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ABSTRACT

Misfolding mutations in cartilage oligomeric matrix protein (COMP) cause it to be retained within the endoplasmic reticulum (ER) of
chondrocytes, stimulating a multitude of damaging cellular responses including ER stress, inflammation, and oxidative stress, which
ultimately culminates in the death of growth plate chondrocytes and pseudoachondroplasia (PSACH). Previously, we demonstrated
that an antioxidant, resveratrol, substantially reduces the intracellular accumulation of mutant-COMP, dampens cellular stress, and
lowers the level of growth plate chondrocyte death. In addition, we showed that resveratrol reduces mammalian target of rapamycin
complex 1 (mTORC1) signaling, suggesting a potential mechanism. In this work, we investigate the role of autophagy in treatment of
COMPopathies. In cultured chondrocytes expressing wild-type COMP or mutant-COMP, resveratrol significantly increased the num-
ber of Microtubule-associated protein 1A/1B-light chain 3 (LC3) vesicles, directly demonstrating that resveratrol-stimulated autop-
hagy is an important component of the resveratrol-driven mechanism responsible for the degradation of mutant-COMP.
Moreover, pharmacological inhibitors of autophagy suppressed degradation of mutant-COMP in our established mouse model of
PSACH. In contrast, blockage of the proteasome did not substantially alter resveratrol clearance of mutant-COMP from growth plate
chondrocytes. Mechanistically, resveratrol increased SIRT1 and PP2A expression and reduced MID1 expression and activation of
phosphorylated protein kinase B (pAKT) and mTORC1 signaling in growth plate chondrocytes, allowing clearance of mutant-COMP
by autophagy. Importantly, we show that optimal reduction in growth plate pathology, including decreased mutant-COMP retention,
decreased mTORC1 signaling, and restoration of chondrocyte proliferation was attained when treatment was initiated between birth
to 1 week of age in MT-COMP mice, translating to birth to approximately 2 years of age in children with PSACH. These results clearly
demonstrate that resveratrol stimulates clearance of mutant-COMP by an autophagy-centric mechanism. © 2020 The Authors. JBMR
Plus published by Wiley Periodicals LLC. on behalf of American Society for Bone and Mineral Research.
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Introduction the short stature and skeletal finding of PSACH, was used to

define the pathology that specifically affects growth plate
chondrocytes.®™ In this study, mechanistic-driven therapeutic

ext-generation sequencing has resulted in a huge expan-
approaches in the MT-COMP mouse were used to define the

sion of information that has led to greater understanding

of the mutational underpinnings of genetic disorders.” This is
particularly true for skeletal dysplasias, in which 425 distinct dis-
orders are caused by mutations in 437 different genes.) Mouse
modeling of the genetic mutations generating specific skeletal
dysplasia has revealed the mechanistic pathways that underlie
the resulting pathologies, thereby identifying therapeutic tar-
gets. Previously, we showed that mutations in cartilage oligo-
meric matrix protein (COMP) causes pseudoachondroplasia
(PSACH; COMPopathy), a well-recognized and clinically charac-
terized severe dwarfing condition.” The MT-COMP transgenic
mouse, with the common D469del mutation that recapitulates

mechanisms of resveratrol therapy.

Chondrocytes are secretory cells that generate abundant
extracellular matrix (ECM) proteins necessary to build cartilage.
COMP is normally synthesized in the rough endoplasmic reticu-
lum (rER) cisternae and is processed through the Golgi then
exported to the ECM where it forms an ordered matrix net-
work.® It has long been known that mutant protein accumulates
in PSACH chondrocytes®®'%: mutations in COMP were shown to
cause PSACH.?'? |t was subsequently shown that mutant-COMP
misfolds in the endoplasmic reticulum (ER) and prematurely
assembles an ordered matrix involving collagens type 2 and
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9, matrilin 3, and other extracellular proteins, resulting in massive
intracellular protein accumulation.”?'" The protein accumula-
tion in the ER of chondrocytes initiates a self-perpetuating path-
ological loop between oxidative stress, inflammation, and ER
stress that leads to elevated mammalian target of rapamycin
complex 1 (mTORC1) signaling, DNA damage, and death of
chondrocytes.“"*'? Misfolded proteins in the ER are typically
degraded through macroautophagy (henceforth referred to as
autophagy) or by the proteasome after being translocated out
of the ER."¥ In the presence of mutant-COMP, the high volume
of stalled protein/misfolded protein/intracellular matrix either
overwhelms the cellular clearance mechanisms and/or blocks
export and degradation. In either situation, these clearance
mechanisms do not efficiently clear mutant-COMP from the ER
and normal chondrocyte function is disrupted.

Previously, we demonstrated that treatment of MT-COMP mice
with resveratrol or aspirin from birth to 4 weeks decreased
mutant-COMP intracellular retention, inflammation, and chondro-
cyte cell death, and restored chondrocyte proliferation.®47'%
Notably, these treatments rescued 50% of the loss of femur length.
These studies now define the cellular processes stimulated by res-
veratrol (aspirin) that prevent mutant-COMP accumulation and,
importantly, define the appropriate timing of treatment.

Material and Methods

Bigenic mice

The MT-COMP (C57BL/6 Mus musculus) mice used in these and
previously described experiments contain the pTRE-COMP (cod-
ing sequence of human COMP+FLAG tag driven by the tetracy-
cline responsive element promoter) and pTET-On-Col Il (reverse
tetracycline transactivator [rtTA] coding sequence driven by a type
Il collagen promoter).*”'® The presence of these two transgenes
had not led to any readily detectable health concerns. Male and
female mice were administered doxycycline (DOX) (500 ng/mL)
postnatally in their drinking water until collection. Mice were
housed as a single-sex group after weaning and fed standard
chow (PicoLab rodent diet 20 #5053, LabDiet, St. Louis, MO). Ten
mice were in each treatment group or control group and litters
were assigned to each group until each group contained at least
10 animals. Investigators were not blinded during allocation and
animal handling but were blinded at analysis. These studies were
approved by the UTHealth Animal Welfare Committee.

Immunohistochemistry

Hind limbs from male MT-COMP and C57BL\6 control mice were
collected and tibial growth plates analyzed as described."® The
limbs were fixed in 95% ethanol and pepsin (1 mg/mL in 0.1 N
HCl) was used for antigen retrieval. Immunostaining was per-
formed by incubating different sections overnight at 4°C using
the following antibodies: human COMP (Abcam, Cambridge,
MA, USA; ab11056-rat 1:100), pS6 (1:200 2215S rabbit polyclonal;
Cell Signaling Technology, Beverly, MA, USA), PI3K-1 (Abcam; ab
225720-1:200), SIRT-1 (Abcam; ab 32441 1:100), phosphorylated
adenosine monophosphate-activated protein kinase (pAMPK)
(Invitrogen, Carlsbad, CA, USA; PA537821- 1:100), interleukin
16 (IL-16) (Santa Cruz Biotechnology, Santa Cruz, CA, USA; sc-
7902, 1:100), YM1/ECF-L (Stemcell Technologies, Vancouver, BC,
Canada; 01404, 1:100), and PCNA (Abcam; ab92552 -1:200).
Species-specific biotinylated secondary antibodies were used
for 1 hour at room temperature (RT). Sections were then washed

and incubated with streptavidin horseradish peroxidase (HRP)
and diaminobenzidine (DAB) was used as chromogen. The sec-
tions were dehydrated and mounted with Thermo Fisher cytoseal
60 (Thermo Fisher Scientific, Waltham, MA, USA) and then visual-
ized under the BX51 inverted microscope (Olympus America, Cen-
ter Valley, PA, USA). Limbs were fixed in 10% wt/vol formalin for
terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate-biotin nick end labeling (TUNEL) staining. A priori
data indicate that the percentage TUNEL of positive chondrocytes
is approximately 80% in untreated mice and 20% in mice treated
with resveratrol from birth to 4 weeks, with within-group standard
deviations (SDs) of around 12%. For a one-way ANOVA analysis with
post-hoc Tukey test to identify difference in TUNEL percentages
between five groups at a type | error rate of 0.05, a sample size of
10 mice per group would have 80% power to identify an effect size
(Cohen'’s d) of 0.51. This would translate into pairwise differences in
means of at least 17% in at least two of the five groups. Human
COMP antibody was validated using C57 negative control mice
and human chondrocyte positive control. Both positive and negative
(no secondary antibody) controls are including in all experiments.

Drug treatments

No adverse events were associated with these drugs adminis-
tered as described. Rapamycin treatment at 2 mg/kg reduced
viability of pups and the dosage was reduced to 1 mg/kg.

Resveratrol

Resveratrol (Reserveage Organics liquid resveratrol super berry
extract; Reserveage Nutrition, Boca Raton, FL, USA), with known
antioxidant/anti-inflammatory properties,"’”~'® was adminis-
tered in a dose of 0.25 g/L in the drinking water*® starting either
from birth (transmitted through maternal breast milk) or 1, 2, or
3 weeks and continued until 4 weeks of age.*’

Aspirin

Aspirin, a COX2 inhibitor that reduces inflammation was admin-
istered in the drinking water in a dose of 0.3 g/L of aspirin
(Sigma-Aldrich, St. Louis, MO, USA) from birth to 4 weeks.®!

Rapamycin

Rapamycin (Tocris Bioscience, Bristol, UK), which inhibits the
mTOR pathway, inducing autophagy,® was dissolved in etha-
nol at 1 mg/mL and stored at —20°C. On the day of injection,
rapamycin was diluted with PBS to 0.1 mg/mL. Intraperitoneal
injection of rapamycin at 1 mg/kg was performed 5 days per
week from 1 to 4 weeks of age.®”

Metformin

Metformin (Sigma-Aldrich), which activates AMPK, in turn
represses mTORC1 activity and stimulating autophagy,®**®
was administered at 0.5 mg/mL in DOX drinking water from birth
(through maternal breast milk) to 4 weeks.?'2%

Bafilomycin A

Bafilomycin A (Cayman Chemical Company, Ann Arbor, MI, USA),
which blocks autophagy by preventing fusion of autophago-
some with lysosome,®® was dissolved in 10 mg/mL DMSO, ali-
quoted, and stored at —20°C. For each subcutaneous injection,
bafilomycin A was freshly diluted to 0.05 mg/mL in PBS. Mice
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were injected with 0.3 mg/kg of bortezomib five times per week
beginning at age 1 week.?® Bafilomycin A administration to
untreated MT-COMP mice did not alter mutant-COMP
accumulation.

Bortezomib

Bortezomib (AvaChem Scientific, San Antonio, TX, USA; #2164),
which inhibits the chymotryptic activity of the proteasome (205
subunit) reducing proteasomal degradation,®” was dissolved
in 10 mg/1 mL DMSO, aliquotted, and stored at —20°C. Freshly
diluted bortezomib was diluted for each subcutaneous injection
to 0.01 mg/mL in PBS. Mice were injected with 0.1 mg/kg of bor-
tezomib three times per week beginning at age 1 week.?%?%
Bortezomib administration to untreated MT-COMP mice did
not alter mutant-COMP accumulation.

Cell culture

Rat chondrosarcoma (RCS) cells expressing either human wild-
type or mutant-COMP were generated using the Lenti-X-Tet-On
advanced inducible expression system according to the manu-
facturer's protocol (Takara Bio Company, Mountain View, CA,
USA). Briefly, RCS cells were infected with high-titer lentiviral
preparations of pLVX-Tet-on advanced vector or pLVX-Tight-
human D469del-MT-COMP vector; and selected with puromycin
and G418. Expression of human COMP in RCS cells was validated
by Western blot with anti-Flag antibody to recognize the tagged
COMP (1:5000 F7425 rabbit polyclonal; Sigma-Aldrich). DOX was
used for 4 days to induce COMP expression in RCS cells, which
were then treated for 1 day as follows: (i) control with no chloro-
quine and no resveratrol; (i) chloroquine (50pM); (iii) resveratrol
(50pM); and (iv) both resveratrol (50pM) and chloroquine (50pM).
The cells were fixed posttreatment with methanol at —20°C for
10 min, rinsed with PBS, and stored at 4°C. Coverslips were then
incubated for 1 hour at 37°C with light chain 3 (LC3) primary
antibody (Cell Signaling Technology; 2775, 1:500). Primary anti-
bodies were detected using Alexa Fluor 594 for 1 hour at 37°C
(dilution 1:1000). Images were collected with confocal micro-
scope at 63x oil immersion lens (Zeiss LSM-510; Carl Zeiss, Maple
Grove, MN, USA). A priori data suggests that the median number
of foci per image for each of the eight groups would range from
0 through 2 with interquartile ranges of 0 through 3. Assuming a
power of 0.80 and a type | error rate of 0.05, a sample size of
23 cells counted per image will provide us with sufficient power
to identify a small effect size of 0.1 (Cohen'’s d). For our analysis,
we elected to count 30 to 50 cells per image. ImageJ software
(NIH, Bethesda, MD, USA; https://imagej.nih.gov/ij/) was used to
count LC3 foci on 10 images for each group with 30 to 50 cells
per image; t tests were used to compare each group to the other
groups, and scorers were blinded.

Results

Resveratrol treatment reactivates autophagy in MT-COMP
chondrocytes

Autophagy and proteasomal degradation were examined
because they are the cellular mechanisms responsible for remov-
ing misfolded protein from the ER.? Previously, we showed that
mutant-COMP accumulation in the ER of murine MT-COMP
growth plate chondrocytes occurs because autophagy was
blocked by elevated mTORC1 signaling.”) It remains unclear
whether proteasome degradation plays a role in this ER-stress-

induced chondrocyte pathology because the COMP-ECM matrix
within the ER may prohibit translocation from the ER to the pro-
teasome.” To determine whether autophagy and/or the protea-
somal degradation were responsible for resveratrol clearance of
mutant-COMP, neonatal mice were treated with resveratrol from
birth to 4 weeks in the absence or presence of an autophagy
blocker (bafilomycin A®)) or a proteasomal inhibitor (bortezo-
mib®@”) from 1 to 4 weeks of age. As shown in Fig. 1B, resveratrol
treatment alone dramatically reduced mutant-COMP accumula-
tion compared to untreated growth plate chondrocytes
(Fig. 1A).®) The addition of bafilomycin A largely prevented
resveratrol-stimulated clearance of mutant-COMP (Fig. 10),
whereas bortezomib only partially reduced mutant-COMP clear-
ance (Fig. 1D). This shows that autophagy is the primary mecha-
nism of resveratrol-stimulated mutant-COMP clearance, and
proteasome activity plays a minor role.

To further show that resveratrol stimulates autophagy in
chondrocytes, resveratrol-induced autophagic vesicle clearance
was pharmacologically blocked using chloroquine to allow visu-
alization of autophagic vesicles, because they are rapidly
degraded under normal conditions. RCS cells expressing either
wild-type (WT)-COMP or mutant-COMP were treated with resver-
atrol in presence or absence of chloroquine and the number of
microtubule-associated LC3 positive vesicles (foci), the classic
marker of autophagy, were assessed.®” As shown in Fig. 1EF,,
J, autophagy was not observed in the absence of chloroquine,
as expected. The number of autophagic vesicles was significantly
increased with resveratrol treatment (Fig. 1H,L,M) over the basal
level of autophagy (Fig. 1G,K), confirming that resveratrol stimu-
lates autophagy in chondrocytes.

Resveratrol promotes MT-COMP growth plate
chondrocyte survival through SIRT1 signaling

Studies have shown that resveratrol increases SIRT1, promoting
cellular survival and decreasing inflammation and oxidative
stress.'932737) SIRT1 enhances cellular survival by deacetylating
LC3, which promotes autophagy.”® To investigate the role of
SIRT1 in resveratrol autophagy reactivation, growth plates were
evaluated for the presence of SIRT1 in untreated MT-COMP mice
and those treated from birth to 4 weeks of age with resveratrol.
SIRT1 was suppressed in MT-COMP growth plate chondrocytes
(Fig. 10) and resveratrol treatment reverses the mutant-COMP
suppression of SIRT1 (Fig. 1P,N). These results demonstrate that
resveratrol treatment promotes autophagy through SIRT1 in
MT-COMP mice.

Resveratrol modulates mTORC1 pathway signaling
components

We have previously shown that AKT is activated by MID1 and
suppressed by PP2A in the mutant-COMP pathology. AKT, an
upstream regulator of mTORC1, is upregulated by PI3K-1.%539)
These studies evaluated whether PI3K-I elevates mTORC1 in
MT-COMP growth plate chondrocytes in mice treated from birth
to 4 weeks.”” Shown in Fig. 2 (panel 1 A-C), PI3K-l was absent in
untreated MT-COMP mice compared to controls. The absence of
PI3K-1 in untreated MT-COMP growth plate chondrocytes in
which mTORC1 signaling is high® indicates that PI3K-I does
not play a role in elevating mTORC1 signaling and blocking
autophagy in MT-COMP growth plate pathology.
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Fig 1. Reactivation of autophagy correlates with reduction in intracellular
COMP retention. Panel 1: Growth plate sections from MT-COMP mice at age
4 weeks were immunostained with human COMP antibody after different
treatments: (A) no treatment, (B) resveratrol treatment of 0.25 g/L in drinking
water from birth to 4 weeks, (C) resveratrol and bafilomycin A (0.3 mg/kg
injected 5x per week from 1 to 4 weeks) treatments, or (D) bortezomib
(0.1 mg/kg 3x per week from 1 to 4 weeks). Bafilomycin A blocks the fusion
of the autophagosome to the lysosome,? whereas Bortezomib is a proteaso-
mal inhibitor®” Bafilomycin A blocks autophagy in resveratrol-treated
growth plates (C) whereas bortezomib only partially blocks resveratrol (D)
clearance of mutant-COMP. Each treatment group included 10 animals. Panel
2: RCS cells expressing either WT-COMP or mutant-COMP immunostained for
LC3: untreated (E,)), resveratrol (F.J), chloroquine (GK), and resveratrol and
chloroquine (HL) treatments. Quantification of LC3-positive foci (M) in
mutant-COMP and WT-COMP RCS cells. Bars = means with SD. Chloroquine
blocks fusion between the lysosome and autophagasome.®® ##p < 005;
*#%p < ,0005. LC3 foci were quantified in 30 to 50 cells in 10 different images
for each group. Panel 3: SIRT1 immunostaining of control (no treatment) (N),
untreated MT-COMP (O), and resveratrol-treated MT-COMP (P) growth plates
are shown. Ten animals were included in each treatment group.
Res = resveratrol; ChlQ = chloroquine; WT-COMP = wild-type COMP.

Metformin does not activate autophagy clearance of
mutant-COMP

Metformin modulates mTORC1 signaling by activating AMPK,“%
which in turn dampens mTORC1 signaling stimulating autop-
hagy.®**" Previously, we showed that elevated mTORC1 signal-
ing results from TNFa/TNF-related apoptosis-inducing ligand
(TRAIL) inflammation and ER stress.” We asked whether metfor-
min treatment could induce autophagy in MT-COMP mice,
thereby mimicking resveratrol’s mechanism of action. Here, we
assessed whether mTORC1 signaling could be reduced by
metformin-stimulated AMPK activation in growth plate chondro-
cytes. As shown in Fig. 2 (panel 2 D-L), metformin administered
to MT-COMP mice from birth to 4 weeks increased AMPK levels
as expected, indicating that metformin reached the growth plate
in therapeutic concentrations. However, metformin did not
decrease either mutant-COMP retention or pS6, which is a
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Fig 2. PI3K-1 and AMPK do not play a role in mutant-COMP mTORCT1 sig-
naling. Panel 1 shows results of resveratrol and Panel 2 shows metformin
treatments. Each treatment group contained 10 mice. Growth plates at
4 weeks: Control (AD,GJ), MT-COMP untreated (B,E,H,K), resveratrol
(0.25 g/L of resveratrol in drinking water from birth to 4 weeks) (C), or
metformin (0.5 mg/mL in drinking water from birth to 4 weeks) (F/,L).
Immunostaining of PI3K-I (A-C), human COMP (D-F), pAMPK (G-/), and
phospho-S6 (pS6) (J-L) is shown. Bars = 100 pm.
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Fig 3. Resveratrol treatment window. Treatments started at 1 or 2 or 3 weeks after birth and stopped at 4 weeks and evaluated for mutant-COMP pathol-
ogy. Ten mice were included in each treatment group. Treatments starting at birth or 1 week of age produced the best therapeutic outcomes (K,L). Later
therapy dampened but did not eliminate the disease progression and did not restore DNA proliferation (C). Resveratrol treatment times are shown in the
shaded boxes. Control (C57BL\6) (A,G,M,S,Y,EE) and MT-COMP with no treatment (B,H,N,T,Z,FF) resveratrol treatment for 1 (C,/,0,U,AA,GG), 2 (D,J,P,V,BB,HH),
3 (EK,QW,CCI), or 4 (F,.L,RX,DD,JJ) weeks and growth plates at 4 weeks were evaluated for human COMP retention, IL-16, and YM1, TUNEL (cell death),
PCNA (cell proliferation), and mTORC1 signaling (pS6). Quantification of TUNEL-positive chondrocytes for different treatment periods are shown in KK
and summary of findings in LL. Bars in KK = means with SD. Resveratrol treatment decreased intracellular mutant-COMP (C) and IL-16 and YM1 inflamma-
tion (/,0) after 1 week of treatment compared to untreated MT-COMP growth plates (H,N) and mTORC1 signaling was substantially reduced after 3 weeks
of treatment (//.JJ). The relative change of MT-COMP pathology on treatment period is shown in LL.
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measure of mTORC1 signaling. These results show that metfor-
min did not repress mTORC1 signaling (as measured by pS6) or
induce autophagy in MT-COMP mice, indicating that metformin
does not mimic resveratrol’'s mechanism of action.

Resveratrol postnatal treatment windows

Previously, we demonstrated that resveratrol treatment in MT-
COMP mice from birth to 4 weeks of age dampens mutant-
COMP intracellular ER retention, inflammation, chondrocyte
death, and restored chondrocyte proliferation, resulting in
increased femoral length.“11) To define the treatment windows
in which resveratrol could be administered to MT-COMP mice
to reduce chondrocyte pathology, resveratrol was started at
birth, 1, 2, or 3 weeks of age and growth plates were collected
at 4 weeks. As shown in Fig. 3, resveratrol treatment for 1 to
3 weeks diminished intracellular retention, inflammation, and
chondrocyte cell death. The most dramatic reduction of inflam-
matory markers, interleukin 16 (IL-16) and YM1 (YM1 also known
as eosinophil chemotactic factor-lymphocyte [ECF-L]), was
observed in growth plates treated for 3 or more weeks with res-
veratrol (Fig. 3G-R). Importantly, resveratrol treatment beginning
as late as 3 weeks of age reduced inflammation and chondrocyte
death (Fig. 3/,0). Decreased cell death (TUNEL-positive chondro-
cytes) showed a significant temporal response with treatment
(Fig. 35-X). In contrast, chondrocyte proliferation did not recover
until 3 weeks of resveratrol treatment (Fig. 3Y-DD). Importantly,
the timing of autophagy derepression (Fig. 3EE-JJ, pS6) corre-
lated with recovery of chondrocyte proliferation in response to
resveratrol treatment suggesting that appropriate autophagy
function plays a role in resveratrol's therapeutic action and
growth plate chondrocyte cellular health.

Discussion

The results of these studies establish that obstruction of autop-
hagy causes mutant-COMP accumulation in the ER of growth

plate chondrocytes and, importantly, resveratrol clears and/or
prevents intracellular retention by reactivating and/or maintain-
ing autophagy function. Proteasomal degradation stimulated by
resveratrol, although present, plays a minor role in the clearance
of mutant-COMP from the ER of chondrocytes. The mechanism
underlying this COMPopathy is the culmination of many experi-
ments®>'? and is caused by the retention of mutant-COMP in
the ER, which stimulates a chronic self-perpetuating pathological
loop between ER stress, inflammation, and oxidative that ele-
vates mTORC1 signaling through a complex network involving
CCAAT/enhancer binding protein (C/EBP) homologous protein
(CHOP) and TNFa™ (Fig. 4A). This pathology can be interrupted
by the loss of CHOP,*'? demonstrating that CHOP is an impor-
tant therapeutic target. Resveratrol’s multifocal targeted mecha-
nisms of action is shown in Fig. 4B includes the repression
of CHOP.

Our previous studies showed that resveratrol and aspirin dra-
matically reduce intracellular mutant-COMP in the ER of MT-
COMP growth plate chondrocytes, but the mechanism(s) is
unknown.”® in vitro and in vivo approaches were used to identify
and validate the mechanism by which resveratrol reduces the ER
intracellular retention. RCS cells expressing either mutant or
wild-type COMP showed that autophagy was increased when
treated with resveratrol (Fig. 2) and rapamycin treatment, an
autophagy-inducing drug,*? decreased the intracellular
mutant-COMP accumulation in growth plate chondrocytes in
MT-COMP mice (Supplementary Fig. S2). Furthermore, pharma-
cologically blocking autophagy inhibited resveratrol clearance
of mutant-COMP, demonstrating that resveratrol stimulated
autophagy is the key molecular mechanism that clears mutant-
COMP preserving chondrocyte function and preventing cell
death in MT-COMP mice (Fig. 1). These findings are consistent
with previous studies in other cell types which showed that
autophagy is the primary mechanism utilized to clear protein
aggregates from the ER“®

Autophagy plays an essential role in cellular maintenance by
recycling cellular contents and participating in ER protein quality

Protein
_Synthesis

A\
\

®

PERK ! ‘I :I \ mTORC1 Complex
A
CHOP.

MID1®

Resveratrol
Fig. 1-3

Fig 4. Mechanisms by which resveratrol treatment inhibits MT-COMP growth plate chondrocyte pathology. (A) Pathologic mechanism initiated and main-
tained by retention of mutant-COMP in ER of growth plate chondrocytes of MT-COMP mice.®> (B) Resveratrol actions in pathologic processes that

reduced chondrocyte ER stress including less inflammation and oxidative stress

(3) (

shown in orange) and decreases in pAKT, MID1, and mTORC1 signaling,

which blocks autophagy (green) through activation of SIRT1 that promotes autophagosome maturation (shown in purple).
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control.*? Many storage disorders involve a failure of or ineffi-
cient autophagy including proteinopathies (Alzheimer disease,
tauopathies, Parkinson disease, Huntington disease), lipid stor-
age disorders (Niemann Pick type C disease, Gaucher disease,
Fabry disease), and glycogen storage disorders (Lafora disease,
Von Gierke disease, Pompe disease).*>*® Autophagy failure in
disease occurs through a variety of mechanisms including
impaired autophagosome formation, compromised autophago-
some maturation (through mTOR activation, AMPK inhibition,
SIRT1 downregulation), and improper recognition of autophagic
cargo.”® In PSACH, a COMPopathy/proteinopathy, mTORC1 acti-
vation and SIRT1 downregulation blocks autophagosome matu-
ration through a complex network (Figs. 1 and 4).) Chronic
inflammation has been shown to reduce SIRT1 expression“’~>"
and the persistent inflammation in MT-COMP growth plate chon-
drocytes is likely to account for SIRT1 repression in MT-COMP
mice.® Recently, we showed that ER stress and TNFa/TRAIL upre-
gulated MID1, and MID1 increased mTORC1 signaling directly
and by decreasing PP2A and increasing pAKT.*) TNFo/TRAIL
upregulation of MID1 has only been observed in airway inflam-
mation and fibrosis."®*>=># This link between ER stress and
MID1 is novel to the mutant-COMP pathology™ (Fig. 4A). In con-
trast, PI3K-l and AMPK do not play a role in elevation of mTORC1
signaling in mutant-COMP growth plate chondrocyte pathology
(Fig. 2), whereas these molecules have been shown to play a role
in neurodegenerative diseases,®” obesity, inflammation, diabe-
tes, and cancer.®® These findings show that not all of the mech-
anisms regulating autophagy in other diseases are involved in
the mutant-COMP-induced autophagy block in growth plate
chondrocytes. Specific to this model system mechanism,
increased mTORC1 signaling and suppression of SIRT1 reduces
autophagosome maturation causing the autophagy blockade.
Treatment of MT-COMP mice with resveratrol reactivates autop-
hagy and cellular proliferation, while repressing intracellular
retention and inflammation (Fig. 3).

The pleotropic benefits from resveratrol, shown in the mecha-
nistic model depicted in Fig. 4, makes it uniquely effective in
addressing the multifaceted mutant-COMP pathology. Resvera-
trol diminishes cellular stresses including inflammation, oxida-
tive stress, and blocked autophagy, resulting in anti-aging, anti-
cancer, neuroprotective, anti-diabetic, and cardioprotective
properties.””®? Resveratrol promoted autophagy in the
mutant-COMP  pathology by upregulating SIRT1, which
increased the number of LC3-positive autophagosomes (Figs. 1
and 4B). Resveratrol also reduced TNFa, which results in repres-
sing mTORC1 signaling through decreased MID1, phosphory-
lated protein kinase B (pAKT), and pS6, and increased PP2A“
(Fig. 4). Furthermore, treatment with resveratrol promotes
autophagy by reducing oxidative stress and inflammation, which
in turn alleviates ER stress® (Fig. 4). These results demonstrate
that resveratrol acts upon the mutant-COMP pathology at multi-
ple therapeutic points including ER stress, oxidative stress,
inflammation (IL-1f; IL-16; OSM (oncostatin M); ECF-L/YM1
(eosinophil chemotactic factor-lymphocyte or YM1); TNFo/
TRAIL), autophagy, chondrocyte death, and proliferation, ulti-
mately resulting in a 50% recovery of loss of long-bone growth
(Fig. 4).%%

Although proteasomal degradation is not known to be the
main mechanism clearing misfolded or aggregated protein from
the ER, its role in a storage disease cannot be ruled out.*® Phar-
macological blockade of proteasomal degradation along with
resveratrol treatment resulted only in a minor decrease in clear-
ance of mutant-COMP (Fig. 1), indicating that proteasomal

degradation is not the primary cellular mechanism by which res-
veratrol stimulates removal of mutant-COMP from the ER of
growth plate chondrocytes. Moreover, we demonstrated that
retention of COMP in the ER allows for the assembly of an
ordered matrix within ER vesicles of MT-COMP mice.”” Once an
intracellular matrix forms, there are no degradative enzymes to
break up this large complex, which is likely too large to be trans-
located out of the ER to the proteasome for degradation.’"
Importantly, the exciting findings from these studies show
that there is a postdiagnosis window in which resveratrol dimin-
ishes growth plate pathology and clears mutant-COMP from the
ER in MT-COMP mice. Using our MT-COMP mouse that models
PSACH clinical and molecular pathology in growth plate
chondrocytes,"”” we showed that treatment with resveratrol from
birth to adulthood successfully reduces murine growth plate
pathology and restores some limb growth," indicating that res-
veratrol may be a therapeutic for PSACH. Early resveratrol treat-
ment could be implemented in familial cases, in which
diagnosis of PSACH can be made at birth. However, 80% of
PSACH cases occur de novo; therefore, diagnosis occurs later,
between 18 and 24 months, when linear growth failure is recog-
nized.®>%* Here, we asked whether resveratrol treatment post-
diagnosis would be effective for de novo cases. Resveratrol
treatment beginning from birth or 1 week of age had the best
outcomes, substantially reducing COMP retention, inflammation,
and cell death and initiating the recovery of DNA proliferation in
growth plate chondrocytes. Approximating from human to
mouse growth (1 week of mouse growth is roughly equivalent
to 2 years in human growth®®), our findings suggest that resver-
atrol treatment at or shortly after diagnosis will likely provide
some reduction of clinical and growth plate pathology. Impor-
tantly, 3 weeks of resveratrol treatment (treatment from 1 to
4 weeks) in the MT-COMP mouse increased autophagy (reduced
pS6/mTORC1 signaling), showing that autophagy reactivation is
linked to the recovery of chondrocyte proliferation, which most
likely accounts for the recovery of some limb growth with resver-
atrol treatment. Interestingly, treatment beginning as late as
3 weeks of age (treatment from 3 to 4 weeks) reduced inflamma-
tion and, therefore, would be expected to decrease joint pain,
suggesting that even late treatment may have some benefit.
The results for aspirin were similar to those with resveratrol with
the exception that at least 2 weeks of aspirin treatment was
required to reduce intracellular mutant-COMP (Supplemental
Fig. S1, Fig. 3). Although aspirin reduced much of the mutant-
COMP growth plate pathology, aspirin is not approved for use
in children under age 3 years and caution must be used when
administering aspirin to children/teens because of its association
with Reye’s syndrome (https://www.mayoclinic.org/diseases-
conditions/reyes-syndrome/symptoms-causes/syc-20377255).
Importantly, resveratrol was more effective than aspirin at reduc-
ing mutant-COMP ER accumulation, most likely related to its
effect on multiple molecules that stimulate autophagy and
reduce inflammation and oxidative stress (Fig. 4). A combination
of aspirin and resveratrol treatment was not superior to resvera-
trol therapy alone in MT-COMP mice, suggesting that aspirin and
resveratrol mechanisms of action overlap (data not shown).
The outcome of these studies have important therapeutic
applications because they show there is a therapeutic window
during juvenile mouse growth in which resveratrol treatment
diminished the mutant-COMP chondrocyte pathology. This is a
significant finding because most PSACH cases are not evident
at birth. The absence of linear growth prompts diagnostic testing
in children leading to PSACH diagnosis by 2 years of age.
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Moreover, these findings have important implications for
addressing PSACH childhood pain that has not previously been
appreciated or systematically treated.®>'*%5%”) Resveratrol's
therapeutic use in PSACH children will be tested in future clinical
trials. Currently, a phase 1 clinical trial is underway to assess the
efficacy of resveratrol and its potential to relieve adult PSACH
joint  pain (https://clinicaltrials.gov/ct2/show/NCT03866200),
although earlier treatment would likely be more effective based
on the findings presented here.

Resveratrol treatment is promising given that the potential
therapeutic window spans the postdiagnosis period in PSACH
and resveratrol decreases multiple cellular stresses, stimulates
autophagy clearance of mutant-COMP, allowing chondrocytes
to function and proliferate, potentially increasing long-bone
growth. Collectively, these findings suggest that chondrocyte
death, inflammation, and pain are likely to improve prior to
recovery of growth with resveratrol therapy and earlier treat-
ment results in the best outcome.
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