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California, USA The Wnt pathway is upregulated in tendinopathy, affecting inflammation and
tenocyte differentiation. Given its potential role in tendinopathy, this signaling
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for the treatment of tendinopathy using in vitro assays and animal models. In vitro,

SMO04755 decreased Wnt pathway activity, induced tenocyte differentiation, and
inhibited catabolic enzymes and pro-inflammatory cytokines in human mesenchymal
stem cells, rat tendon-derived stem cells, and human peripheral blood mononuclear
cells. Evaluation of the mechanism of action of SM04755 by biochemical profiling
and computational modeling identified CDC-like kinase 2 (CLK2) and dual-
specificity tyrosine phosphorylation-regulated kinase 1A (DYRK1A) as molecular
targets. CLK and DYRK1A inhibition by siRNA knockdown or pharmacological
inhibition induced tenocyte differentiation and reduced tenocyte catabolism. In
vivo, topically applied SM04755 showed therapeutically relevant exposure in ten-
dons with low systemic exposure and no detectable toxicity in rats. Moreover,
SM04755 showed reduced tendon inflammation and evidence of tendon re-
generation, decreased pain, and improved weight-bearing function in rat
collagenase-induced tendinopathy models compared with vehicle control. Together,
these data demonstrate that CLK2 and DYRK1A inhibition by SM04755 resulted in
Wnt pathway inhibition, enhanced tenocyte differentiation and protection, and
reduced inflammation. SM04755 has the potential to benefit symptoms and modify

disease processes in tendinopathy.
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1 | INTRODUCTION

Tendinopathy constitutes an estimated 30% of all musculoskeletal
ailments in the United States and is a painful injury that is associated
with sports and daily tasks." Current research suggests that tendi-
nopathy may be a continuum of tendon pathology including in-
flammation and tendon degeneration and failed healing.> Tendons
are highly prone to injury and, when severely damaged, their intrinsic
hypocellularity and hypovascularity make their natural healing
process slow and inefficient.*

Despite the high prevalence of chronic tendinopathy, its un-
derlying pathogenesis is not fully understood. Treatments have
focused on alleviating symptoms; while most current therapeutic
options provide symptomatic relief, some are thought to impair
long-term tendon healing.” Although cell-based therapies have
demonstrated some success in regenerating tendons,® efficacy has
not been well established. Tissue-resident mesenchymal stem
cells (MSCs) and progenitor cells in the tendon, often referred to
as tendon-derived stem cells (TDSCs),”® can support tendon healing
by enhancing vascularization, promoting collagen deposition, and
improving extracellular matrix organization.”' Differentiation of
endogenous stem cells represents a promising target for the
development of tendon-regenerative therapies.

The Wnt pathway plays an important role in organogenesis,
stem cell maintenance, morphogenesis, and tissue remodeling.** In
the canonical Wnt/B-catenin signaling pathway, binding of Wnt
proteins to cell surface receptors leads to inhibition of f-catenin
phosphorylation and proteasome-mediated degradation. Stabi-
lized B-catenin then translocates to the nucleus and interacts with
the T-cell factor/lymphoid enhancer factor (TCF/LEF) family of
transcription factors to induce expression of Wnt target genes.'*
Wht signaling is subject to complex modulation at multiple levels,
resulting in fine-tuned signaling. Therefore, modulating this
pathway is an attractive therapeutic approach for regenerative
medicine.?

Recently, intranuclear CDC-like kinases (CLKs) and dual-
specificity tyrosine phosphorylation-regulated kinase 1A (DYRK1A)
were validated as novel targets for Wnt pathway modulation.*®*
Knockdowns of these kinases decreased expression of Wnt
target genes
secreted Wnt pathway inhibitors in hMSCs.>® CLKs have been
implicated in splicing regulation through phosphorylation of

independent of f-catenin while upregulating

serine/arginine-rich splicing factor (SRSF) proteins,*® which is re-
quired for SRSF nuclear localization and splicing functions.*®
Inhibition of Wnt pathway activity with CLK knockdown and
CLK-specific inhibitors supported the involvement of CLKs in

1,*> possibly

regulating Wnt signaling at a posttranscriptional leve
by alternative splicing of Wnt target genes. In addition, DYRK1A
pharmacological inhibition or knockdown was sufficient for in-
hibiting inflammatory cytokine production through STAT3, a known

DYRK1A target.'**’

Research®

Wnt signaling plays a vital role in the regulation of muscu-
loskeletal homeostasis and tissue-resident stem cell proliferation
and differentiation.’> Wnt pathway activation and its effects on
TDSCs might contribute to tissue metaplasia and failed healing in
tendinopathy. Indeed, Wnt3a stimulation induced osteogenic
marker expression in rat TDSCs (rTDSCs), suggesting erroneous
differentiation and depletion of TDSCs for tendon repair.®
Moreover, increased expression of Wnt pathway mediators was
observed in healing fibroblast-like cells, chondrocyte-like cells,
and ossified deposits in an animal model and clinical samples of
tendinopathy.'® Wnt signaling has also been implicated in matrix
metalloproteinase induction in response to injury and pro-
inflammatory cytokines.'”?° Together, this suggests that the Wnt
pathway plays a central role in tendinopathy pathogenesis, making
it a relevant target for treatment.

Here, we describe our findings showing that SM04755 inhibited
intranuclear kinases and modulated the Wnt pathway to induce te-
nocyte differentiation, reduce tendon-destroying proteases, and de-
crease inflammatory cytokine production. Moreover, we demonstrate
that topical administration of SM04755 reduced inflammation, pre-
vented tendon destruction, and promoted tendon regeneration in a

preclinical animal model of tendinopathy.

2 | MATERIALS AND METHODS

2.1 | Cell culture and assays
Cell culture (Table S1), reporter assays, and cytokine production

assays were performed as previously described.*®

2.2 | Immunostaining, Western blot, and
quantitative polymerase chain reaction

Cells were treated as indicated and incubated at 37°C, 5% CO.,. Cells
were fixed and immunostained with specific antibodies. Secondary
antibody alone was used as a negative control. Cells were imaged
using a CX5 imager (Thermo Fisher). Total protein was extracted
using RIPA buffer (Sigma-Aldrich). Nuclear and cytoplasmic fractions
were prepared using the NE-PER™ Kit (Thermo Fisher). Western blot
was performed as previously described®® using primary and sec-
ondary antibodies (Table S2). Quantitative polymerase chain reaction
(gPCR) was performed using SYBR® Green or TagMan™ primers as

previously described.*®

2.3 | Kinase assays and molecular modeling

SM04755 (1 uM) was screened through 318 kinases (Thermo Fisher)

and molecular modeling was performed as previously described.*®
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2.4 | siRNA knockdowns

Reverse transfections were performed with siRNA (GE Dharmacon,
Table S3) using Lipofectamine RNAIMAX (Thermo Fisher) as pre-
viously described.**

2.5 | Tendon protection

rTDSCs were differentiated into tenocytes using BMP2 + FGF12
(both at 20 ng/ml) for 14 days followed by a 72-h treatment with
TNF-a (20 ng/ml) + Oncostatin M (10 ng/ml) or IL-18 (10 ng/ml)?*??
and SM04755.

2.6 | Pharmacokinetics

Following a single topical application of an aqueous solution of
SMO04755 (0.3 mg/cm?) on the skin covering the Achilles tendon
region (2cm?) of Sprague-Dawley rats, tendon and plasma were
collected at various timepoints, flash frozen, and stored at -70°C.
SM04755 was extracted from plasma or homogenized tendon sam-
ples and analyzed as previously described.?®

27 |
models

Rat collagenase-induced tendinopathy

At 10 weeks postnatal age, male CD® IGS rats (Charles River)
were injected with 50 pl of collagenase (Sigma-Aldrich, 10 mg/ml
Type IA in PBS, pH 7.4, ~469 units/mg) or needle punctured
(sham) into the Achilles tendon near the osteotendinous junction.
For the repeat-injection model, collagenase injections were per-
formed at Days 21 and 40 after the first injection. At the indicated
time following collagenase injection, rats were randomized and
SMO04755 or vehicle control was rubbed into the skin near the
Achilles tendon using an applicator for 10 s. Rats were periodically
observed for pain, illnesses, or abnormalities, and blood was col-
lected for plasma processing. Pain was measured using the Von
Frey apparatus (Ugo Basile) with three replicate measurements
per limb. Gait was measured using an Incapacitance Meter
(Stoelting) with five replicate measurements per rat. Circulating
plasma levels of CXCL1 were measured by ELISA per manu-
facturer's instructions (PeproTech).

At the indicated times, tendons were isolated, fixed in
10% formalin (Thermo Fisher), and embedded in paraffin
for hematoxylin and eosin (H&E) staining (Pacific Pathology).
Tendons were also flash frozen in liquid nitrogen and stored at
-80°C for biochemical analysis. Five-um-thick sections, each
100 um apart, were stained with either H&E or Sirius Red.
Ten slides with two sections per slide were obtained from each
tendon, representing 40 total sections. At least 24 sections
from each rat were imaged using a light microscope (EVOS® FL,

Life Technologies). All animal experiments were performed

two times independently.

2.8 | Tendon histological scoring
Histological evaluation of H&E-stained sections was performed by

two blinded observers using a modified scoring system’ (Table S4).

3 | RESULTS

3.1 | Identification of Wnt pathway inhibitor
SM04755

Small-molecule inhibitors of Wnt signaling were identified using a high-
throughput TCF/LEF reporter assay in APC-mutant SW480 colon cancer
cells?® with constitutively active Wnt signaling. Hits were counter
screened against cells carrying an EFla-driven luciferase reporter to
eliminate compounds with off-target effects. Iterative medicinal chem-
istry efforts guided by structure-activity relationship of these compounds
generated SM04755 (TCF/LEF ECso = 150.4 nM), which did not affect
the EFla luciferase reporter (Figure 1A). SM04755 was 4- to 100-fold
more potent in the TCF/LEF reporter assay than known Wnt pathway
inhibitors (ie, IWP-2, IWR-1, CX-4945, KY02111, FH535, XAV939,
LGK974, ICG001, and iCRT14) and previously reported tenocyte pro-
liferative or regenerative compounds (all-trans retinoic acid [ATRA],
CD1530, [Tyr4]-Bombesin, Tazarotene, 4-PPBP maleate, and Oxo-
tremorine M) (Figure S1A-D). Wnt signaling inhibition was confirmed by
gRT-PCR for Wnt pathway genes (i.e., LEF1, TCF4, TCF7, AXIN2, CTNNBI,
ASCL1, MYC, and CCND1) in SW480 cells (Figure S1E), rTDSCs (CD90+,
CD44+, CD31-, CD34-, CD105-, and CD73-)** (Figures 1B and S2A),
and bone-marrow-derived hMSCs (CD29+, CD44+, CD166+, CD105+,
and CD45-) (Figure S1F). SM04755 also inhibited the expression of
AXIN2, LEF1, TCF4, and TCF7 in hMSCs and rTDSCs when the Wnt
pathway was selectively activated using either Wnt3a or CHIR99021
(a GSK-38 inhibitor)? (Figure $2B,C).

3.2 |
vitro

SMO04755 induced tenocyte differentiation in

Tendon regeneration results from the differentiation of MSCs or TDSCs
into tenocytes.?#?¢ SM04755 promoted dose-dependent differentiation
of hMSCs and rTDSCs into tenocytes expressing tenocyte markers
Scleraxis A (SCXA), Tenomodulin (TNMD), Tenascin C (TNC), Mohawk
(MKX), Thrombospondin 4 (THBS4), and Type | and Type Il collagens
produced by the tendon (Figures 1C,D and S3A,B), thus increasing the
number of differentiated stained cells by ~4- to 10-fold (p <.0001)
compared with DMSO-treated control. Compared with DMSO control,
expression of osteoblast genes (alkaline phosphatase [ALPL], osteocalcin
[BGLAP], and RUNX2),?”*® chondrocyte genes (aggrecan [ACAN],
RUNX1, GDF5, and SOX9),° and adipocyte genes (peroxisome
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FIGURE 1 SMO04755 was a potent inhibitor of canonical Wnt signaling and induced tenocyte differentiation in rTDSCs. (A) Doseresponse of
TCF/LEF promoter-driven or EF1a promoter-driven luciferase reporters in SW480 cells treated with SM04755 or DMSO for 48 h (n=4,
mean + SD). (B) Expression of Wnt pathway genes in rTDSCs measured by qRT-PCR. Fold change relative to DMSO (n = 3, mean + SEM).

(C) Representative images of immunostaining for tenocyte markers of rTDSCs treated with SM04755 (1.5 uM) or DMSO for 4 days.

(D) Dose-response quantification of the percent of total cells that were positive for the tenocyte markers in (C) (n = 4, mean = SD). BMP + FGF
was used as a positive control. Scale bars: 200 um; **p <.01, ***p <.001, t-test

proliferator-activated receptor gamma [PPARy], CCAAT/enhancer-
binding protein alpha [C/EBPa], and leptin [LEP])?’ " was significantly
decreased (p<.05) in SM04755-treated hMSCs (Figure S3C-E).
Moreover, expression of adiponectin (ADIPOQ), a hormone shown to
increase tendon progenitor cell proliferation and differentiation,” was
significantly increased (p < .05) in cells treated with SM04755 compared
with DMSO control (Figure S3E).

In line with their activities in the TCF/LEF reporter assay
(Figure S1A-D), several Wnt pathway inhibitors and tendon

differentiation-inducing compounds were less potent than SM04755

in promoting differentiation (Figure S4).
3.3 | SMO04755 demonstrated anti-inflammatory
effects in vitro

SM04755 dose-dependently inhibited production of TNF-a, IL-6, and
IL-8 in LPS-stimulated peripheral blood mononuclear cells (PBMCs;
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EC50=169nM, ECs50=395nM, and ECso=450nM, respectively;
Figure 2A) and THP-1 cells (TNF-a ECso=547nM and IL-6
ECso=356 nM; Figure S5A). SM04755 also inhibited a panel of
inflammatory cytokines in LPS-stimulated PBMCs (Figure 2B). Fur-
thermore, SM04755 decreased IL-6 production in LPS-stimulated
THP-1 cells (ECs50=270.7 nM; Figure S5B); this was comparable
to immunosuppressant cyclosporin A and less potent than dex-
amethasone and prednisolone.*®> SM04755 also significantly inhibited
(p <.01) the expression of IL-1B, IL-6, and IL-8 in TNF-a and Oncos-
tatin M-stimulated rTDSCs compared with DMSO (Figure S5C).

3.4 | SMO04755 inhibited tenocyte catabolism in vitro
The effects of SM04755 on tenocyte catabolism under tendinopathy-
like conditions were evaluated in rTDSC-derived tenocytes treated
with either IL-18 (10 ng/ml) or a combination of TNF-a (20 ng/ml) and
Oncostatin M (10 ng/ml).>>"*° Treatment with IL-16 upregulated gene
expression of matrix-degrading enzymes MMP1, MMP2, MMP3,
MMP9, MMP13, and MMP14 (Figure 2C), while combined TNF-a. and
Oncostatin M treatment upregulated expression of MMP2, MMP9, and
MMP13 (Figure 2D), but not MMP1, MMP3, and MMP14 (data not
shown), compared with unstimulated tenocytes. Treatment with
SMO04755 significantly inhibited (p < .05) cytokine-induced expression
of matrix-degrading enzymes (Figure 2D,E), demonstrating potential

for protecting tendons from catabolic breakdown.

3.5 | SMO04755 potently inhibited CLK2, CLK3,
and DYRK1A

Biochemical profiling using SM04755 (1 puM) showed 290% in-
hibition of 12 kinases (out of 318) compared with DMSO. CLK2
was the most potently inhibited kinase (IC5q9 = 0.822 nM) with six
other kinases showing 290% inhibition and ICsqs within 15-fold
of the 1C5o of CLK2. DYRK1A and DYRK1B, which are within
the same CMGC kinase group as the CLKs, showed ICsq
values of 5.5nM and 4.6 nM, respectively. Overall, SM04755
demonstrated selectivity against wild-type kinases (290% in-
hibition or 1Cs59< 100 nM, representing 3.8% of 318 kinases;
Figure 6A and Tables S5-6).

Computational modeling of SM04755 with CLK2, CLK3, and
DYRK1A identified multiple hydrogen-bond, donor-acceptor sites
that potentially drive SM04755 activity. SM04755 docked to
ATP-binding sites of the kinases, forming hydrogen bonds with
GLU244, LEU246, and LYS193 in CLK2, GLU237, LEU239, and
LYS186 in CLK3, and GLU239, LEU241, and LYS188 in DYRK1A
(Figure S6B). For CLK2, CLK3, and DYRK1A, 25/100 dockings
(docking energy [DE]=-11.5+2.0kcal/mol), 38/100 dockings
(DE=-13.5+2.0kcal/mol), and 49/100 dockings (DE=-10.7+
2.0 kcal/mol), respectively, landed within the 2A root-mean-
square distance (RMSD). The predicted binding mode would
completely block ATP binding, thus inhibiting CLK2, CLKS3, and
DYRK1A function.
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FIGURE 2 SMO04755 inhibited inflammatory cytokine production and protected tenocytes from catabolic breakdown in vitro. (A) Primary
human PBMCs stimulated with LPS (500 ng/ml) and treated with SM04755 or DMSO for 24 h. Doseresponse of TNF-qa, IL-6, and IL-8 secretion
measured by ELISA (n = 3, mean = SEM). (B) Gene expression of inflammatory cytokines in PBMCs stimulated with LPS (500 ng/ml) and treated
with SM04755 for 24 h measured by MSD-based ELISA. Fold change relative to DMSO (n = 3, mean + SEM). (C,D) Tenocytes treated with IL-18
(10 ng/ml; C) or TNF-a (20 ng/ml) + Oncostatin M (10 ng/ml; D) and DMSO or SM04755 (1.5 uM) for 72 h. Gene expression of proteases
measured by gRT-PCR. Fold change relative to unstimulated control (n =4, mean + SEM, *p < .05, **p < .01, ***p <.001, one-way ANOVA)
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3.6 | SMO04755 inhibited CLK- and
DYRK1A-mediated signaling

In vitro biochemical kinase assays for CLK2, CLK3, and DYRK1A con-
firmed potent inhibition of CLK2 (IC50 = 5.0 nM), CLK3 (IC50 = 48.6 nM),
and DYRK1A (ICso=3.5nM) by SM04755 (Figure 3A). Compared
with CLK2 inhibitors (i.e., CC-671, TGO03, ML167, Leucettine L41, and
ML315)%¢"%° and DYRKZ1A inhibitors (i.e., harmine, EGCG, AZ191, ID-8,
INDY, L41, and ML315)*7841°%4 that are in the development for
oncology or as tool compounds, SM04755 was 2- to 300-fold more
potent than other compounds.*®

Similar to hMSCs, THP-1 cells, and PBMCs,"® CLK1, CLK2, CLK3,
and DYRK1A were predominantly localized in the nucleus, while
CLK4 was predominantly localized in the cytoplasm in rTDSCs
(Figure S6C). No significant changes in the expression of CLK2, CLK3,
CLK4, and DYRK1A were observed in rTDSCs stimulated with Wnt3a
or CHIR99021 compared with unstimulated cells; however, CLK1
gene expression was decreased with stimulation (Figure S6D).

CLKs exert their function by phosphorylating SRSF proteins.'>*°
Compared with unstimulated cells, SRSF gene expression was not
significantly changed in Wnt3a- or CHIR99021-stimulated rTDSCs
(Figure S6E), hMSCs, THP-1 cells, and PBMCs."®> SM04755 dose-
dependently inhibited the CLK-mediated phosphorylation of SRSF1,
SRSF4, SRSF5, and SRSF6 in rTDSCs (Figure 3B) and hMSCs
(Figure S7A) and was more potent than the CLK2/TTK inhibitor
CC-671. In contrast, harmine (a DYRK1A/B inhibitor) had no effects
on SRSF phosphorylation (Figure S7B,C). Spliceosome modulation by
SM04755 was shown by enlargement of nuclear speckles with
immunostaining for the phospho-epitope of the non-snRNP factor
SC35% in hMSCs compared with DMSO (Figure S8). SM04755
treatment of hMSCs also led to intron retention in the mRNA of

several Wnt pathway genes (Figure S9).

3.7 | Inhibition of CLKs and DYRK1A inhibited the
Wnt pathway in rTDSCs

In rTDSCs, consistent with the inhibitory effects of SM04755, siRNA
knockdowns of CLKs and DYRK1A (Figure S10A) inhibited Wnt
pathway gene expression (i.e., AXIN2, LEF1, TCF4, and TCF7), while
knockdown of only CLK1 inhibited B-catenin (CTNNB1) expression
compared with nontargeted siRNA control (siCtrl; Figure 3C). Fur-
thermore, while TCF7 and AXIN2 were decreased, no decrease in
levels of active and total f-catenin were observed with SM04755
treatment in CHIR-stimulated hMSCs and 293T cells (Figure S10B,C).

3.8 | Inhibition of CLKs and DYRK1A induced
tenocyte differentiation

Knockdowns of CLKs and DYRK1A in rTDSCs increased tenocyte
differentiation with ~2- to 4-fold increases in SCXA, TNMD, and
COL1A levels compared with siCtrl (Figures 3D and S11A,B), which

Research®

was comparable to SM04755 treatment (Figures 1C,D and S3A,B).
CC-671 and harmine induced tenocyte differentiation but were less
potent than SM04755 (Figure S11C).

3.9 | Inhibition of CLK2 and DYRK1A inhibited
expression of tenocyte catabolic enzymes

The role of CLKs and DYRK1A in the inhibition of metalloproteinase
production was evaluated in rat tenocytes using IL-1B-stimulated
(10 ng/ml) gene expression of MMP1, MMP3, MMP9, and MMP13.
CLK2, CLK4, and DYRK1A knockdowns significantly reduced
expression of all four metalloproteinases compared with siCtrl
(Figure 3E). While CLK1 knockdown inhibited MMP1, MMP3, and
MMP13 expression, it did not reduce MMP9 expression. No inhibition
of metalloproteinases was observed with CLK3 knockdown. Ad-
ditionally, compared with DMSO, SM04755 was more potent than
CC-671 and harmine in reducing MMP1, MMP3, MMP9, and MMP13
expression (Figure S11D).

3.10 | SMO04755 inhibited inflammatory signaling
mediators NF-xB and STAT3

The effects of SM04755 on STAT3, a known DYRK1A target,"” and
other inflammatory mediators were evaluated in LPS-stimulated
THP-1 monocytes. After 4 h of treatment, SM04755 dose-dependently
decreased phospho-NF-xB and total NF-xB, while phospho-STATS3,
phospho-FOX01/3a, phospho-AKT, phospho-JNK1, phospho-cJUN,
phospho-p38/MAPK, and TLR4 were not inhibited compared with
DMSO. After 20h of treatment, SM04755 robustly inhibited phos-
phorylation of NF-xB, STAT3, JNK1, and FOXO1/3a, while AKT,
cJUN, and p38/MAPK phosphorylation and TLR4 remained unchanged
(Figure S12). SM04755 inhibited LPS-stimulated gene expression
of NF-xB components (Figure 4A). Inhibition of NF-xB, STAT3, and
SRSF proteins by SM04755 was confirmed in PBMCs (Figure 4B,C).
SM04755 was more potent than harmine or CC-671 in inhibiting NF-xB
and STAT3 in LPS-stimulated PBMCs and THP-1 cells (Figure S13A,B)
and SRSF in THP-1 cells (Figure S13C). CLK2 and DYRK1A inhibitors
demonstrated ~30- to 300-fold less potent anti-inflammatory activity
than SM04755 (Figure S13D).

3.11 | A single topical application of SM04755
demonstrated exposure in the tendon over 24 h and
low systemic exposure

Pharmacokinetic evaluation of a single topical application of
SM04755 (0.3 mg/cmz) in rats demonstrated a tendon residence
time of >24 h (Figure S14). Systemic exposure of SM04755 in plasma
was approximately 800-fold lower than tendon exposure (lower limit
of quantification = 10 ng/ml) and no weight loss, swelling, and signs of
pain or distress were observed in treated rats (data not shown).
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FIGURE 4 SMO04755 inhibited inflammatory responses in PBMCs.

(A) Gene expression of NF-xB components in THP-1 cells stimulated with

LPS and treated with DMSO or SM04755 for 4 or 20 h measured by qRT-PCR. Fold change relative to unstimulated control (n =3,

mean = SEM,*p< .05,"*p < .01, **p <.001, one-way ANOVA). (B) Expression of phospho-NF-xB,total NF-xB,and STAT3 in PBMCs stimulated
with LPS and treated with DMSO or SM04755 for 20 h measured by Western blot. f-actin served as a loading control. (C) Western blot
of phospho-SRSF and total SRSF in PBMCs following treatment with SM04755 or DMSO for 1 h. f-actin served as a loading control

3.12 | SMO04755 decreased inflammatory cells and
pro-inflammatory cytokine production in tendons in vivo

Collagenase-induced tendinopathy in rats has been utilized to model
acute tendon injury in humans.” Histological analysis of tendons

following a single collagenase injection into the Achilles tendon of

rats showed the presence of inflammatory cells 2 h after injection
with levels that progressively increased over 70 h. Accompanying
tendon degeneration was evident and remained stable for 21 days
(Figures 5A,B and S15).

The efficacy of SM04755 was evaluated in a collagenase-induced
acute tendinopathy model in rats following daily topical application
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of SM04755 (0.3mg/cm?) or vehicle (Figure S16A). SM04755-

treated rats showed decreased inflammatory infiltrates and im-
proved tendon morphology, as indicated by H&E staining, compared
with vehicle (Figure 5A). Blinded histopathological analysis of ten-
dons, based on the presence of inflammatory cells, tendon structure,
linearity, density, and hemorrhage’ (Table S4), revealed a significant
increase (p =.008) in treatment group scores compared with vehicle
(Figure 5B), indicating improvements in tendon morphology. Con-
sistent with decreased inflammatory cells in the tendon, significantly
reduced pro-inflammatory (IL13, TNFa, IL6, IL8, IFNy; p <.05) and
increased immunoregulatory (IL10) cytokine expression was ob-
served in tendons treated with SM04755 for 20 days compared with
vehicle (Figure 5C). Serum levels of KC/GRO (CXCL1), an in-
flammatory biomarker that is associated with tendinopathy,” were
elevated in the vehicle-treated rats from Days 5 to 20, while
SM04755 treatment significantly decreased levels of KC/GRO
compared with vehicle (p <.05; Figure 5D).

Histological analysis of tendons at several timepoints (Days 7,
14, and 21) showed significant reduction in inflammation and im-
proved tendon histological scores at Day 14 (p <.05) in the higher-
dose SM04755 (0.9 mg/cm?) group compared with the lower-dose
SM04755 (0.3 mg/cm?) group and vehicle. Both dose groups showed
improved tendon histological scores (p <.05) at Day 21 (Figure S17).

3.13 | Topical SM04755 promoted tendon
differentiation and protection in a rat model of
acute tendinopathy

Histopathological analysis of tendons from the collagenase model
revealed improved fiber structure and cellular appearance at Day 21 of
SMO04755 treatment (0.3 mg/cm?) compared with vehicle (Figure 5A).
Onset of tenocyte differentiation was confirmed by increased gene
expression of TNMD, TNC, and SCXA in SM04755-treated tendons
compared with vehicle (Figure 5E). Twenty-one days after treatment,
Type | collagen levels were significantly (p<.05) increased with a
corresponding increase (p<.05) in Type |/Type Il collagen ratios
(Figure 5E) in tendons of SMO04755-treated rats compared with
vehicle. Furthermore, improved tendon fiber structure and increased
Type | collagen levels were observed in Sirius Red-stained tendons of
SMO04755-treated rats compared with vehicle (Figure S18).

The effects of SM04755 treatment on pain and function in rats
were measured using the Von Frey apparatus and incapacitance
test for static weight-bearing, respectively. Collagenase injection
into the Achilles tendon decreased paw withdrawal threshold after
1 day (Figure 5F) and percent of weight on the affected limb after
3 days (Figure 5G). Paw withdrawal threshold was significantly
(p<.05) increased following 18 days of SM04755 treatment
(Figure 5F), and percent of weight on the affected limb was sig-
nificantly increased following 13 days of SMO04755 treatment,
compared with vehicle, with weight-distribution effects sustained
until Day 20 (Figure 5G).

3.14 | Topical SM04755 promoted tendon
differentiation and improved tendon health in a rat
model of chronic failed healing tendinopathy

Failed healing has been suggested as a potentially pathological
mechanism of chronic tendinopathy.*® Therefore, a chronic
failed healing tendinopathy model was developed using multiple
collagenase injections (Days 0, 21, and 40) followed by daily
(from Day 1) topical treatment with SM04755 (0.3 mg/cm?;
Figure S16B). Histopathological analysis at Days 40 and 60 de-
monstrated inflammation, tendon degeneration, and appearance
of adipose tissue in tendons with multiple collagenase injections
and vehicle treatment (Figures 6A and S19AB). In contrast,
SM04755-treated tendons (0.3 mg/cm?) showed decreased in-
flammation, decreased adipose tissue, and improved tendon fiber
structure (Figures 6A and S19A,B). Tendon health scores were
significantly improved for the SMO04755 groups at Day 40
(p <.01; Figure 6B), while a general direction of change toward
improved scores was observed on Day 60 (p =.317) compared with
vehicle (Figure S19C). Expression of tenocyte markers (i.e., TNMD,
TNC, and SCXA), Types | and Il collagen levels, and Type I/Type Il
collagen ratios were increased (p <.05) in SM04755-treated ten-
dons on Day 40 compared with vehicle (Figure 6C).

3.15 | Topical SM04755 inhibited inflammation
and improved tendon health in a delayed-treatment
rat model of tendinopathy

The ability of SM04755 to reduce inflammation and improve tendon
health in a well-established tendon injury model was evaluated in a
collagenase-induced delayed-treatment model in rats (Figure S16C).
Rats injected with collagenase on Days O and 20 and treated with
daily topical SM04755 (0.3 mg/cm?) from Day 28 and onward
showed improved tendon appearance (Figure 6D) and histologically
measured tendon health scores (p<.05) following 21 days of
SM04755 treatment compared with vehicle (Figure 6E).

4 | DISCUSSION

Wt signaling plays an important role in tendinopathy by modulating
inflammation, tenocyte lineage specification, protease production,
and tendon homeostasis (Figure S20A).2%72° In this study, we used in
vitro assays and animal models of tendinopathy to test the effects of
SMO04755, a novel small-molecule inhibitor of the Wnt pathway, on
these processes. In vitro, SM04755 inhibited Wnt signaling, stimu-
lated tenocyte differentiation, and reduced tendon-destroying pro-
teases and inflammatory cytokine production. Functional effects in
the rat collagenase-induced tendinopathy models provided evidence
for the ability of SM04755 to modulate pathophysiological processes
in tendinopathy.
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FIGURE 5 SMO04755 inhibited inflammation and promoted in vivo tendon healing in a collagenase-induced acute tendinopathy model in rats.
(A) Representative images of rat tendons stained with H&E on Day 21. (B) Histological score of rat tendons in (A; n=4 for sham, n=6 for
vehicle and SM04755, mean + SEM, **p < .01, one-way ANOVA). (C) Expression of pro- and anti-inflammatory genes in rat tendons measured by
gRT-PCR. Fold change relative to sham control (n = 12, mean + SEM, *p < .05, **p < .01, one-way ANOVA). (D) Expression of tenocyte and
collagen genes in rat tendons measured by gRT-PCR. Fold change relative to sham control (n =12, mean + SEM, *p < .05, **p < .01, **p <.001,
one-way ANOVA). (E) Pain measured as paw withdrawal threshold using the Von Frey apparatus in the collagenase-injected and SM04755- or
vehicle-treated limb (n = 6 rats, estimated treatment effect + 95% Cl, **p <.01). (F) Gait of rats injected with collagenase and treated with
SM04755 or vehicle, represented as percent weight on the affected limb (n = 3 for sham,n = 6 for treated, estimated treatment effect + 95% Cl,

**p < .01, ***p <.001)

Inhibited or erroneous differentiation of TDSCs contributes to
chondrometaplasia and ossification in tendinopathy. This aberrant
differentiation may be mediated via the Wnt pathway, as Wnt3a
stimulation has been shown to induce osteogenic marker expression

in rTDSCs.'® Here, we demonstrated that SM04755 increased te-
nocyte differentiation marker expression in cultured hMSCs and
rTDSCs and tendons in rats with collagenase-induced tendinopathy
compared with vehicle. Stem cell transplantation-based regenerative
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FIGURE 6 SMO04755 inhibited inflammation and promoted in vivo tendon healing in chronic and delayed-treatment models of tendinopathy
in rats. (A) Representative images of rat tendons stained with H&E from the collagenase model on Day 40. (B) Histological score of rat
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tendons stained with H&E from the delayed-treatment model on Day 28 + 21. (E) Histological score of rat tendons in (D; n=3 for sham,n=5
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strategies have shown promise but have encountered crucial barriers
in therapeutic translation such as immune rejection, potential
tumorigenesis, and difficulties in regulatory approval and clinical
adoption.”*”*® By targeting endogenoustissue-resident stem cells
with regenerative capacity,”*”*? treatment with SM04755 may be
an attractive approach to promote tendon regeneration.
Inflammation plays an important role in both acute and chronic
tendinopathy.? The development of treatments for tendinopathy has

focused on reducing pain or inflammation with steroids. While
steroids provide temporary relief, they may impede long-term
healing.”® Treatments to reduce inflammation, such as nitric oxide
patches and growth factor or platelet-rich plasma (PRP) injections,
have been tested with limited success®® and various challenges
remain with translation of PRP into the clinic.’? Our data support a
role of SM04755 in reducing inflammation in the tendon: SM04755
treatment led to a decrease in inflammatory cells in rat models of
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acute tendinopathy, chronic failed healing tendinopathy, and
delayedtreatment of tendinopathy. Moreover, both in vitro and in
the acute tendinopathy model, we observed a decrease in the in-
flammatory biomarker KC/GRO and several pro-inflammatory cyto-
kines along with an increase in the immunoregulatory cytokine IL-10.
Thus, SM04755 demonstrated potent anti-inflammatory activity.

In addition to tendon regeneration and inhibition of inflammation,
long-term healing and prevention of tendon degeneration in chronic
tendinopathy would benefit from reduced tendon catabolism.”
SM04755 inhibited the expression of catabolic enzymes in cytokine-
stimulated tenocytes in vitro, thus demonstrating potential for reg-
ulating tendon catabolic enzymes in tendinopathy. While additional
mechanical and functional studies using chronic animal models and
studies evaluating the effects of SM04755 on protease production and
matrix catabolism in primary patient-derived tendons could further
support this finding, our data suggest that SM04755 may have potential
tendon-protective effects.

Furthermore, in vitro biochemical and genetic studies demon-
strated that the effects of SM04755 were mediated by inhibition of
CLKs and DYRK1A (Figure S20B). Inhibition of these kinases by
siRNAs and small-molecule inhibitors validated the role of these ki-
nases in tenocyte differentiation induction as well as reduced in-
flammation and tenocyte catabolism. CLKs exert their function by
phosphorylating SRSF proteins, which modulate RNA splicing,*® and
SMO04755 dose-dependently inhibited CLK-mediated phosphoryla-
tion of SRSFs in hMSCs and rTDSCs. Inhibition of Wnt pathway ac-
tivity with CLK knockdown and CLK-specific inhibitors supported the
involvement of CLKs in regulating canonical Wnt signaling down-
stream of (-catenin at a posttranscriptional level by alternative
splicing of Wnt target genes in hMSCs and rTDSCs. By modulating
splicing kinetics, CLK loss or inhibition may change pre-mRNA pro-
cessing, leading to the formation of unstable transcripts and a de-
crease in overall gene expression.”® CLKs and DYRK1A appear to be
the primary targets of SM04755 for Wnt pathway inhibition, teno-
cyte differentiation and protection, and anti-inflammation; while
these effects of SM04755 appear to be mediated by alternative
splicing of Wnt pathway genes, splicing of other genes and con-
tributions from other cellular proteins or pathways cannot be ruled
out. Recently, our group identified CLKs and DYRK1A as molecular
targets of lorecivivint (LOR; SM04690), an intra-articular Wnt
pathway inhibitor for knee osteoarthritis treatment.’® While LOR
has a similar mechanism of action as SMO04755, differences in
physicochemical properties allowed SM04755 to access tendons
following administration on the skin, making it potentially more
convenient for the treatment of tendinopathy. Future in vivo studies
using tendinopathy models may reveal additional insights into reg-
ulation of gene expression by SM04755, CLK2, DYRK1A, and their
interactions.

In the clinical context, there is an unmet medical need for pa-
tients with acute-on-chronic or chronic tendinopathy. SM04755
could be a treatment option that potentially addresses both acute
inflammation and long-term healing. Moreover, the observed efficacy
of SM04755 in the delayed-treatment model demonstrated the

Research®

compound's potential to treat established tendon injuries in patients.
Our in vivo data demonstrated that SM04755 had a positive effect in
both acute and chronic tendinopathy. However, this effect may be
reduced in extremely severe or chronic cases; we did not observe
significantly improved scores on Day 60 in our chronic failed healing
tendinopathy model. While several anti-inflammatory agents have
potential long-term side effects and may harm tendon tissue,®®
SMO04755 promoted tendon healing, which correlated with reduced
pain and improved weight-bearing function in SM04755-treated rats.
In vivo pharmacokinetic and safety data supported the use of a once-
daily topical application of SM04755 for this study and in vitro ef-
ficacy of the compound in human cells supported the rationale to
pursue clinical development of SM04755. Together, the data pre-
sented here demonstrates the potential of SM04755 as a topical,

small-molecule treatment for tendinopathy.
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