunoassay, according to the

manufacturer’s instructions. Regarding NT-proCNP measurements were performed using the
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first generation kit (32) in an examination of C57BL/6 mice and the second generation kit

(33) in a dilution series of C57BL/6 mice and an examination of MPS mice.

Glycosaminoglycan assay

We mechanically homogenized 100 mg of frozen samples of liver in 400 pL of
RIPA buffer (Nacalai Tesque, Kyoto, Japan) using TissueLyser LT (QIAGEN, Venlo,
Netherlands), and left these on ice for 30 minutes. The supernatants were centrifuged at
10,000 g for 10 minutes at 4 °C. We collected supernatants of these samples in microtubes,
added 400 pL of methanol (Nacalai Tesque), and then vortexed the resultant mixture.
Mixtures of these and 800 ul of chloroform (Nacalai Tesque) were vortexed and centrifuged
at 15,000 g for 2 minutes at 4 °C. The upper water/methanol phase was collected in new
microtubes and dried using a Speed Vac™ DNA 110 Concentrator (Savant, Farmingdale,
NY). The pellets were suspended in 1 ml of papain extraction reagent; 50 ml of a 0.2 M
sodium phosphate buffer, pH 6.4, containing 250 pg papain crystallized suspension (Sigma
Aldrich, St. Louis, MO), 400 mg of sodium acetate, 200 mg of EDTA disodium salt, and 40
mg of cysteine hydrochloride. After digestion at 65 °C overnight and being centrifuged at
10,000 g for 10 minutes, we discarded the supernatants and added dimethylmethylene blue
dye solution supplied in Blyscan Sulfated Glycosaminoglycan Assay (Biocolor Ltd., County
Antrim, UK). Concentrations of GAG were determined by measuring the absorbance at 650

nm using an iMark microplate reader (Bio-Rad, Hercules, CA).
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Histological analysis

The tibias and femurs of the treated mice were fixed in 10% formaldehyde neutral
buffer solution (Nacalai Tesque) and decalcified with 10% EDTA for 2 weeks before they
were embedded in paraffin and sagittaly sliced to evaluate their growth plates. Alcian blue
staining were performed for morphologic analyses. Ki-67 immunohistochemistry was
performed using a monoclonal antibody against Ki-67 SP6 (Nichirei, Tokyo, Japan)

(36). Terminal deoxyribonucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)
assays were performed using Apop Tag Peroxidase In Situ Apoptosis Detection Kit
(Millipore Corporation, Billerica, MA) (37). We counted Ki-67 positive cells and TUNEL

positive cells over the whole area of the growth plate of tibias.

RNA extraction and quantitative RT-PCR analysis

Treated 10-week-old male mice were sacrificed and resected their lumbar vertebrae
as our previous study (38). Total RNA of lumbar vertebrae was extracted using RNeasy Lipid
Tissue Mini Kit (QIAGEN) and then was reverse-transcribed using ReverTra Ace (TOYOBO
Life Science, Osaka, Japan). Quantitative PCR analyses using 20 ng of total RNA were
performed using THUNDERBIRD SYBR gPCR MIX (TOYOBO Life Science) with the
StepOnePlus™ Real-time PCR System (Thermo Fisher Scientific). Results were normalized
using Ppia and Hprt as reference genes and relative mMRNA expression of target genes was
evaluated using a comparative threshold cycle method. The primers used in this analysis were
as follows. Nppc forward: 5'-AGCGGTCTGG GATGTTAGTG-3', Nppc reverse: 5'-
CCTCCCCTCCCCAAATAATA-3"; Npr2 forward: 5'-
GAGGCCCTGCTGTACCAAATTCTA-3', Npr2 reverse: 5'-

GAAGCCCACGATGTCACTGAAG-3'; Ppia forward: 5'-

10
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CGCGTCTCCTTCGAGCTGTTTG-3', Ppia reverse: 5'-
TGTAAAGTCACCACCCTGGCACAT-3'; Hprt forward: 5'-
GGACCTCTCGAAGTGTTGGATAC-3', and Hprt reverse: 5'-

GCTCATCTTAGGCTTTGTATTTGGCT-3'.

Bone microstructural analysis

Micro-CT (SMX-100CTSV3; Shimadzu Co., Kyoto, Japan) scans of femurs of treated

mice fixed in 10% formaldehyde neutral buffer solution were performed. The scan area was
set as the 1.0 mm region from 0.2 mm proximal of the distal growth plates of the femurs.
Bone mineral densities (BMDs) were calculated using a three-dimensional trabecular bone

analysis software (TRI1/3D-BON, Ratoc System Engineering Co., Tokyo, Japan).

Statistics

All results are expressed as the mean = SEM. Statistical analysis of the data was
performed using Student’s t-test, one-way ANOVA followed by the Tukey-Kramer test or
Dunnett test, and two-way factorial ANOVA. JMP pro version 11.3.0 (SAS Institute Inc.,
Cary, NC) was used for all statistical analyses. Statistical significance was defined as p <

0.05.

Study approval

All experimental procedures involving animals were approved by the Animal

Research Committee, Kyoto University Graduate School of Medicine (Permit number:

11
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MedKyo07598). Care of animals and all animal experiments were conducted in accordance
with the institutional guidelines of the Kyoto University Graduate School of Medicine and
the United States NIH Guide for the Care and Use of Laboratory Animals (National

Academies Press, 2011).

Results

Establishment of a CNP administration model using hydrodynamic gene delivery.

In MPS VII, developing treatments include gene therapy that provides sustained
GUSB expression. Richard et al. reported on the hydrodynamic gene delivery of murine
Gusb, which successfully reduced GAG accumulation in MPS VII model mice (39). Based
on their research, we planned to perform the combination therapy of CNP and GUSB by

hydrodynamic gene delivery (30).

To establish a CNP administration model that promotes skeletal growth using
hydrodynamic gene delivery, we introduced 25 pg of pLIVE-NPPC vector by hydrodynamic
tail-vein injection to 6-week-old C57BL/6 male mice. Mean serum NT-proCNP levels were
3.5+ 1.4 pmol/L (n = 3), 913.8 £ 45.4 pmol/L (n = 3), 582.3 + 44.6 pmol/L (n = 3) in 6-
(without injection), 7- (1 week after injection), and 10-week-old (4 weeks after injection),
respectively (Fig. 1A). NT-proCNP levels were significantly higher in 7- (p < 0.001) and 10-
week-old mice (p < 0.001), compared to 6-week-old mice. We examined a dilution series of a
sample of 10-week-old mice with injection and validated that NT-proCNP levels were
specifically measured: NT-proCNP levels were 103.5 £ 3.0 pmol/L, 50.0 + 4.8 pmol/L, 21.8

+ 1.2 pmol/L, and 11.6 £ 3.5 pmol/L in a serial 2-fold dilution series. These observations

12
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suggest that hydrodynamic gene delivery can guarantee prolonged CNP supply for at least 4

weeks.

In addition, we verified that the increased CNP levels actually resulted in promotion
of skeletal growth. Likewise, hydrodynamic tail-vein injection to 6-week-old C57BL/6 male
mice was performed using 25 pg of pLIVE-NPPC vector (WT-CNP mice, n=5) and 25 ug
of pLIVE-Empty vector (WT-Empty mice, n = 6), and compared with non-injected mice (WT
mice, n = 5). In gross appearances (Fig. 1B) and soft x-ray images (Fig. 1C), WT-CNP mice
showed markedly longer body length than WT-Empty and WT mice. The growth curves
confirmed that naso-anal lengths of WT-CNP mice (10.6 £ 0.1 cm at 10 weeks old) were
significantly longer than those of WT-Empty (9.5 + 0.0 cm) and WT (9.5 + 0.0 cm) mice
(Fig. 1D). Naso-tail lengths showed similar elongation in WT-CNP mice, while there were no
differences among body weights of the three groups (Fig. 1E and 1F). The injection protocol
had no significant effect on any of the parameters we measured as there were no differences
in naso-anal lengths, naso-tail lengths, or body weights (Fig. 1D-1F) between WT-Empty and
WT mice. Analyses of soft x-ray images revealed that bone lengths of the front limb, hind
limb, and lumbar vertebrae in WT-CNP mice were significantly longer than those in WT-

Empty and WT mice (p < 0.001 in all significant changes) (Fig. 1G).

Furthermore, we injected various amounts of pLIVE-NPPC vectors (1, 5, and 25
ug). Mice injected with pLIVE-NPPC vectors showed elongation of naso-anal and naso-tail
lengths in a dose dependent manner (Fig. 1H-1K). We adopted 25 ug as the optimal amount
of pLIVE-NPPC vector for the following study because of its ability to sufficiently and stably

promote skeletal growth.
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Combination therapy of CNP and GUSB and its skeletal effects in MPS VII mice.

The Gusb™s2) mouse is a spontaneously derived MPS VII model: Gusb™s2/Gush™s-
23 homozygous mice have less than 1% of the normal levels of GUSB activity of wild type
mice (26). As previously reported (40), these homozygous mice showed the dwarf phenotype
(Fig. 2A). We performed combination therapy of CNP and GUSB for 6-week-old Gush™*
2)IGusb™*2 homozygous mice using hydrodynamic gene delivery (male: n = 8, female:n =7
in each group) and observed for 4 weeks. According to injected vectors, we divided the mice
into 4 groups; 125 pg of pLIVE-Empty vector (MPS-Empty mice); 100 ug of pLIVE-Gusb
vector and 25 ug of pLIVE-Empty vector (MPS-GUSB mice); 25 pug of pLIVE-NPPC vector
and 100 pg of pLIVE-Empty vector (MPS-CNP mice); and 100 pg of pLIVE-Gusb vector
and 25 pg of pLIVE-NPPC vector (MPS-GUSB/CNP mice). Numbers of mice (eight male
mice in each group were tested) with more than 40 pmol/L of serum NT-proCNP levels at 4
weeks after injection were significantly larger in a MPS-CNP group (n =4, 182.5+ 116.8
pmol/L) and a MPS-GUSB/CNP group (n = 4, 189.0 £ 152.0 pmol/L) than in a MPS-Empty
group (n =0, 23.9 + 3.1 pmol/L) and a MPS-GUSB group (n =0, 21.0 £ 2.1 pmol/L) (p <

0.01 in a chi-square test).

To validate whether introduction of pLIVE-Gusb vector supplied sufficient GUSB
activity, we evaluated liver GAG contents in male mice at 4 weeks after injection (Fig. 2B).
As a result, liver GAG content of MPS-GUSB mice (28.4 £ 8.5 ng/mg liver) was
significantly less than that of MPS-Empty mice (238.3 £ 11.2 ng/mg liver) (p < 0.001). MPS-
GUSB/CNP mice (56.5 + 9.6 ng/mg liver) also showed a significant decrease compared to
MPS-Empty mice (p < 0.001), but did not show a difference compared to MPS-GUSB mice.
Likewise, liver GAG content of MPS-CNP mice (254.8 £ 22.0 ng/mg liver) was not different
from MPS-Empty mice. These results were reproduced in female mice (Fig. 2C). Thus, liver

GAG contents were reduced by GUSB overexpression and but not by CNP.

14
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Representative skeletal appearances at 10 weeks old are shown as soft x-ray images
(Fig. 2D). The MPS-GUSB/CNP mouse was markedly longer than the other mice. Analyses
of growth curves revealed that only MPS-GUSB/CNP mice had significantly longer naso-
anal lengths than MPS-Empty mice in both sexes (male: p < 0.05, female: p < 0.001 at 10
weeks old) (Fig. 2E and 2F). Naso-tail lengths showed a similar tendency in male mice (p =
0.062, MPS-GUSB/CNP versus MPS-Empty at 10 weeks old) and significant elongation in
female mice (p < 0.001, MPS-GUSB/CNP versus MPS-Empty at 10 weeks old) (Fig. 2G and

2H). Meanwhile, there were no significant differences in body weight (Fig. 21 and 2J).

Analyses of soft x-ray images at 10 weeks old revealed that the anteroposterior
diameter of the cranium (p < 0.05), and bone lengths of the front limb (p < 0.05), hind limb (p
< 0.05), and lumbar vertebrae (p < 0.01) in MPS-GUSB/CNP male mice were significantly
longer than those in MPS-Empty male mice (Fig. 2K). Compared to MPS-GUSB mice, only
bone lengths of the lumbar vertebrae were significantly longer than MPS-GUSB/CNP male
mice (p < 0.01). Regarding female mice, the hind limb and lumbar vertebrae of MPS-
GUSB/CNP mice were significantly longer than those of MPS-Empty mice (p < 0.05 and p <
0.01, respectively) (Fig. 2L). In the lumber vertebrae, significant elongation of MPS-CNP
mice compared to MPS-Empty mice and that of MPS-GUSB/CNP mice compared to MPS-

GUSB mice were also observed (p < 0.05 and p < 0.01, respectively).

We generated WT-Empty mice injected with 125 pg of pLIVE-Empty vector as
controls for treated MPS mice and used them for the following analyses. Naso-anal length in
MPS-GUSB/CNP mice was comparable to WT-Empty mice at 10 weeks old in both sexes
(Fig. 2M and 2N). Therefore, skeletal growth observed in MPS-GUSB/CNP mice was

statistically and biologically significant.
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Histological characteristics of growth plates of MPS VII mice.

The combination of CNP and GUSB therapy was crucial to promote skeletal growth
in Gusb™s2/Gush™P2) homozygous mice. To clarify mechanisms, we elucidated the
histological structures of tibial growth plates of 10-week-old male mice. Representative
images stained by alcian blue are shown in Fig. 3A. In particular, the resting zone in growth
plates of MPS-Empty mice included swelling cells that were not observed in WT-Empty
mice. Consequently, growth plates were thicker in MPS-Empty mice than in WT-Empty mice
(p < 0.001) (Fig. 3B). In addition, we evaluated the width of each of the resting, proliferative,
and hypertrophic zones (Fig. 3C). The resting (p < 0.001) and proliferative zones (p < 0.01)

were thicker in MPS-Empty mice, while the hypertrophic zone showed no difference.

Importantly, we found that the number of cells in the proliferative and hypertrophic
zones was smaller in MPS-Empty mice compared to WT-Empty mice (p < 0.001) (Fig. 3D).
Therefore, we examined alterations in the proliferation and apoptosis of chondrocytes using
Ki-67 staining and a TUNEL assay, respectively. Ki-67 positive cells were mostly located in
the proliferative zone (Fig. 3E). The number of Ki-67-positive cells per growth plate of MPS-
Empty mice (40.8 £ 5.7 per growth plate) was significantly smaller than that of WT-Empty
mice (94.2 = 7.9 per growth plate) (p < 0.001) (Fig. 3F). Meanwhile, TUNEL-positive cells
were predominantly located in the hypertrophic zone (Fig. 3G). The number of TUNEL-
positive cells per growth plate of MPS-Empty mice (9.0 £ 0.5 per growth plate) was
significantly larger than that of WT-Empty mice (3.3 = 0.3 per growth plate) (p < 0.001) (Fig.

3H).
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Effects of combination therapy on histological structure of growth plates.

Characteristic structural changes in the growth plates of Gusb™s2Y/Gush™"s-?
homozygous mice include thicker resting zones with swelling cells, thicker proliferative
zones, impaired cell proliferation, and accelerated cell apoptosis. To verify whether these
changes were restored by combination therapy of CNP and GUSB, we similarly analyzed
tibial growth plates of treated 10-week-old male mice. These data were followed by statistical
analyses using two-way ANOVA to assess the effects of CNP and GUSB independently. In
alcian blue staining, the widths of the growth plates were not changed by either CNP or
GUSB therapy (Fig. 4A and 4B). However, focusing on each zone of the growth plate (Fig.
4C-4E), GUSB therapy did not change the widths of the proliferative and hypertrophic zones,
but significantly thinned the resting zone. Swelling cells in the resting zone were made
smaller by GUSB therapy (Fig. 5). In contrast, CNP therapy significantly thickened the
proliferative and hypertrophic zones, but did not affect the resting zone. There were no
interactions between CNP and GUSB therapy regarding changes in the thickness of the

growth plates and each zone.

The number of cells in the proliferative and hypertrophic zones were increased by
both CNP and GUSB therapy, and this CNP effect was augmented by GUSB (Fig. 4F). The
number of Ki-67-positive cells (MPS-Empty, 40.8 = 5.7 per growth plate; MPS-GUSB, 80.4
+ 3.4 per growth plate; MPS-CNP, 28.2 + 1.3 per growth plate; MPS-GUSB/CNP, 86.5 +
10.9) was significantly increased by GUSB therapy (p < 0.001) (Fig. 4G and 4H).
Meanwhile, the number of TUNEL-positive cells (MPS-Empty, 9.0 + 0.6 per growth plate;
MPS-GUSB, 5.7 £ 0.9 per growth plate; MPS-CNP, 10.3 = 1.2 per growth plate; MPS-
GUSB/CNP, 5.0 £+ 1.2 per growth plate) was significantly decreased by GUSB therapy (p <
0.01) (Fig. 41 and 4J). Regarding the results of Ki-67 staining and the TUNEL assay, there

was no change with CNP therapy and no interaction between CNP and GUSB therapy. In
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addition, mRNA levels of murine Nppc, as a surrogate for endogenous CNP production, and
those of Npr2, a gene coding natriuretic peptide receptor B (NPR-B), were evaluated using
lumbar vertebrae of MPS-Empty and MPS-GUSB male mice. Nppc mRNA showed no
changes, while Npr2 mRNA significantly increased by GUSB therapy (p < 0.05) (Fig. 4K).
Data shown in Fig. 4K were normalized by Ppia and the similar result was obtained when

normalized by Hprt (Nppc, not significant; Npr2, p < 0.01).

Following these effects, cells in the hypertrophic zone presented drastic changes. As
shown in Fig. 6, GUSB therapy restored the disruption of column formation in addition to
increasing the number of cells, while CNP therapy enlarged cells. Consequently, combination

therapy of CNP and GUSB enlarged hypertrophic chondrocytes organized into columns.

Analysis of changes in bone structure by combination therapy.

Several of the beneficial changes caused by combination therapy of CNP and GUSB
were observed in growth plates. We examined how consequent bone structure was altered.
Analyses of the femur of 10-week-old male mice using micro CT revealed that bone
trabeculae in MPS-Empty mice were markedly increased compared to WT-Empty mice (Fig.
7A). BMD of MPS-Empty mice was significantly higher than that of WT-Empty mice (Fig.
7B). As for bone turnover markers, serum osteocalcin levels of MPS-Empty mice (48.8 £ 5.7
ng/ml, n = 8) were significantly higher than those of WT-Empty mice (24.8 = 4.4 ng/ml, n =
5; p <0.01) (Fig. 7C). Conversely, serum TRAP5b levels were significantly lower in MPS-
Empty mice (2.5 £ 0.1 U/L, n = 8) than in WT-Empty mice (3.2 + 0.3 U/L, n=6; p <0.05)
(Fig. 7D). Thus, MPS-empty mice presented excessive bone sclerosis associated with

increased bone formation and decreased bone absorption.
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We evaluated the effects of combination therapy in a similar manner. Bone
trabeculae were markedly reduced in MPS-GUSB and MPS-GUSB/CNP mice compared to
MPS Empty mice, and were not changed in MPS-CNP mice (Fig. 7E). BMD was
significantly decreased by GUSB therapy and not changed by CNP therapy (Fig. 7F). Serum
osteocalcin levels were decreased by GUSB therapy and increased by CNP therapy (MPS-
Empty, 48.8 £ 5.7 ng/ml; MPS-GUSB, 31.6 £ 4.6 ng/ml; MPS-CNP, 77.4 + 14.1 ng/ml;
MPS-GUSB/CNP, 46.1 + 5.1 ng/ml; Fig. 7G). Serum TRAP5b levels were increased by
GUSB therapy and were not changed by CNP therapy (MPS-Empty, 2.5 £ 0.1 U/L; MPS-
GUSB, 3.8 £ 0.2 U/L; MPS-CNP, 2.9 £ 0.3 U/L; MPS-GUSB/CNP, 4.0 £ 0.2 U/L; Fig. 7H).

There were also no interactions between CNP and GUSB therapy in these analyses.

Restoration in articular cartilage by combination therapy.

Considering the articular abnormality of MPSs, we evaluated shoulder joint space
and histology of the distal femur cartilage. In MPS-Empty mice, shoulder joint space was
wider than in WT-Empty mice (Fig. 8A and 8B). In the distal femur cartilage of MPS-Empty
mice, swelling cells, strong staining by alcian blue, and thicker cartilage layer were observed

(Fig. 8C and 8D).

By comparing treated MPS mice, shoulder joint space was shortened by GUSB
therapy and not changed by CNP therapy (Fig. 8E and 8F). Histology of the distal femur
cartilage showed that GUSB therapy decreased the number of swelling cells and weakened
alcian blue staining (Fig. 8G). The width of the articular cartilage was reduced by GUSB
therapy (Fig. 8H). There were no interactions between CNP and GUSB therapy in these
analyses. Articular abnormality was improved by GUSB therapy and was not interfered with

by CNP therapy.

19

020z A1eniged z| uo Jesn nspysoyso | ng-nyeboN nxebieq 010AY Aq G051 ZS/800BEbA/I00pUS/0LZ | 0 | /I0P/1oBISqE-0]o1B-00UBAPE/OPUS/WO0 dNoolwspese//:sd)y Wol) POPEOjUMO(



Above results are summarized in Table 1 as focusing individual GUSB and CNP
effects. Combination therapy of CNP and GUSB mostly presented combined changes derived

from GUSB and CNP monotherapies.
Discussion

In the present study, we demonstrated the effects of combination therapy of CNP and
GUSB on growth impairment of Gusb™s2’ mice, a model for MPS VI1I. The combination
therapy administered by hydrodynamic gene delivery resulted in further skeletal growth than
the monotherapies. Histological analyses of tibial growth plates revealed that GAG
accumulation caused swelling of resting zone cells and was accompanied by less proliferative
and more apoptotic chondrocytes. Despite the restorative changes of growth plates, GUSB
therapy did not promote skeletal growth. On the other hand, CNP therapy thickened the
proliferative and hypertrophic zones and its growth-promoting effects were augmented by
concomitant GUSB therapy. In addition, GUSB therapy improved abnormal bone structure
and metabolism characterized by increased BMD with more osteogenesis and less resorption,
and also improved articular abnormalities involving overgrowth of cartilage. CNP therapy did
not interfere with these beneficial effects of GUSB therapy. Thus, combination therapy of
CNP and GUSB was used to successfully treat growth impairment issues of Gusb™*2’ mice

including short stature, bone sclerosis, and arthropathy.

One of reasons we used gene therapy to treat these mice was derived from some
reports of MPS VII model mice: GUSB activity supplied by gene therapy including
hydrodynamic methods and viral infection significantly reduced GAGs (39,41-44). Our
assays provided enough enzymatic activities for treated Gusb™"*? mice to reduce GAGs
throughout the study period. In the present study, we established a novel CNP administration

model by utilizing the versatility of hydrodynamic methods (45,46). Gene delivery by the
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hydrodynamic method occurred predominantly in the liver (30). As we previously reported,
serum amyloid P-CNP transgenic mice with secretion of CNP overexpressed in the liver also
presented skeletal overgrowth (47,48). Although these two CNP administration models have
the same source of CNP, hydrodynamic gene delivery was more suitable for the present study

as we could achieve acquired and sustained CNP secretion for at least 4 weeks.

Regarding skeletal growth, our GUSB monotherapy failed to restore the short stature
of Gusb™*2) mice. There were several previous reports that evaluated the skeletal effects of
ERT in MPS type VII model mice: e.g. ERT by gene therapy using lentiviral vectors initiated
at 2 days as well as 7 weeks after birth did not change bone lengths including lumber vertebra
and femur (42): ERT by gene therapy using adeno-associated viral vectors initiated at 2 days
after birth improved bone lengths of the ulnar, tibia, and humerus (49). The discrepancy
among previous reports and our results may be due to the age of the mice when treatment was
initiated or efficiency of gene delivery. No attempts to apply CNP for MPSs had been

reported.

Through combination therapy of CNP and GUSB, for the first time, short stature of
Gusb™>2) mice was restored to that in wild type mice. Even though CNP monotherapy
elongated some bones, simultaneous overexpression of CNP and GUSB showed synergistic
skeletal effects that were suggested by the negative results of GUSB monotherapy.
Furthermore, despite delayed initiation at 6 weeks of age, this combination therapy was
effective. The growth rate of body lengths in C57BL/6 mice generally becomes much slower
after 6 weeks of age, which was even seen in WT mice of the present study. CNP has a
distinctive effect that increases the body length of mice after 6 weeks of age, as observed in
serum amyloid P-CNP transgenic mice and in mice that received an exogenous

administration of CNP (24,27,38).
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Histological analyses of growth plates provided interesting and clear mechanistic
insights of growth impairment of MPSs. Swelling of chondrocytes in the resting zone had
been clarified, but its pathogenic roles remained unknown (50). To discuss this issue, the
important finding of the present study was changes in the number of chondrocytes in the
proliferative and hypertrophic zones. In Gusb™*2 mice, Ki-67 positive cells, through the cell
proliferation cycle, were decreased, and the number of chondrocytes per growth plate was
decreased, as previously reported (51,52). GAG accumulation was implicated as GUSB
overexpression restored these changes. To note, there was a report that the resting zone
contains stem cells supplying clones of proliferative chondrocytes (53,54). Assuming that the
function of swelling chondrocytes of the resting zone is impaired, proliferative chondrocytes
recruited from the resting zone could decrease. ERT seemed to improve these harmful
changes in the resting zone and consequently increase proliferation of growth plate

chondrocytes.

Changes in the hypertrophic zone were also drastic. Firstly, CNP therapy thickened
the proliferative and hypertrophic zones as observed in our previous studies (22,24,47,55).
This change was important because thickness of the growth plate positively relates to skeletal
growth (22,24). Secondly, GUSB therapy did not change the thickness of the proliferative
and hypertrophic zones, but decreased the number of TUNEL-positive cells, through the
apoptotic process. Simonaro et al. reported that apoptosis in articular cartilage increased in
MPS VI rats (56). Essentially, apoptosis in the hypertrophic zone is a process of
endochondral ossification (57). However, increases of chondrocyte apoptosis was observed in
growth impairment by glucocorticoids (24) and TNFa (58) administration. Considering these
relationships, the regulation of chondrocyte apoptosis by GUSB therapy might contribute to
improve growth impairment in the present study. Thirdly, combination therapy of CNP and

GUSB produced more hypertrophic chondrocytes that enlarged and organized into columns,
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compared to the monotherapies. CNP monotherapy enlarged hypertrophic chondrocytes, but
their number did not multiply and their columns were not in order. GUSB monotherapy
increased hypertrophic chondrocytes that were in ordered columns, but their sizes were not
changed. In endochondral bone formation, it is generally recognized that death is the fate of
terminally differentiated hypertrophic chondrocytes. Yang et al. presented crucial evidence
that hypertrophic chondrocytes can survive the cartilage-to-bone transition and become
osteogenic cells (59). We believe that these beneficial changes in the hypertrophic zone by

combination therapy of CNP and GUSB had a large impact on synergistic skeletal effects.

As for molecular mechanisms of these synergistic effects, we found alteration of
NPR-B expression. CNP is a specific ligand of NPR-B. Because GUSB therapy increased
Npr2 mRNA in lumbar vertebrae that actually showed elongation by combination therapy,
we considered GUSB therapy augmented responsiveness to CNP. In other words, MPS VII
mice might have less sensitivity for CNP. Our examination regarding Nppc mRNA in lumbar
vertebrae did not suggest a decrease in local CNP production. Recently, Bartolomeo et al.
reported that autophagy induction restored decreases in thickness of hypertrophic zones of
femoral growth plates in MPS VII model mice (60). We believe the restoration was not due
to a direct effect of CNP that thickened hypertrophic zone as in the present study, because
autophagy induction did not thicken hypertrophic zones in MPS VII model mice beyond wild
type mice (60). Effects of GUSB therapy on growth plates might be mediated by changes in
autophagy, but whether synergistic skeletal effects of GUSB and CNP associate with

autophagy remains to be elucidated.

The bone structure of Gush™*?) mice was characterized as increased bone trabeculae
and BMD. Previous reports of MPS VII model mice showed similar phenotypes (42,43,61).
Decreased TRAP5Sb reflects deterioration of bone resorption as abnormal function of the

osteoclasts in MPS VII model mice was reported (62). This increases bone trabeculae in MPS
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VIl model mice. In the present study, we verified GUSB therapy restored abnormalities in
BMD and serum TRAPS5b levels. Meanwhile, changes in serum osteocalcin levels might
reflect several factors. Osteocalcin, a well-known marker of bone formation, is secreted from
osteoblasts. Osteoblast proliferation certainly could elevate serum osteocalcin levels. In
addition, increased bone trabeculae observed in MPS VIl model mice might associate with

elevated serum osteocalcin levels because osteocytes are derived from osteoblasts.

Although CNP therapy showed no relevant changes except for increasing serum
osteocalcin levels, it was important that there seemed to be no interference with GUSB
effects. Increases in serum osteocalcin levels by CNP therapy are consistent with previous
reports (55,63). No changes in serum TRAP5b levels by CNP therapy might be due to some
mechanisms related to bone abnormality in MPS VI, because the previous reports

demonstrated serum TRAP5b level was elevated by CNP (55,63).

Rigidity of joints is also a severe problem of MPSs. As previously reported (64,65),
joint space was wider and articular cartilage was thickened in MPS VIl model mice. These
changes indicated that rigidity of joints in MPSs was associated with inappropriate growth of
articular cartilage. GUSB therapy succeeded in attenuating cartilaginous overgrowth. A
concern that CNP has the effects of thickening cartilage layer in growth plates, shown even in
the present study, was addressed by the result that CNP therapy did not thicken cartilage layer
in the joint. Combination therapy of CNP and GUSB is expected to improve both short

stature and motor function.

The present study proposes a novel therapy using CNP for short stature of MPSs.
ERT for MPSs was not always initiated shortly after birth owing to various conditions. For
example, diagnosis of MPSs is often delayed: It was reported that 43% of the patients with

MPS VII were diagnosed at 3 years old or older (66). Our examination was designed as an
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acquired-treatment model, that is to say, treatment duration was from 6 to 10 weeks old.
Despite this delayed initiation, combination therapy of CNP and GUSB restored the short
stature of Gusb™*2 mice comparable to wild type mice. Moreover, in real-world settings, the
introduction of ERT is generally prior to management of short stature, which is often
diagnosed in the post-infant period. Considering these clinical conditions, it was quite
valuable that effects of combination therapy of CNP and GUSB were observed in mice over 6

weeks of age after growth spurt.

Development of CNP or its analogue as agents for short stature is ongoing. A phase 2
clinical trial of a CNP analogue, vosoritide, has been performed for achondroplasia (67).
Administration of CNP-53, a precursor of CNP, succeeded in promoting skeletal growth in

rodents (38,55). Other clinical applications of CNP therapy are currently under investigation.

Whether our results of Gusb™*?) mice could be applied for other MPSs is a very
important matter. More kinds of GAGs accumulate in MPS VII than in MPS 1 and Il (1) and
the growth impairment of MPS 11 is milder than MPS VII (10). We believe there is the
possibility that MPS | (mild phenotype) and MPS 11 as well as MPS VI are sensitive to CNP

add-on therapy to ERT.

In conclusion, we demonstrated that combination therapy of CNP and GUSB using
hydrodynamic gene delivery was effective for growth impairment in Gusb™*2’ mice, MPS
V11 model. Although their monotherapies were not sufficient to restore short statures,
acquired combination therapy of CNP and GUSB showed synergistic effects on skeletal
growth equivalent to levels seen in wild type mice. As for mechanisms, reducing cell
swelling in the resting zone and accelerating cell proliferation in the proliferative zone
through GUSB therapy, and thickening the proliferative and hypertrophic zones through CNP

therapy were suggested from analyses of growth plates. Moreover, GUSB therapy restored
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bone sclerosis accompanied with increased bone formation and decreased bone resorption,
and improved inappropriate growth of articular cartilage, while CNP therapy did not
adversely affect these processes. CNP added on to conventional ERT was suggested as a

promising strategy for refractory short stature of MPSs.
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Figure legends

Figure 1.

Effects of overexpressed C-type natriuretic peptide (CNP) by hydrodynamic gene delivery in
C57BL/6 mice (WT). (A) Serum N-terminal pro C-type natriuretic peptide (NT-proCNP)
levels after injection of pLIVE-NPPC vector to 6-week-old C57BL/6 mice (WT). n = 3 each.
(B) Gross appearance of 10-week-old WT-CNP, WT-Empty, and WT mice. (C) Soft x-ray
images of 10-week-old WT-CNP, WT-Empty and WT mice. Scale bar: 20 mm. (D-F)
Growth curves based on naso-anal lengths (D), naso-tail lengths (E) and body weights (F) of
WT-CNP (black filled squares), WT-Empty (gray filled squares), and WT mice (black open
squares) measured every week in 6 to 10 weeks old. WT-CNP, n =5; WT-Empty, n = 6; WT,
n = 6. (G) Bone lengths of WT-CNP (black filled bars), WT-Empty (gray filled bars), and
WT mice (black open bars) measured on soft x-ray images. WT-CNP, n =5; WT-Empty, n =
6; WT, n = 6. (H-K) Dose-dependent skeletal effects of overexpressed CNP by
hydrodynamic gene delivery in WT mice. (H) Growth curves based on naso-anal lengths of
mice injected with 1 pg (WT-CNP1pg, n = 3, gray dotted line), 5 ug (WT-CNP5ug, n = 3,
black dotted line), 25 ug (WT-CNP25ug, n = 5, black line) of pLIVE-NPPC vector, and 25
ug of pLIVE-Empty vector (WT-Empty, n = 6, gray line). (I) Comparison of amounts of
elongation in naso-anal lengths during 4 weeks (Anaso-anal length) among WT-Empty (gray
filled bars), WT-CNP1pug (gray open bars), WT-CNP5ug (black open bars), and WT-
CNP25ug (black filled bars) mice. (J) Growth curves based on naso-tail lengths. (K)
Comparison of amounts of elongation in naso-tail lengths during 4 weeks (Anaso-tail length)
among these four groups. Statistical analyses were performed by 1-way ANOVA followed by
Tukey-Kramer test. In panels A and G, **p < 0.01, ***p < 0.001. In panel D-F, ***p < 0.001
vs WT, T1p <0.01 vs WT-Empty, and {11p < 0.001 vs WT-Empty. In panels H and J,

statistical analyses were not performed. In panels | and K, **p < 0.01, ***p < 0.001.
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Figure 2.

Combination therapy of CNP and GUSB and its skeletal effects in MPS VIimice. (A) Gross
appearance of 3-week-old WT (C57BL/6) and MPS (Gusb™*2//Gusb™2) mice. MPS mice
were treated with CNP and B-glucuronidase (GUSB) which was overexpressed by
hydrodynamic gene delivery in 6 to 10 weeks old. (B, C) Liver GAG levels after treatments
in male (B) and female mice (C). MPS-Empty (black open bars): male, n = 6, female, n = 5;
MPS-GUSB (black filled bars): male, n =5, female, n = 4; MPS-CNP (red open bars): male,
n =5, female, n = 5; MPS-GUSB/CNP (red filled bars): male, n = 6, female, n = 4. (D) Soft
x-ray images of 10-week-old treated MPS mice. Scale bar: 20 mm. (E, F) Growth curves
based on naso-anal length of MPS-Empty (black open squares), MPS-GUSB (black filled
squares), MPS-CNP (red open squares), and MPS-GUSB/CNP (red filled squares) mice.
Male, n = 8 each (E); female, n = 7 each (F). (G-J) Growth curves based on naso-tail lengths
of male (G) and female (H), and body weights of male (I) and female (J) in MPS mice
(Gusbmps-2J/Gusbmps-2J). MPS-Empty (black open squares), MPS-GUSB (black filled
squares), MPS-CNP (red open squares), and MPS-GUSB/CNP (red filled squares) mice were
generated by hydrodynamic gene delivery of each expression vector. Male, n = 8 each;
female, n = 7 each. (K, L) Bone lengths in each group measured on the soft x-ray images.
Male, n = 8 each (K); female, n = 7 each (L). (M, N) Comparisons of final naso-anal lengths
between treated MPS mice and WT-Empty mice in male (M) and female (N). MPS mice:
male, n = 8 each, female n = 7 each; WT-Empty mice: n = 6 in both sexes. Statistical
analyses were performed by 1-way ANOVA followed by Tukey-Kramer test in panels B, C
and E-L and Dunnett test in panels M and N. In panels B, C, K and L, *p < 0.05, **p < 0.01,
and ***p < 0.001. In panels E-J, *p < 0.05, **p < 0.01, ***p < 0.001 for MPS-GUSB/CNP
vs MPS-Empty, tp < 0.05, +1p < 0.01 for MPS-GUSB/CNP vs MPS-GUSB, and Ip < 0.05

for MPS-CNP vs MPS-Empty.
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Figure 3.

Histological characteristics of growth plates of MPS Vimice. (A) Histological images of the
tibial growth plates of 10-week-old WT-Empty and MPS-Empty mice stained by alcian blue.
Red two-way arrows, hypertrophic zones; blue two-way arrows, proliferative zones; and
black two-way arrows, resting zones. Scale bars: 50 um. (B, C) Quantitative analyses for the
widths of whole growth plates (B) and those of each zone (C) and comparisons between WT-
Empty (black open bars) and MPS-Empty mice (black filled bars). n = 5 each. (D) Changes
in the number of cells in proliferative and hypertrophic zone per growth plate. n = 5 each. (E)
Representative images of Ki-67 staining. Blue two-way arrows, proliferative zones. Scale
bars: 50 um. (F) Changes in the number of Ki-67 positive cells per growth plate. n = 5 each.
(G) Representative images of terminal deoxyribonucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) staining. Red two-way arrows, hypertrophic zones. Scale bars: 50 um.
(H) Changes in the number of TUNEL positive cells per growth plate. n = 3 each. Statistical

analyses were performed by Student’s t test. **p <0.01, ***p < 0.001.
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Figure 4.

Beneficial changes in growth plates of MPS VIImice treated by combination therapy of CNP
and GUSB. (A) Histological images of the tibial growth plates of 10-week-old treated MPS
mice stained by alcian blue. Red two-way arrows, hypertrophic zones; blue two-way arrows,
proliferative zones; and black two-way arrows, resting zones. Scale bars: 50 um. (B-E)
Quantitative analyses for the widths of whole growth plates (B) and those of each zone (C-E)
in MPS-Empty (black open bars), MPS-GUSB (black filled bars), MPS-CNP (red open bars),
and MPS-GUSB/CNP (red filled bars) mice. n = 5 each. (F) Changes in the number of cells
in proliferative and hypertrophic zone per growth plate. MPS-Empty, n = 5; MPS-GUSB, n =
5; MPS-CNP, n = 5; and MPS-GUSB/CNP, n = 4. (G) Representative images of Ki-67
staining. Blue two-way arrows, proliferative zones. Scale bars: 50 um. (H) Changes in the
number of Ki-67 positive cells per growth plate. MPS-Empty, n = 5; MPS-GUSB, n = 5;
MPS-CNP, n = 5; MPS-GUSB/CNP, n = 4. (I) Representative images of TUNEL staining.
Red two-way arrows, hypertrophic zones. Scale bars: 50 um. (J) Changes in the number of
terminal deoxyribonucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)
positive cells per growth plate. n = 3 each. (K) Quantitative RT-PCR analyses of lumbar
vertebrae. n = 6 each. mMRNA levels of target genes were normalized to those of Ppia, and
represented as fold-change versus WT-Empty mice. Statistical analyses were performed by
two-way factorial ANOVA in panel B-F, H, and J, and by Student’s t test in panel K. NS: not
significant. *p < 0.05 for GUSB therapy, **p < 0.01 for GUSB therapy, ***p < 0.001 for

GUSB therapy, T11p < 0.001 for CNP therapy.
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Figure 5.

Histological images (alcian blue, 400x) of the resting zone in the tibial growth plate were
presented regarding all analyzed biological replicate samples. #1-#5 represent different

samples obtained from MPS-Empty, MPS-GUSB, MPS-CNP, and MPS-GUSB/CNP mice.
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Figure 6.

Histological images (alcian blue, 400x) of the hypertrophic zone in the tibial growth plate
were presented regarding all analyzed biological replicate samples. #1-#5 represent different

samples obtained from MPS-Empty, MPS-GUSB, MPS-CNP, and MPS-GUSB/CNP mice.
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Figure 7.

Evaluations of bone structures and bone turnover markers of treated MPS VIimice. (A) Micro-
CT images of proximal ends of tibial bones of 10-week-old WT-Empty and MPS-Empty
mice. (B-D) Comparisons of bone mineral density (B), serum osteocalcin levels (C), and
serum tartrate-resistant acid phosphatase form 5b (TRAP5b) levels (D). WT-Empty (black
open bars), n = 6; MPS-Empty (black filled bars), n = 8. (E) Micro-CT images of proximal
ends of tibial bones of treated MPS mice. (F-H) Comparisons of bone mineral density (F),
serum osteocalcin levels (G), and serum TRAP5b levels (H) in MPS-Empty (black open
bars), MPS-GUSB (black filled bars), MPS-CNP (red open bars), and MPS-GUSB/CNP (red
filled bars) mice. n = 8 each. Statistical analyses were performed by Student’s t test (in panels
B, C, and D) and by using two-way factorial ANOVA (in panels F, G, and H). *p < 0.05 for
WT vs MPS, **p < 0.01 for WT vs MPS and for GUSB therapy, ***p < 0.001 for WT vs

MPS and for GUSB therapy, 7p < 0.05 for CNP therapy.
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Figure 8.

Abnormalities in articular cartilage were restored in treated MPS VIImice. (A) Soft x-ray
images of shoulder joints of 10-week-old WT-Empty and MPS-Empty mice. Scale bars: 2
mm. (B) Quantitative analyses for their widths of shoulder joint spaces measured on the
images. WT-Empty (black open bars), n = 6; MPS-Empty (black filled bars), n = 8. (C)
Histological images of the distal femur cartilages of 10-week-old WT-Empty and MPS-
Empty mice stained by alcian blue. Black two-way arrows indicate the widths of articular
cartilages. Scale bars: 50 um. (D) Changes in the widths of articular cartilages measured on
the pictures between WT-Empty (black open bars) and MPS-Empty (black filled bars) mice.
n =5 each. (E) Soft x-ray images of shoulder joints of treated MPS mice. Scale bars: 2 mm.
(F) Quantitative analyses for their width of joint spaces. n = 8 each. (G) Histological images
of the distal femur cartilages of treated MPS mice. Black two-way arrows indicate the widths
of articular cartilages. Scale bars: 50 um. (H) Changes in the widths of articular cartilages of
MPS-Empty (black open bars), MPS-GUSB (black filled bars), MPS-CNP (red open bars),
and MPS-GUSB/CNP (red filled bars) mice. n = 5 each. Statistical analyses were performed
by Student’s t test (in panels B and D) and by two-way factorial ANOVA (in panels F and
H). *p < 0.05 for GUSB therapy, **p < 0.01 for WT vs MPS, ***p < 0.001 for WT vs MPS

and for GUSB therapy.
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Table 1. Summary of changes by GUSB and CNP therapy

GUSB CNP GUSB/CNP
Body and bone lengths
(mm, changes from MPS-Empty)

Naso-anal length +1.5 439 +6.0
Cranium (APD) +0.4  +0.7 +1.1
Cranium (TD) +0.1 +0.2 +0.2
Front limb +04 +0.8 +0.9
Hind limb +04 +11 +1.7
Lumbar spine (L1-5) +0.2 +0.8 +1.3

Growth plate (%, changes from MPS-Empty)

Width of resting zone -289 +10.0 -33.2

Width of proliferative zone +2.5 +40.9 +36.3

Width of hypertrophic zone +3.5 +31.8 +33.8

Cell number in proliferative and hypertrophic zone +25.8 +12.9 +58.5*

Ki-67 positive cell number +97.1 -30.9 +112.0

TUNEL positive cell number -37.0 +14.8 -44.4

Bone and joint (%, changes from MPS-Empty)

Bone mineral density -29.0 -26 -30.4

Serum osteocalcin level -35.3  +58.5 -5.5

Serum TRAPSD level +54.0 +16.5 +63.6

Joint space -12.1 +4.0 -59.4

Width of articular cartilage -205 -125 -63.1

Data of male mice at 10 weeks old. Bold-type indicates statistical significance vs
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MPS-Empty mice.
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*interaction between GUSB and CNP therapy
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Figure 2
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Figure 3
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Figure 5
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Figure 6
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Figure 7
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