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Mutations in cartilage oligomeric matrix protein cause pseu-
doachondroplasia, a severe disproportionate short stature dis-
order. Mutant cartilage oligomeric matrix protein produces
massive intracellular retention of cartilage oligomeric matrix
protein, stimulating ER and oxidative stresses and inflamma-
tion, culminating in post-natal loss of growth plate chondro-
cytes, which compromises linear bone growth. Treatments for
pseudoachondroplasia are limited because cartilage is relatively
avascular and considered inaccessible. Here we report success-
ful delivery and treatment using antisense oligonucleotide
technology in our transgenic pseudoachondroplasia mouse
model. We demonstrate delivery of human cartilage oligomeric
matrix protein-specific antisense oligonucleotides to cartilage
and reduction of cartilage oligomeric matrix protein expres-
sion, which largely alleviates pseudoachondroplasia growth
plate chondrocyte pathology. One antisense oligonucleotide
reduced steady-state levels of cartilage oligomeric matrix pro-
tein mRNA and dampened intracellular retention of mutant
cartilage oligomeric matrix protein, leading to a reduction of
inflammatory markers and cell death and partial restoration
of proliferation. This novel and exciting work demonstrates
that antisense-based therapy is a viable approach for treating
pseudoachondroplasia and other human cartilage disorders.
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INTRODUCTION
Treatments of skeletal dysplasia/dwarfing conditions, including pseu-
doachondroplasia (PSACH), are few and fraught with problems
because of the inaccessibility of chondrocytes within the cartilage ma-
trix and the relative avascular nature of the cartilage environment.
PSACH is clinically characterized by disproportionate short stature,
rhizomelic shortening of the long bones, brachydactyly, and extreme
joint laxity.1,2 Joint pain in childhood and osteoarthritis (OA) in early
adulthood are the most debilitating features of PSACH; only symp-
tomatic treatments are available and have limited efficacy.2,3 The
diagnosis is made between 2–3 years of age when linear growth slows
and a waddling gait develops.1,2 Because the diagnosis, in most cases,
is made post-natally, treatments aimed at resolving the pathology will
have to be started immediately after diagnosis.

PSACH is caused by mutations in cartilage oligomeric matrix protein
(COMP), a pentameric extracellular matrix (ECM) glycoprotein
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abundant in musculoskeletal tissues.4,5 Functionally, COMP facili-
tates type II collagen fibril assembly, enhances chondrocyte attach-
ment in vitro, and interacts with other ECM proteins, including
type II and IX collagens, matrilin 3, and SPARC.6–12 In contrast, mu-
tations in COMP cause misfolding of the protein, preventing export
from the chondrocyte and resulting in massive retention within the
endoplasmic reticulum (ER).10,13–15 Although this finding has long
been appreciated, there was little understanding of the pathologic mo-
lecular mechanisms, which are critical to develop mechanism-driven
therapeutics. To circumvent this problem, we generated the mutant
(MT)-COMP mouse with the common D469del PSACH mutation
that expresses human MT-COMP in chondrocytes in the presence
of the inducing agent doxycycline (DOX).16–19MT-COMPmice reca-
pitulate the PSACH clinical findings of reduced growth and cellular
abnormalities, including massive intracellular retention of COMP
and other ECM proteins.16,17,19 The intracellular retention of
MT-COMP activates the protein kinase RNA-like endoplasmic retic-
ulum kinase (PERK) arm of the unfolded protein response, which is
the cellular response mechanism that is activated by misfolded pro-
teins.20,21 By 3 weeks of age, all murine MT-COMP growth plate
chondrocytes have mutant COMP in the ER, causing chronic ER
stress, inflammation, oxidative stress, and DNA damage that drives
the chondrocytes to necroptosis.17 This becomes a self-perpetuating
pathological process, with each pathologic component exacerbating
the others.22–26 We have shown that aspirin, ibuprofen, and resvera-
trol dampen the PSACH chondrocyte pathology, reducing inflamma-
tion and/or oxidative stress.16 This important and novel therapeutic
approach interrupts the pathological loop.

An alternative therapeutic approach would be to limit the amount of
COMP expression, thereby treating the PSACH chondrocyte pathol-
ogy at its origin. Support for this approach comes from COMP
knockout mice that are normal in all growth parameters, with only
mild growth plate disturbances and flattening of the articular cartilage
surface after exercise.27 This suggests that COMP is not necessary for
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Figure 1. The Absence of Wild-Type Endogenous Mouse COMP Decreases

MT-COMP Intracellular Retention and Chondrocyte Death

(A–I) Human COMP-specific (A–D) and TUNEL (E–H) immunostaining of P28 growth

plates from control (C57BL\6), COMP�/�, MT-COMP (MT-COMP/COMP+/+), and

MT-COMP/COMP�/� mice is shown. DAPI (blue) was used to visualize nuclei.

Growth plates from at least eight mice from each genotype were examined in

each group. No human COMP is observed in either the control (C57BL\6) or

COMP�/� growth plate (A and B). MT-COMP intracellular retention is decreased in

the absence of endogenous mouse COMP (compare D with C). TUNEL staining is
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normal skeletal development, longevity, or fertility in mice,28 whereas
the presence of mutant COMP is detrimental to skeletal growth.
Therefore, decreasing COMP expression should limit the pathology.
Using a short hairpin RNA (shRNA) that targets COMP, we showed
that RNAi reduces COMP mRNA, intracellular retention, and ER
stress in vitro.29 To develop a therapeutic platform based on these
findings, we tested the delivery and efficacy of antisense oligonucleo-
tides (ASOs) complementary to human COMP mRNA expressed in
theMT-COMPmouse. In this work, we show that ASOs are delivered
to the growth plate and effectively reduce COMP mRNA, COMP
intracellular retention, and the inflammatory process elicited by
MT-COMP expression.

RESULTS
Loss of Endogenous Mouse COMP Decreases MT-COMP

Chondrocyte Pathology

We have shown that MT-COMP accumulates in growth plate chon-
drocytes, generating ER and oxidative stress and an inflammatory
process, which leads to premature chondrocyte death and decreased
long bone growth in mice.16–19 COMP pentamers often include
both wild-type and misfolded mutant subunits, with an estimated
97% of the protein stalling and getting trapped in the ER.21,30 This
suggests that, in the presence of MT-COMP, wild-type (WT)
COMP subunits may contribute to the cytotoxic intracellular reten-
tion. To determine the role of WT-COMP in this process, we evalu-
ated whether reducing the total amount of murine COMP would
dampen the MT-COMP chondrocyte phenotype. To accomplish
this goal, we generated an MT-COMP/COMP�/� mouse that ex-
presses MT-COMP in a COMP-null background using standard
breeding. We found that human MT-COMP intracellular retention
was reduced in the absence of endogenous wild-type mouse COMP
(mCOMP; compare Figure 1C with Figure1D). As expected, no hu-
man COMP was observed in the C57BL\6 or COMP�/� growth
plates because human COMP (hCOMP) is not present in these
mice (Figures 1A and 1B; hCOMP is shown in red). The decrease
in intracellular human MT-COMP in the MT-COMP/COMP�/�

mice was accompanied by decreased terminal deoxynucleotidyl trans-
ferase-mediated deoxyuridine triphosphate-biotin nick end labeling
(TUNEL)-positive cells (Figure 1I; from 87% to 20%), indicating a
reduction in growth plate chondrocyte death (compare Figure 1G
with Figure 1H). Consistent with dampening of the MT-COMP
chondrocyte phenotype, the inflammation-related proteins IL-16
and YM1 were reduced in the MT-COMP/COMP�/� growth plates
(compare Figures 2D and 2H with Figures 2C and 2G). Although
YM1 mRNA only trended downward, interleukin-16 (IL-16)
mRNA was significantly reduced by 58% (p > 0.05). Moreover, pro-
liferation, as monitored by Ki67 signal, was partially restored in
MT-COMP/COMP�/� compared with MT-COMP growth plate
chondrocytes (compare Figure 2L with Figure 2K). MT-COMP
present in only a few chondrocytes of control mice (E), whereas, in the MT-COMP

growth plate, most chondrocytes are TUNEL-positive (G). TUNEL staining is

markedly decreased in the MT-COMP/COMP�/� mouse growth plate (compare

H with G and I).



Figure 2. Inflammatory Proteins Are Decreased

and Proliferation Is Partially Restored by the

Absence of Endogenous Wild-Type Murine COMP

in MT-COMP/COMP–/– Mice

(A–L) Immunostaining of P28 growth plates from

control (C57BL\6), COMP�/�, MT-COMP (MT-COMP/

COMP+/+), and MT-COMP/COMP�/� mice is shown.

Growth plates from at least eight mice from each geno-

type were examined in each group. Expression of the

inflammatory proteins IL-16 and YM1 was reduced in

MT-COMP/COMP�/� growth plate chondrocytes (D and

H) compared with MT-COMP (C and G) but were similar

to control (A and E) and COMP�/� (B and F) growth plate

chondrocytes. Expression of Ki67, a marker of DNA

proliferation, was present in control and COMP�/�

(I and J), absent in MT-COMP (K), and partially restored in

MT-COMP/COMP�/� (L) growth plate chondrocytes.
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growth plates have much less Ki67 signal than the COMP�/� and
C57BL\6 controls (Figures 2I and 2J). These results indicate that
WT-COMP plays a significant role in the pathologic process; there-
fore, decreasing total COMP expression could be a therapeutic
approach to mitigate the negative effects of MT-COMP on growth
plate chondrocytes.

COMP ASO1 Is Delivered to Growth Plate Chondrocytes

We have shown previously that COMP shRNAs reduced intracellular
retention of MT-COMP, ER stress, and co-retention of extracellular
proteins in rat chondrosarcoma (RCS) cells in vitro.29 In contrast
to tissue culture experiments, the growth plate cartilage has long
been considered difficult to target with drugs or antisense molecules
because of its relative avascularity compared with the highly vascular
liver and kidney.31 However, our success with drug therapy in the
growth plate16,18 led us to ask whether ASOs with high-affinity nucle-
oside modifications32 could be delivered to growth plate chondrocytes
and reduce MT-COMP intracellular retention. Recent studies have
shown that chemically modified ASOs can reduce mRNA targets effi-
ciently in extra-hepatic tissues and show pharmacological benefits in
disease models.33,34 COMP-targeted ASOs were generated for testing
in theMT-COMPmouse as described inMaterials andMethods. Two
ASOs were selected for therapeutic efficacy after in vitro testing and
were administered starting at post-natal day 7 (P7) by subcutaneous
injection of 60 mg/kg three times weekly for 3 weeks. Nine experi-
ments were conducted with ASO1 (Figure 3), and two experiments
were performed with ASO2 (data not shown). Diluent PBS-injected
MT-COMP and non-treated C57BL\6 mice were controls for the ex-
periments. Hindlimb joints and kidneys were collected on P29, 1 day
after the last injection, and processed as described in Materials and
Methods. Immunostaining with ASO DNA Ect3 backbone-specific
antibody35 showed the presence of the ASO backbone in the positive
M

control kidney tubules (Figure 4B) and chon-
drocytes of the growth plate (Figures 4D,
ASO1, and 4H, ASO2) and articular cartilage
(Figure 4F). No signal was detected in any of
these tissues from phosphate buffer (diluent) (Figures 4A, 4C, 4E,
and 4G) or untreated C57BL\6 controls (data not shown).

COMPASO1Dampens theMT-COMPPathology in Growth Plate

Chondrocytes

We next assessed the effect of COMP/ASO1 on steady-state COMP
mRNA levels, MT-COMP intracellular retention, inflammatory
markers, viability, and proliferation in growth plate chondrocytes.
As shown in Figure 5A, ASO1 decreased human MT-COMP by
38% (range, 30%–46%). The reduction in steady-state MT-COMP
mRNA markedly reduced the amount of intracellular (ER)
MT-COMP retention (Figures 5G and 5J) compared with PBS-
treated (Figure 5D) and untreated (data not shown) MT-COMP
mice. Additionally, a 60% reduction in endogenous mouse COMP
was observed in the MT-COMP mouse treated with ASO1. Expres-
sion of IL-16 and YM1, inflammatory markers, were decreased by
ASO1 treatment (Figures 6C and 6F) compared with PBS-treated
MT-COMP (Figures 6B and 6E), untreated MT-COMP (data not
shown), and untreated C57BL\6 mice (Figures 6A and 6D). Addi-
tionally, IL-16 and YM1 mRNA levels were reduced 40% (p >
0.05) and 26% (p > 0.05), respectively. Consistent with a decrease
in inflammation-related proteins, proliferation was restored by
ASO1 treatment (compare Figure 6G with Figures 6H and 6I), sug-
gesting that ASO1 treatment restored chondrocyte homeostasis in
the growth plate. Additionally, the percentage of TUNEL-positive
chondrocytes was reduced 4-fold by ASO1 treatment (Figure 7A).
In the MT-COMP ASO1 growth plate, TUNEL-positive chondro-
cytes were primarily restricted to the hypertrophic zone in contrast
to MT-COMP PBS, in which TUNEL-positive chondrocytes were
observed throughout all zones of the growth plate (Figures 7B
and 7C). ASO2 decreased human MT-COMP mRNA by 23% but
did not reduce endogenous mouse COMP mRNA (data not shown).
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Figure 3. Age at, Duration, and Outcomes of ASO1 Treatment

(A) The relative level of MT-COMP intracellular retention increases with age in un-

treated MT-COMP mice. (B) COMP ASO1 treatment start and stop points (arrows)

with percent knockdown (KD) and intracellular retention (Ret = ± intracellular

retention) are shown. Early treatment, beginning at 1 week, gave the best out-

comes.
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ASO2 did not reduce intracellular retention of MT-COMP (data not
shown), and ASO2 was not evaluated further.

COMP ASO1 Does Not Cause Liver Toxicity

Gross examination of liver size and color did not reveal any changes
in ASO1- and PBS-treated and uninjected control mice (data not
shown). The serum levels of albumin (ABL), aminotransferase
(ALT), aspartate aminotransferase (AST), total bilirubin (T.Bil),
creatinine (CREAT), and blood urea nitrogen (BUN) were within
normal limits and did not indicate any compromise of murine liver
function (Table S1).36–40

DISCUSSION
In this study, we show that ASOs can be delivered to the growth
plate and decrease MT-COMP mRNA steady-state levels and the
associated chondrocyte pathology in the MT-COMP mouse (Fig-
ure 4).17–19,41–43 This is a new and exciting approach not previously
considered for cartilage-specific disorders because the growth plate
has been considered to be an inaccessible avascular tissue. Here and
inourprevious antioxidant/anti-inflammatory therapeutic approaches,
we show that the growth plate and articular cartilage are accessible
and amenable to different therapies. Because absence of COMP has
no effect on fertility and longevity inmice, COMPASOs are a potential
innovative and important treatment approach for PSACH.27,28

ASO technology is a promising therapeutic approach for suppressing
disease-associated genes, but delivery to tissues that do not have a rich
blood supply can be challenging. Newer generations of chemically
modified ASOs have enhanced RNA-binding affinity, nuclease stabil-
ity, and pharmacokinetic properties that enable broad distribution to
peripheral tissues in animals.44 Indeed, both ASO1 and ASO2 were
detected in the growth plates of MT-COMP mice, expanding this
therapeutic approach beyond the heart, liver, and kidney (Figure 4).45

Delivery to the growth plate was optimized by testing the method and
708 Molecular Therapy Vol. 25 No 3 March 2017
frequency of injection, dosage, age at treatment, and duration of
administration. Importantly, early administration was critical to ther-
apeutic success. Most likely, for cartilage-targeted ASOs, these
parameters will need to be optimized for each condition. In addition
to optimizing delivery of the ASO, determining which particular ASO
achieves reduction of the target mRNA in vivo without side effects
requires screening a number of candidates (>300 COMP ASOs in
this study).

Our treatment approaches are based on understanding the molecular
pathology underlying PSACH. PSACH is an autosomal dominant
condition caused by heterozygous mutations in COMP.41–43,46 Func-
tional COMP protein consists of five subunits bound together at the
N-terminal domain.4,46 The pentamerization domain in MT-COMP
is normal, and, therefore, mutant and wild-type monomers are
assembled in the same pentameric COMP molecule.21,30 It is esti-
mated that 97% of the COMP pentamers will have one to five mutant
subunits, suggesting that, when MT-COMP is present, wild-type
COMP may participate in the cytotoxic retention of COMP, and,
therefore, the total load of COMP protein may play a role in PSACH
chondrocyte pathology. Most mutations are in the calcium-binding
domain that is critical for correct protein folding and struc-
ture.21,30,47,48 Misfolded COMP causes massive retention of COMP
and other extracellular proteins in the ER, which forms an inappro-
priate intracellular matrix eliciting oxidative and inflammatory stress,
which is cytotoxic to the chondrocyte.3,5,14,16–18,43,49 We have shown
that treatments that target inflammation (aspirin), oxidative stress
(resveratrol), and ER stress (absence of C/EBP homologous protein
[CHOP] in MT-COMP mice, valproate) reduce the MT-COMP
chondrocyte pathology.16,17 Moreover, we have shown that shRNAs
in vitro reduce COMP expression, ER stress, and intracellular reten-
tion.29 Therefore, treatment(s) aimed at the origin of the pathology
should have a therapeutic benefit. Indeed, using ASOs, we show par-
tial resolution of molecular pathology without side effects. Further
improvements in ASO technology should enhance therapeutic
outcomes. Additionally, combining ASOs with anti-inflammatory
and/or antioxidant treatments may improve the efficacy over a single
treatment agent.

To determine whether reducing the COMP protein load would
diminish the chondrocyte pathology, we crossed the MT-COMP
mouse into a COMP�/� background. As shown in Figures 1 and 2,
the absence of endogenous mouse COMP in the presence of human
MT-COMP (MT-COMP/COMP�/�) decreased intracellular reten-
tion of MT-COMP, growth plate chondrocyte death, and inflamma-
tory markers and increased proliferation. This is consistent with the
concept that COMP endogenous expression levels in the presence
of mutant COMP are necessary to observe the PSACH chondrocyte
phenotype in mice, especially because there is a shorter period of
skeletal growth (8–10 weeks) in mice. This is further supported by
the minimal chondrocyte pathology observed in two knockin
COMP mutation mouse models that do not completely recapitulate
PSACH chondrocyte pathology and clinical manifestations.50–53

Altogether, this suggests that the total amount of COMP is an



Figure 4. Delivery of COMP-Targeted ASO1 to the

Growth Plate and Articular Cartilage Chondrocytes

(A–H) Immunostaining with Ect3 antibody that recognizes

the ASO DNA backbone in P29 kidney, growth plate, and

articular cartilage from MT-COMP with and without

COMP ASO1 or ASO2 treatment is shown. Sections from

PBS-injected mice show little to no signal (A, C, E, and G).

COMP ASO1 was administered by subcutaneous injec-

tion and, as expected, was present in the kidney (positive

control) (D). COMP ASO1 and ASO2 were detected in

both the growth plate (D and H) and articular chon-

drocytes (F; data not shown for ASO2).
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important factor in MT-COMP pathology and that reduction of total
COMP with ASOs ameliorates the disease process.

We show that mitigation of the chondrocyte pathology was achieved
by administering ASO1 for 3 weeks at 180 mg/kg/week. This level of
COMP knockdown (38% hCOMP and 60%mCOMP) reduced intra-
cellular retention of MT-COMP, chondrocyte death, and inflamma-
tory markers and partially restored normal levels of chondrocyte pro-
liferation (Figures 5B–5J and 6). This treatment protocol was selected
because the level of knockdown was consistent, and treatment begin-
ning on P7 in mice is roughly equivalent to 2 years in humans, the
average age of PSACH diagnosis. For conditions in which there is a
Molecular Therapy Vol. 25 No 3 March 2017 709
,

/

dominant-negative effect causing cellular stress,
the reduction of both mutant and wild-type
proteins needs to be considered in the therapeu-
tic approach.

ASOs are designed to bind their cognate RNA
by Watson-Crick base-pairing and modulate
its function to produce a pharmacological
reduction in the target RNA.54 The ASOs used
in this study were fully modified with the phos-
phorothioate backbone modification and had a
central gap region of ten DNA nucleotides
flanked on either end with three constrained
ethyl (cEt) nucleotides.32,34 The phosphoro-
thioate modification enhances ASO metabolic
stability and promotes binding to plasma and
cell surface proteins,55 which helps the ASO
distribute from the site of injection to peripheral
tissues. The DNA gap region supports RNase
H-mediated cleavage of cRNA, whereas the
cEt nucleotides enhance ASO metabolic stabil-
ity and boost binding affinity for cRNA. One
ASO, Kynamro,56 was recently approved by
the Food and Drug Administration (FDA) for
the treatment of homozygous familial hyper-
cholesterolemia, and more than 35 RNase
H-active ASOs are at various stages of clinical
development. Interestingly, we found that
ASO1 targeted to human COMP also reduces mouse COMP. One
explanation is that the partial complementarity between ASO1 and
mouse COMP mRNA at critical positions allows knockdown. In
this scenario, the therapeutic outcome was enhanced. However, this
will not apply in human clinical trials.

Taken together these findings suggest that ASOs should be explored
further as a clinical therapeutic approach in PSACH, osteoarthritis
and joint injury. Increased human longevity has also increased the
burden of cartilage-related disease (http://www.cdc.gov/arthritis
basics/osteoarthritis.htm). Cartilage recovery from trauma or severe
wear and tear is limited compared with the healing capacity of other

http://www.cdc.gov/arthritis/basics/osteoarthritis.htm
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Figure 5. COMP-Targeted ASO1 Decreases MT-COMPmRNA, Intracellular

Retention of MT-COMP, and Growth Plate Chondrocyte Death

Quantitative real-time RT-PCR was used to assess steady-state levels of human

and endogenous mouse COMP. Human COMP-specific antibody and TUNEL

staining were used to assess intracellular retention and cell viability. DAPI (blue) was

used to visualize nuclei. At least eight growth plates from PBS treated and untreated

controls (C57BL\6), ASO1-treated, and untreated P29mice were assessed in these

experiments. (A) ASO1 reduced transgenic MT-COMP mRNA by 38% and

endogenous wild-type mouse COMP by 60%. (B–D) Intracellular retention of

MT-COMP is present in untreated MT-COMP (MT-COMP/COMP+/+) mice, as

shown previously.16,17,19 (E–J) There is marked decreased MT-COMP intracellular

retention with ASO1 treatment. ASO2 did not substantially reduce MT-COMP

retention (data not shown). As expected, no human COMP is observed in the

control (C57BL\6) (data not shown). *p > 0.05.

Figure 6. COMP-Targeted ASO1 Treatment Reduces MT-COMP

Inflammation in Growth Plate Chondrocytes

(A–I) Expression of IL-16 and YM1 was assessed in at least eight P29 growth plates

from control (C57BL\6, no injection), MT-COMP (MT-COMP/COMP+/+) PBS-in-

jected, and MT-COMP (MT-COMP/COMP+/+) COMP-ASO1-injected mice (A).

IL-16 and YM1 expression was reduced by COMP-ASO1 treatment (compare

C with B and F with E). In growth plate chondrocytes, Ki67, a DNA proliferation

marker, was present in control C57BL\6 (G), reduced in MT-COMP PBS (H), and

partially restored in MT-COMP by ASO1 treatment (I).
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tissues.57 ASOs could be used to repress counter-productive chronic
inflammation and to slow the cartilage degeneration processes by tar-
geting pro-inflammatory mRNAs and mRNAs that code for degrada-
tive enzymes and, thereby, perhaps promote tissue recovery and
regeneration. An effective treatment for cartilage injuries could
potentially prevent the post-traumatic osteoarthritis that frequently
develops many years after the initial joint damage. Improvements
710 Molecular Therapy Vol. 25 No 3 March 2017
in osteoarthritis therapeutics have the potential to keep our aging
population healthy and active in society for longer, not only
improving individual health but also decreasing the cost of healthcare.

Chondrocytes produce COMP during skeletal growth, maturation,
and cartilage maintenance, and, therefore, rescue of human PSACH
chondrocytes will require long-term therapy.11,58–63 Tolerability
and toxicity must be carefully considered with long-term adminis-
tration, whereas these factors are less important with short-dura-
tion therapies. Collectively, the observations reported here demon-
strate that early ASO1 systemic administration dampens the
MT-COMP growth plate chondrocyte phenotype. This is the first
demonstration of ASO molecules reaching cartilage in vivo in
therapeutically relevant concentrations and effecting a benefit to
the growth plate. This is a major milestone for cartilage disorders,
where treatments aimed at the growth plate and articular cartilage
chondrocytes have been hampered by inadequate delivery systems
and the sequestered and avascular environment of the cartilage.
These important results provide opportunities for a novel treatment
not only for PSACH but other skeletal disorders caused by muta-
tions in genes affecting cartilage and bone and common conditions
such as osteoarthritis.



Figure 7. Chondrocyte Death in MT-COMP Growth Plates Is Markedly

Reduced by COMP-Targeted ASO1

(A–C) TUNEL immunostaining of P29 growth plates from MT-COMP (MT-COMP/

COMP+/+) with and without ASO1 administration mice (B and C). The percentage of

TUNEL-positive growth plate chondrocytes is compared (n R 8 mice/group) (A).

The percentage of TUNEL-positive MT-COMP growth plate chondrocytes is

dramatically reduced by ASO1 treatment from 90% to 19%. Representative images

of MT-COMP PBS (B) and ASO1 (C) treated growth plates are also shown. DAPI

(blue) was used to visualize nuclei, and the TUNEL signal is shown in green. ***p >

0.0005.
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MATERIALS AND METHODS
MT-COMP and MT-COMP/COMP–/– Mice

This study compliedwith theGuide for theCare andUse of Laboratory
Animals, eighth edition (ISBN-10, 0-309-15396-4) and was approved
by the Animal Welfare Committee at the University of Texas Medical
School at Houston.MutantMT-COMP (MT-COMP/COMP+/+)mice
were generated by introducing DNA containing expression cassettes
derived from two plasmids, pTRE-MT-COMP (D469del COMP
mutation with a FLAG tag) and pTET-On-Col II, as described previ-
ously.19 Mice were administered DOX (500 ng/mL) through the
drinking water (with 5% w/v sucrose) pre- and post-natally. The
COMP�/�mice originally generated byDr. A. Oldberg (LundUniver-
sity) do not express endogenous mouse COMP or specifically display
features of skeletal dysplasia or PSACH.28 C57BL/6 mice were used as
controls because the WT-COMP mice showed no phenotypic differ-
ences in our previous studies.19

Histology and Immunohistochemistry

Hindlimbs from P28 or P29 MT-COMP, C57BL/6, COMP�/�, and
MT-COMP/COMP�/� mice were collected, and tibial growth plates
were analyzed as described previously.19 Briefly, the limbs were fixed
in 95% v/v ethanol for immunostaining for human-specific COMP
(Thermo Fisher Scientific, ab11056-rat, 1:100), YM1/eosinophil
chemotactic factor-L protein (ECF-L; STEMCELL Technologies,
01404, 1:100), IL-16 (Santa Cruz Biotechnology, SC-7902, 1:100),
Ki67 M19 (Santa Cruz, SC-7846 1:200), or Ionis ASO DNA back-
bone Ect3 antibody (Ionis Pharmaceuticals, proprietary, 1:20,000).
Sections immunostained with Ionis ASO DNA backbone antibody
were quenched (endogenous peroxide) with 3% hydrogen peroxide
incubation for 10–15 min, followed by two rinses in PBS with tween
(PBST) for 5 min each. Antigens were retrieved with proteinase K
(Dako, 3020) treatment for 2–10 min at room temperature, followed
by two rinses in PBST for 5 min each. Tissue was blocked with
Cyto-Q background buster (Innovex Biosciences, NB 306) for
20 min, followed by two rinses in PBST for 5 min each. Sections
were incubated overnight at 4�C with primary antibody (1:20,000)
followed by two rinses in PBST for 5 min each. Donkey anti-rabbit
secondary antibody (1:1,000) was incubated with tissues for 1 hr at
room temperature, followed by three rinses in PBST for 5 min each.
3,3’-diaminobenzidine (DAB) chromagen was used to visualize the
primary antibody signal. Limbs were fixed in 10% w/v formalin
for TUNEL staining. At least eight mice were examined from
each group in these experiments.

Quantitative Real-Time RT-PCR

Hindlimb knee joints were collected from mice at 4 weeks of age. Soft
tissue was removed, and the remaining joint was homogenized in
Trizol and purified using the manufacturer’s instructions (Life Tech-
nologies). RNA was further purified using QIAGEN RNAeasy
columns. Quantitative real-time RT-PCR was performed utilizing
the ABI-7900 RT-PCR system (Applied Biosystems). DNA contami-
nation was removed using amplification-grade DNase (Life Tech-
nologies) following the manufacturer’s instructions. Each assay was
replicated three times, and each sample was measured in triplicate,
including a control without reverse transcriptase. The final data
were normalized to HPRT1a (percent of the normalizer transcript).
The following primers were used in this study: human
COMP, 50-GCAATGACACCATCCCAGAG-30; FLAG tag primer,
50-CTTGTCATCGTCGTCCTTGTAGTC-30; mouse COMP,
50-TGCTGCGAGAACTTCAGGA-3 and 50-CCT CGT GTC GCA
ACA GCT-30; and HPRT1a, 50-CCTCATGGACTGATTATGGA
CAG-30 and 50-TCAGCAAAGAACTTATAGCCCC-30. The following
primers were used to confirm qRT-PCR results: human COMP,
50-CAGGGAGATCACGTTCCTGA-30and 50-GGCCGGTGCGTAC
TGAC-30; mouse COMP, 50-AGTCCCTAACGAGCAAG-30 and
50-GCTACATTTCGTATTCGGTCGCCATCT-30 (data not shown).

Design and Screening of COMP ASOs

Three hundred ASOs were designed to target human COMP (acces-
sion number NM_000095) and tested in HEPG2 cells and human te-
nocytes cultured under standard culturing conditions with DMEM
supplemented with fetal bovine serum (FBS), antibiotics, and antimy-
cotics. Fifty COMP-ASOs were screened for dosage response in hu-
man tenocytes (concentration of an inhibitor where the response
[or binding] is reduced by half [IC50], 0.3–0.8 mM). Twelve leads
from the dose-response screen were screened in C57Bl\6 adult mice
at 100 mg/kg for 3 weeks. The two best-tolerated ASOs, designated
ASO1 and ASO2, were tested in MT-COMP mice at 180 mg/kg for
3 weeks. ASO1 50TCCGGCGGGTCCTCAC30 binds to the 50 UTR
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and ASO2 50CGGTAACGCAGGTTGG30 binds in the C-terminal
globular coding region and would be predicted to cause human
COMP mRNA degradation.
ASO Administration

To identify the best injection method and to establish delivery to the
cartilage, an ASO that targets metastasis associated lung adenocar-
cinoma transcript 1 (MALAT1), a non-coding RNA, was tested
by subcutaneous, intramuscular, and intraperitoneal injection. Rela-
tive MALAT1 RNA levels from growth plates were compared, and
liver knockdown was monitored to confirm ASO delivery. Subcu-
taneous injection resulted in 2- to 3-fold less mRNA, whereas intra-
muscular and intraperitoneal injections did not reduce MALAT1
mRNA levels. We next tested five concentrations of ASO1
(50, 100, 150, 180, 200, and 300 mg/kg/week) ASOs reconstituted
in PBS buffer at 5 mg/mL and found that 180 mg/kg/week gave
the maximum knockdown. Optimal timing was determined by vary-
ing when a treatment began and its duration. Figure 3 shows that
administration of ASO1 for 3 weeks beginning at 1 week of age
produced the best and most consistent level of knockdown. This
is consistent with our previous findings, which indicate that 2 weeks
of MT-COMP expression elicits intracellular retention and growth
plate chondrocyte death18 and, therefore, that earlier treatment re-
sults in a better outcome. To establish the most effective frequency
of administration, one, two, or three weekly injections were tested,
and three weekly injections gave a more consistent level of knock-
down. Based on these results, ASOs 1 and 2 were administered by
subcutaneous injections of 60 mg/kg three times weekly beginning
on P7 until P28, with a minimum of three replicates for each exper-
iment. Murine blood, liver, kidney, and hindlimb joints were
collected 1–2 days after the last injection and prepared as described
above for analyses.
Statistical Method

Student’s t test was used to compare outcomes. F tests were first per-
formed to determine whether the variance was equal, and then the
appropriate t test was performed based on the outcome of the f test.
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Supplemental Table 1: Liver enzyme levels 

Treatment ALB ALT AST T.BIL CREAT BUN 

PBS 2.92 ± 

0.50 

48.75 ± 

25.32 

91.25 ± 37.20 0.23 ± 

0.24 

0.18 ± 

0.03 

24.20 ± 

5.55 

ASO 3.03 ± 

0.60 

33.50 ± 

11.56 

106.75 ± 

42.43 

0.25 ± 

0.19 

0.20 ± 

0.04 

18.00 ± 

2.62 

Albumin (ABL), aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin 

(T.Bil), creatinine (CREAT) and blood urea nitrogen (BUN). 
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