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Objectives: Wnt pathway upregulation contributes to knee osteoarthritis (OA) through osteoblast dif-
ferentiation, increased catabolic enzymes, and inflammation. The small-molecule Wnt pathway inhibitor,
lorecivivint (SM04690), which previously demonstrated chondrogenesis and cartilage protection in an
animal OA model, was evaluated to elucidate its mechanism of action.
Design: Biochemical assays measured kinase activity. Western blots measured protein phosphorylation
in human mesenchymal stem cells (hMSCs), chondrocytes, and synovial fibroblasts. siRNA knockdown
effects in hMSCs and BEAS-2B cells on Wnt pathway, chondrogenic genes, and LPS-induced inflammatory
cytokines was measured by qPCR. In vivo anti-inflammation, pain, and function were evaluated following
single intra-articular (IA) lorecivivint or vehicle injection in the monosodium iodoacetate (MIA)-induced
rat OA model.
Results: Lorecivivint inhibited intranuclear kinases CDC-like kinase 2 (CLK2) and dual-specificity tyrosine
phosphorylation-regulated kinase 1A (DYRK1A). Lorecivivint inhibited CLK2-mediated phosphorylation
of serine/arginine-rich (SR) splicing factors and DYRK1A-mediated phosphorylation of SIRT1 and FOXO1.
siRNA knockdowns identified a role for CLK2 and DYRK1A in Wnt pathway modulation without affecting
B-catenin with CLK2 inhibition inducing early chondrogenesis and DYRK1A inhibition enhancing mature
chondrocyte function. NF-kB and STAT3 inhibition by lorecivivint reduced inflammation. DYRK1A
knockdown was sufficient for anti-inflammatory effects, while combined DYRK1A/CLK2 knockdown
enhanced this effect. In the MIA model, lorecivivint inhibited production of inflammatory cytokines and
cartilage degradative enzymes, resulting in increased joint cartilage, decreased pain, and improved
weight-bearing function.
Conclusions: Lorecivivint inhibition of CLK2 and DYRK1A suggested a novel mechanism for Wnt pathway
inhibition, enhancing chondrogenesis, chondrocyte function, and anti-inflammation. Lorecivivint shows
potential to modify structure and improve symptoms of knee OA.
© 2019 The Authors. Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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Introduction

Osteoarthritis (OA) affects approximately 30 million adults in
the US and is a leading cause of disability worldwide'. OA is a
whole joint disease, characterized by cartilage degradation, bony
changes, and synovial inflammation, leading to joint space nar-
rowing, pain, and loss of function’. While anti-inflammatory
agents are broadly used in OA symptomatic treatment, these
have not shown benefit in slowing structural progression, leaving
surgical intervention as the only option. There is an unmet need
for disease-modifying OA drugs (DMOAD) that benefit pain and
function and mitigate the structural damage caused by OA. Ap-
proaches to DMOAD development include cartilage regeneration,
inhibition of inflammation or cartilage catabolic enzymes, stimu-
lating chondrocytes with growth factors, and restoring cartilage
homeostasis>°.

The Wnt pathway is highly conserved across species and plays
a central role in organogenesis, cell differentiation, and tissue
remodeling’. Canonical Wnt signaling is initiated by Wnt proteins
binding to frizzled (FZD) receptors, causing a breakdown of the
cytoplasmic B-catenin destruction complex. Stabilized B-catenin
translocates to the nucleus and interacts with T-cell factor/
lymphoid enhancer factor (TCF/LEF) transcription factors to acti-
vate Wnt target gene expression®. Wnt signaling is tightly regu-
lated at multiple levels, resulting in homeostatic signaling in most
tissues. In the joint, homeostatic levels of Wnt signaling are
essential for stem cell proliferation, chondrocyte differentiation,
and function, with both B-catenin deletion and activation result-
ing in joint damage®'°. Wnt signaling is upregulated in OA joint
tissues and drives bone differentiation, cartilage degradation,
chondrocyte hypertrophy, and inflammation''. Given these central
roles for Wnt signaling in OA pathogenesis, modulation of the
Wnt pathway downstream of f-catenin offers a promising
approach for homeostatic modulation of Wnt signaling and OA
treatment.

Regulation of gene expression can be accomplished via several
mechanisms including transcriptional control through phosphor-
ylation of transcription factors and posttranscriptional regulation
through alternative splicing. 95% of human genes are alternatively
spliced'?, creating diversity of proteins from a single gene via in-
clusion or exclusion of introns and exons'>. Splicing is regulated by
various mechanisms including phosphorylation of pre-mRNA
binding proteins such as the serine/arginine-rich splicing factors
(SRSF)">.

Lorecivivint, a potential DMOAD and small-molecule Wnt
pathway inhibitor, has shown promising OA therapeutic effects,
inducing chondrocyte differentiation, cartilage regeneration and
protection, and improving joint health scores in a surgically
induced joint destabilization (anterior cruciate ligament transec-
tion, partial medial meniscectomy; ACLT+pMMx) rat OA model ',
In this report, the novel mechanism of action of lorecivivint,
through inhibition of intranuclear kinases, is described for Wnt
pathway modulation, chondrocyte differentiation, inhibition of
cartilage degradation, and anti-inflammatory effects in OA models
in vitro and in vivo.

Methods
Kinase assays

Lorecivivint (0.5 pM) was screened through 318 kinases
(Thermo Fisher).

Cell culture and assays

Cell culture (Table S1), reporter, and chondrogenic assays per-
formed as previously described'“.

Western blot, gPCR, and nanostring assays

Cells were treated as indicated, incubated at 37°C, 5% CO-.

Total protein or nuclear/cytoplasmic fractions (NE-PER™,
Thermo Fisher) were extracted. Western blot was performed as
previously described'* using primary and secondary antibodies
(Table S2).

gPCR was performed using SYBR-green or TagMan™ primers as
previously described'®. 50 ng RNA was hybridized with Tagsets and
probe pools (nCounter® Vantage 3D™ Pathways, NanoString
Technologies); gene counts measured using nCounter® SPRINT
Profiler. Analysis described in Supplementary Methods.

siRNA knockdowns

Reverse transfections were performed with siRNA (GE Dhar-
macon, Table S3) using Lipofectamine RNAiMAX (Thermo Fisher).

In vivo animal model

The ACLT+pMMx model was performed and lorecivivint injec-
ted as previously described'®. For the MIA model, rats (10 weeks
old) were injected MIA (IA, 3 mg in 50 pl). IA lorecivivint (0.1 pg,
0.3 pg, 1 pg in 50 pl) or vehicle (n = 10 rats/group) was injected and
knee joints were isolated for biochemical analysis or histology
[Supplementary Fig. 22(a)]. Histology, OARSI scoring, qPCR, Nano-
string, ELISA, and Western blot were performed as previously
described'. Pain was measured using Von Frey apparatus (Harvard
instruments) and weight distribution using Incapacitance meter
(Stoelting, Inc).

Statistics and Additional Methods in Supplementary Methods.

Results

Novel intranuclear kinase targets: lorecivivint potently inhibited
CLK2 and DYRK1A

Biochemical profiling using lorecivivint (0.5 M) showed >90%
inhibition of 7 kinases (out of 318) compared to DMSO. CLK2 was
the most potently inhibited kinase (ICs¢o = 5.8 nM) with six other
kinases showing ICsps > 90% inhibition and within 15-fold of CLK2
IC50. DYRK1A, within the same CMGC kinase group as the CLKs,
showed IC5¢ = 26.9 nM. Overall, lorecivivint demonstrated selec-
tivity against wild type kinases (>90% inhibition or ICs¢o < 100 nM
representing 2.5% of 318 kinases; Supplementary Fig. 1(a),
Tables S4, S5).

Computational modeling of lorecivivint with CLK2 and DYRK1A
identified multiple hydrogen-bond, donor—acceptor sites poten-
tially driving lorecivivint activity. Lorecivivint docked to the ATP-
binding sites of both kinases, forming hydrogen-bonds with
GLU244, LEU246, and LYS193 in CLK2, and GLU239, LEU241, and
LYS188 in DYRK1A [Supplementary Fig. 1(b)—(e)]. For CLK2, 100 out
of 100 dockings landed within 2A root-mean-square distance
(RMSD; docking energy = —12.8 + 2.0 kcal/mol) and for DYRK1A,
77 out of 100 dockings landed within 2A RMSD (docking
energy = —11.4 + 2.0 kcal/mol). The predicted binding mode would
completely block ATP binding, thus inhibiting the function of CLK2
and DYRK1A.
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Novel intranuclear kinase targets: lorecivivint inhibited CLK- and
DYRK1A-mediated signaling in hMSCs and chondrocytes

In vitro biochemical assays for CLK2 and DYRK1A confirmed
potent lorecivivint inhibition of CLK2 (IC5¢ = 7.8 nM) and DYRK1A
(ICs¢ = 26.9 nM) [Fig. 1(a)]. Compared to CLK2 inhibitors (CC-671,
TG003, ML167, Leucettine L41, ML315)">~'° and DYRK1A inhibitors
(Harmine, EGCG, AZ191, ID-8, INDY, L41, ML315)!61720-23 peing
developed for oncology or as tool compounds, lorecivivint was
2—300-fold more potent than other compounds [Supplementary
Fig. 1(f) and (g)].

In human mesenchymal stem cells (hMSCs) and chondrocytes,
CLK1, CLK2, CLK3, and DYRK1A were predominantly localized in the
nucleus, while CLK4 was localized in the cytoplasm
[Supplementary Fig. 1(h)]. CLKs exert their function by phosphor-
ylating SRSF proteins®#?>. The expression and phosphorylation of
SRSF1, SRSF4, SRSF5, and SRSF6 were confirmed in hMSCs using
specific siRNAs [Supplementary Fig. 2(a)—(g)]. No statistically sig-
nificant changes in the expression of CLKs 1-4, DYRK1A, or SRSF4,
SRSF5, and SRSF6 were observed in hMSCs or chondrocytes
following WNT3A or CHIR99021 (GSK3p inhibitor) stimulation
compared to unstimulated cells [Supplementary Fig. 1(i) and (j),
2(h), (D).

Lorecivivint dose dependently inhibited the CLK-mediated
phosphorylation of SRSF4, SRSF5, and SRSF6 in hMSCs and human
chondrocytes [Fig. 1(b) and (c), Supplementary Fig. 3(a) and (b)]
and was more potent than CC-671 (CLK2/TTK inhibitor), while
Harmine (DYRK1A/B inhibitor) had no effects [Supplementary
Fig. 3(c) and (d)]. Lorecivivint (30 nM) upregulated gene expres-
sion of CLKs 1-3 and downregulated SRSF4 and SRSF5 in hMSC and
chondrocytes, while CLK4 was downregulated in hMSC and upre-
gulated in chondrocytes [Supplementary Fig. 4(a) and (b)]. Spli-
ceosome modulation by lorecivivint (30 nM, 100 nM) was shown by
enlargement of nuclear speckles®® in hMSCs and chondrocytes
compared to DMSO [Fig. 1(d), Supplementary Fig. 4(c) and (d)]. CC-
671 enlarged nuclear speckles at higher doses (10 uM, 3 uM), while
Harmine had no effects [Supplementary Fig. 4(e) and (f)]. Treat-
ment with lorecivivint also led to intron retention (IR) in the mRNA
of several Wnt pathway genes [Supplementary Fig. 5(a) and (b)].

DYRK1A phosphorylates transcription factor FOXO1 and
histone-modifying enzyme Sirtuin 1 (SIRT1)?%?7. FOXO1 phos-
phorylation results in its exclusion from the nucleus and subse-
quent proteosomal degradation. Active nuclear FOXO1 has been
shown to be involved in promoting chondrocyte homeostasis,
stress response, proteoglycan (PRG4) production, and protection
from OA development®®?°, Lorecivivint dose dependently inhibited
the phosphorylation of FOXO1 in chondrocytes in the presence of
OA-related inflammatory cytokine IL-18 with corresponding in-
creases in total FOXO1 protein levels and nuclear localization
compared to DMSO [Fig. 1(e) and (f), Supplementary Fig. 6(a) and
(b)]. Lorecivivint also dose dependently and more potently inhibi-
ted phosphorylation of SIRT1 (pSer27, pSer47) in hMSCs and
chondrocytes in the presence of IL-1B, compared to DMSO and
Harmine, while CC-671 had no effects [Fig. 1(g), Supplementary
Fig. 6(c) and (d)]. Lorecivivint (30 nM) did not affect FOXO1, SIRT1,
or DYRKIA gene expression [Supplementary Fig. 6(e)—(g)], indi-
cating that lorecivivint effects on these proteins were predomi-
nantly at the posttranslational level.

Wnt pathway inhibition: inhibition of CLK2 and DYRK1A inhibited
the Wnt pathway in hMSCs

In hMSCs, CLK2 or DYRK1A knockdowns inhibited Wnt pathway
gene expression (AXIN2, TCF7, and TCF4) while small increases were
observed in B-catenin (CTNNB1) expression, compared to non-

targeted siRNA control (siCtrl; Fig. 2(a) and (b)), consistent with
lorecivivint inhibitory effects [Supplementary Fig. 8(b)]. Further, no
decrease in active and total B-catenin levels were observed with
lorecivivint treatment in WNT3A- and CHIR-stimulated hMSCs,
chondrocytes, and 293T cells [Supplementary Fig. 7(a) and (b),
Supplementary Fig. 8(a)]. CC-671 and Harmine inhibited the TCF/
LEF reporter in SW480 cells at 20—200-fold less potency than lor-
ecivivint, while HIPK2 inhibitors A64 and TBID had no effects
[Supplementary Fig. 8(c)]. CC-671 inhibited expression of AXIN2,
TCF7, LEF1, and TCF4 in CHIR99021-stimulated and unstimulated
hMSCs, while Harmine inhibited AXIN2, LEF1, and TCF4
[Supplementary Fig. 8(d) and (e)].

Knockdowns of CLK2, DYRK1A, and CLK2+DYRK1A decreased
the expression of 47, 37, and 69 genes and upregulated 21, 29, and
37 genes, respectively, (Nanostring's nCounter® Vantage 3D™ Wnt
Pathways panel; >1.5-fold change, FDR-adjusted, q¢ < 0.05)
compared to siCtrl, while lorecivivint downregulated 80 genes and
upregulated 47 genes [Fig. 2(c), Supplementary Fig. 9(a)—(f)].
Downregulation of AXIN2, TCF7, LRP5, BAMBI, NKD1, PAI-1, LRP6,
FZD6, FZD7, PITX2, ERBB2, and CTGF gene expression and increased
levels of Wnt pathway inhibitors SFRP2 and DACT1 were confirmed
by qPCR [Fig. 2(d) and (e)]. In contrast, B-catenin knockdown
downregulated 38 genes and upregulated 6 genes [Supplementary
Fig. 9(e)].

Although lorecivivint also inhibited HIPK2 kinase
(IC50 = 16.8 nM), HIPK2 knockdowns in hMSCs showed small but
significant increases in gene expression of AXIN2, TCFZ, and TCF4
compared to siCtrl [Supplementary Fig. 9(g)—(i)], consistent with
the role of HIPK2 in repressing Wnt signaling>’.

Wnt pathway inhibition and chondrogenesis: inhibition of TCF7
induced chondrocyte differentiation in hMSCs

Knockdowns of B-catenin, TCF7, LEF1, and TCF4 in hMSCs
[Supplementary Fig. 10(a)—(h)] led to inhibition of Wnt signaling,
demonstrated by decreased AXIN2, TCF7, LEF1, and TCF4 expression
[Supplementary Fig. 10(i)—(m)]. However, B-catenin, LEF1, and
TCF4 knockdowns did not induce chondrocyte formation in hMSCs,
measured by COMP, SOX9, and RUNX1 gene expression. Consistent
with the role of activated Wnt signaling in bone differentiation,
osteoblast promoting factor RUNX2 was decreased with B-catenin,
LEF1, and TCF4 knockdowns compared to siCtrl [Fig. 3(a) and (b)].

TCF7 knockdown resulted in 30-fold increased COMP expression,
small but significantly increased (1.5—2-fold, p < 0.05) SOX9 and
RUNX1 expression, and decreased RUNX2 expression compared to
siCtrl [Fig. 3(c) and (d)], and these results were comparable to lor-
ecivivint or TGF-$3 treatment of hMSCs [Fig. 4(a)—(f)]. Early chon-
drogenic differentiation in 10-day hMSC cultures stained with
Rhodamine B showed chondrogenic nodules with TCF7 knockdown,
but not with B-catenin, LEF1, and TCF4 knockdowns [Fig. 3(e) and (f)].
TCF7 knockdown did not significantly change the expression levels
of CLK2 and DYRK1A compared to siCtrl [Supplementary Fig. 10 (n,0)].

Cartilage Regeneration: CLK2 Inhibition induced early chondrocyte
differentiation in hMSCs and DYRK1A inhibition enhanced
differentiated chondrocyte function

CLK2 knockdown in hMSCs [Supplementary Fig. 11(a) and (b)]
increased early chondrocyte differentiation with 50-fold increased
COMP and 3—4-fold increased SOX9 and RUNXI expression
compared to siCtrl. These changes were similar to TGF-3 or lor-
ecivivint treatment [Fig. 4(a)—(f), Supplementary Fig. 11(c)—(e)].
CLK1 and CLK4 knockdowns induced small but significantly
increased (4—6-fold, p < 0.05) COMP expression. CLK1 knockdown
induced 1.5-fold increased SOX9 expression while CLK3 or DYRK1A
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Fig. 1. Lorecivivint (SM04690) was a potent inhibitor of CLKs and DYRK1A. (a) Dose response for in vitro biochemical inhibition of CLK2 and DYRK1A by lorecivivint (n = 4). (b, c)
Western blot of phospho-SRSF in (b) human mesenchymal stem cells (hMSCs) and (¢) human chondrocytes following treatment with lorecivivint or DMSO for 1 hr. (d) Repre-
sentative immunofluorescence images of hMSCs treated with lorecivivint or DMSO for 6 hrs. Cells were stained with phospho-SC35 antibody (green) or DAPI nuclear stain (blue). (e)
Western blot of phospho- and total FOXO1 in human chondrocytes following treatment with IL-1 and lorecivivint or DMSO for 72 hrs. (f) Representative immunofluorescence
images of human chondrocytes treated with IL-1f and lorecivivint or DMSO for 72 hrs. Cells were stained with anti-FOXO1 antibody (red) and DAPI nuclear stain (blue) (g) Western
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loading control for Western blots. Data representative of at least 3 independent experiments.

knockdowns had no significant effects on COMP, SOX9, and RUNX1 CC-671 induced chondrocyte differentiation at 100-fold less
expression compared to siCtrl [Supplementary Fig. 11(f)—(h)]. No potency than lorecivivint, consistent with its less potent CLK2 in-
significant changes were observed in RUNX2 expression with any hibition in vitro, while Harmine had no effects [Supplementary
knockdown [Supplementary Fig. 11(i)]. Fig. 11(j)], consistent with the lack of early chondrocyte
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Fig. 2. Inhibition of CLK2 and DYRK1A inhibited the Wnt pathway. (a, b) Gene expression of Wnt pathway markers AXIN2, TCF7, TCF4, and CTNNB1 in hMSCs at 72 hrs following
treatment with either non-targeted control siRNA or siRNA specific to (a) CLK2 or (b) DYRK1A. Fold change relative to siRNA control (n = 3, Mean + 95% CI, *p < 0.05, **p < 0.01,
***p < 0.01, t-test). (c) Effects of treatment of hMSCs with siRNA specific to CLK2, DYRK1A, CLK2+DYRK1A, non-targeted control siRNA, DMSO, and lorecivivint on Wnt pathway gene
expression at 72 hrs following treatment, measured using the Nanostring nCounter® gene array. (d, e) Confirmation of gene expression changes of selected genes from (c) by qRT-
PCR (n = 3, Mean + 95% CI, *p < 0.05, ***p < 0.001, one-way ANOVA). Data representative of at least 3 independent experiments.

differentiation effects with DYRK1A knockdown. Furthermore,
SRSF4, SRSF5, and SRSF6 knockdowns in hMSCs confirmed the role
of this pathway in chondrocyte differentiation, measured by
increased COMP, SOX9, and RUNX1 expression, while RUNX2 and
CTNNB1 were unaffected [Supplementary Fig. 12(a)—(d)].

hMSC differentiation into chondrocytes starts with early chon-
drocyte condensation followed by differentiation into mature Type
I collagen-, aggrecan-, and proteoglycan-producing chon-
drocytes®’. CLK2 knockdown induced expression of 30

chondrogenic genes including ACAN, CD44, COL2A1, DOTI1L, and
COMP, while DYRK1A knockdown induced upregulation 11 genes
(>1.5-fold, g < 0.05; Nanostring's nCounter® Vantage 3D™ chon-
drocyte panel) on day 21 [Fig. 4(g) and (h)]. CLK2+DYRK1A
knockdown upregulated 41 genes including FGFR2, FOXO1, MAPKS,
PRG4, and TGF$33 in addition to ACAN, CD44, COL2A1, DOTIL, and
COMP, while TCF7 knockdown upregulated 18 genes. Expression of
CCNG2, CD44, COL2A1, COMP, DOTI1L, TGF@1, and TGF(33 was signif-
icantly increased with CLK2+DYRK1A knockdown compared to
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Fig. 3. Inhibition of TCF7 induced early chondrocyte differentiation. (a—c) Gene expression of chondrocyte markers COMP, SOX9, and RUNX1 and osteogenic marker RUNX2 in hMSCs
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ANOVA). Data representative of at least 2 independent experiments.

CLK2 knockdown alone [Fig. 4(g) and (h), Supplementary
Fig. 13(a)], indicating a role for DYRK1A inhibition in enhancing
the effects of CLK2 inhibition or for maintenance of chondrocyte
function.

HIPK2 knockdown had no significant effects on chondrocyte
differentiation measured by COMP, SOX9, RUNXI1, or RUNX2
expression compared to siCtrl [Supplementary Fig. 12(e)].

Cartilage protection: inhibition of CLK2 and DYRK1A inhibited
expression of cartilage catabolic enzymes

The role of CLK2 and DYRK1A in the inhibition of metal-
loproteinase (MMP) production was evaluated in human chon-
drocytes using IL-1B- (10 ng/ml) stimulated gene expression of
MMP-1, MMP-3, MMP-9, and MMP-13. CLK2 knockdown inhibited
MMP-3, MMP-9, and MMP-13 expression and DYRK1A knockdown
inhibited MMP-9 expression, while CLK2+DYRK1A knockdown
inhibited all four proteases [Fig. 4(i), Supplementary Fig. 12(f) and

(g)]. Lorecivivint, CC-671, and Harmine inhibited MMP-1, MMP-3,
and MMP-13 expression, compared to DMSO, with lorecivivint
~100-fold more potent than CC-671 and Harmine [Supplementary
Fig. 13(b)].

Anti-inflammatory activity: lorecivivint inhibited inflammatory
signaling mediators NF-kB and STAT3

Lorecivivint effects on STAT3, a known target of DYRK1A>?, and
other inflammatory mediators in LPS-stimulated THP-1 monocytes
were evaluated. Compared to DMSO, lorecivivint (4 hrs) dose
dependently decreased phospho-STAT3 (S727, Y705), phospho-
and total NF-kB (p105/p50), and phospho-FOX01/3a, while AKT,
JNK1, cJUN, p38/MAPK, and TLR4 were not inhibited. Lorecivivint
(20 hrs) robustly inhibited NF-kB, STAT3, JNK1, and FOXO1/3a
phosphorylation, while AKT, cJUN, p38/MAPK, and TLR4 remained
unchanged [Supplementary Fig. 14(a)]. Lorecivivint inhibited LPS-
stimulated gene expression of NF-kB components [RELA, RELB;
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Fig. 4. Inhibition of CLK2 and DYRK1A induced chondrocyte differentiation and protection. (a—e) Gene expression of chondrocyte markers (a, d) COMP, (b, e) SOX9, and (c, f) RUNX1
in hMSCs at 72 hrs following treatment with either siRNA specific to CLK2 or non-targeted control siRNA, measured by qRT-PCR and Western blot. Lorecivivint and TGF-B3 serve as
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control. (g) Chondrocyte gene expression in hMSCs at 21 days following treatment with either siRNA specific to CLK2, DYRK1A, CLK2+DYRK1A, TCF7, or non-targeted control siRNA,
measured using the Nanostring nCounter® gene array. Lorecivivint serves as a positive control for chondrocyte differentiation. (h) Confirmation of gene expression changes of
selected genes from (g), by qRT-PCR (n = 3, Mean + 95% CI, *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA). (i) Gene expression of MMP-1, MMP-3, MMP-9, and MMP-13 in
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change relative to siRNA control (n = 3, Mean + 95% CI, *p < 0.05, ***p < 0.001, one-way ANOVA). Data representative of at least 2 independent experiments.

Supplementary Fig. 14(b)]. Lorecivivint treatment showed no ef-
fects on phospho- or total NF-kB (p105/p50) at 10 mins, 30 mins,
1 hr, or 2 hrs but decreased both phospho- and total NF-«B at 4 hrs
and 20 hrs, while phospho-STAT3 (Y705) was inhibited at 1 hr,
2 hrs, 4 hrs, and 20 hrs with no effects on total STAT3 at any time

point (Supplementary Fig. 15). Lorecivivint inhibited the expression
of NF-kB pathway genes (NFKB1, NFKB2, RELA, RELB, and BCL3)
without effects on NF-kB inhibitors (NFKBIA, NFKBIB, IKK@, and
IKKy; Supplementary Fig. 16). Lorecivivint inhibition of NF-kB and
STAT3 were confirmed in synovial fibroblasts and PBMCs [Fig. 5(a)
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and (b)]. Lorecivivint was more potent than Harmine or CC-671 in
the inhibition of NF-kB and STAT3 in LPS-stimulated PBMCs
[Supplementary Fig. 17(a)].

Anti-inflammation: lorecivivint demonstrated potent anti-
inflammatory effects in vitro

Lorecivivint dose dependently inhibited IL-6 and TNF-a pro-

duction in IL-18- and LPS-stimulated synovial fibroblasts
[Fig. 5(c) and (d)] and LPS-stimulated THP-1 cells with
ECs9 = 25-35nM [Supplementary Fig. 17(b)]. Lorecivivint

inhibited a panel of inflammatory cytokines in LPS-stimulated
synovial fibroblasts [Fig. 5(e)] and LPS- or super antigen-
stimulated PBMCs [Fig. 5(f), Supplementary Fig. 17(c)]. Lor-
ecivivint anti-inflammatory activity (decreased IL-6 production)
in LPS-stimulated THP-1 cells was comparable to benchmark
immune suppressants dexamethasone, cyclosporin A, and pred-
nisolone®*>* [Supplementary Fig. 17(d)].

Anti-inflammation: inhibition of DYRK1A and CLK2 together
reduced inflammatory cytokine production

In THP-1 cells and synovial fibroblasts, CLKs 1-3 and DYRK1A
localized in the nucleus, while CLK4 was predominantly in the
cytoplasm [Supplementary Fig. 18(a)]. In synovial fibroblasts and
PBMCs, lorecivivint dose dependently inhibited SRSF phosphor-
ylation [Fig. 5(g) and (h)] and was more potent than CC-671,
while Harmine had no effects [Supplementary Fig. 18(b) and
(c)]. Commercial CLK2 or DYRKI1A inhibitors demonstrated
100—1,200-fold less potent anti-inflammatory activity than lor-
ecivivint [Supplementary Fig. 18(d)]. Lorecivivint, CC-671, and
Harmine also inhibited CHIR99021-stimulated AXIN2, TCF4, TCF7,
and LEF1 expression in synovial fibroblasts [Supplementary
Fig. 18(e)].

Technical limitations to siRNA-mediated knockdowns led to
<80% knockdowns in THP-1 cells, PBMCs, and synovial fibroblasts
(data not shown). BEAS-2B, bronchial epithelial cells, respond to
LPS stimulation and produce proinflammatory cytokines. Lor-
ecivivint dose dependently inhibited IL-1B- or LPS-stimulated
expression and secretion of IL-1f, IL-6, and TNF-a
[Supplementary Fig. 19(a)]. In BEAS-2B cells, CLKs 1-3 and DYRK1A
were expressed and localized similarly to synovial fibroblasts
[Supplementary Fig. 19(b)]. Lorecivivint inhibited phospho-SRSF,
phospho- and total NF-«B, and phospho-STAT3 and CHIR99021-
stimulated AXIN2, LEF1, TCF4, and TCF7 expression and was more
potent than CC-671 and Harmine [Supplementary Fig. 19(c)—(e)].

siRNA knockdowns [Supplementary Fig. 20(a) and (b)] followed
by LPS stimulation resulted in decreased IL-6, TNF-o, and IL-13
expression with DYRK1A knockdown and decreased levels of TNF-
a, IL-8, and IL-16 with CLK2 knockdown compared to siCtrl. Com-
bined CLK2 and DYRK1A knockdown significantly decreased IL-6,
IL-8, TNF-w, and IL-13 gene expression and IL-6 and IL-8 protein
compared to siCtrl or CLK2 knockdown [Fig. 6(a) and (b)]. CLK3
knockdown had no significant effects on cytokine production
[Supplementary Fig. 20(c)].

HIPK2 knockdown showed small decreases in IL-6 and IL-1f
expression with no effects on TNF-o. and IL-8 expression in LPS-
stimulated BEAS-2B cells [Supplementary Fig. 20(d)—(f)]. Since
lorecivivint inhibited NF-kB and STAT3, knockdowns of RelA, RelB,
and STAT3 were shown to decrease LPS-stimulated IL-6 expression
[Supplementary Fig. 21(a)—(d)]. Furthermore, TCF7 knockdown
decreased IL-6, TNF-a, IL-8, and IL-1 expression compared to siCtrl
[Supplementary Fig. 21(e) and (f)].

Anti-inflammation and cartilage protection in vivo: lorecivivint
inhibited inflammation, protected cartilage, and improved pain and
function in the monosodium iodoacetate (MIA)-induced rat knee OA
model

IA MIA causes local inflammation, cartilage degeneration, and
increased pain in the joint>®*’. Lorecivivint [0.3 pg, single IA in-
jection; Supplementary Fig. 22(a)] in MIA-injected rats decreased
inflammatory cytokine gene expression (TNF-a, IL-6, IL-8) and
protein levels (IL-1f, IL-4, IL-6, IL-8, TNF-a, CXCL10) and catabolic
enzymes (MMP-1, MMP-13, ADAMTS5) in the cartilage compared to
vehicle [Fig. 7(a) and (b), Supplementary Fig. 22(b)]. Histological
examination of the joints 11 days post MIA injection showed in-
flammatory cells in the synovial membrane and significant increase
in the synovial membrane thickness in vehicle-treated rats. In
contrast, lorecivivint treatment decreased inflammatory cell in-
filtrates, synovial membrane thickness, and cytokines (IL-18, IL-6,
TNF-a) compared to vehicle [Fig. 7(c) and (d), Supplementary
Fig. 23]. On day 28, Safranin O-Fast Green staining showed loss of
smooth cartilage articular surface in vehicle-treated rats, while
lorecivivint treatment showed modest increases in articular carti-
lage and smooth cartilage surface [Fig. 7(e)]. Lorecivivint treatment
significantly decreased the histomorphometrical modified OARSI
score>® compared to vehicle [Fig. 7(f)]. Additionally, lorecivivint
decreased pain (paw withdrawal threshold measured by Von Frey
apparatus) and improved the weight distribution on the injected
limb (gait measured by incapacitance meter) compared to vehicle.
Beneficial effects on both pain and function with a single IA injec-
tion of lorecivivint were sustained through study completion
[Fig. 7(g) and (h)].

Lorecivivint inhibited CLK2 and DYRK1A and Wnt signaling in vivo

In vivo pharmacodynamic effects of lorecivivint in cartilage were
evaluated in the ACLT+pMMx and MIA models of OA. Lorecivivint
(single IA injection- 0.1 pg, 0.3 pg, 1 pg), one week post
ACLT+pMMX, decreased phospho-SRSF, SRSF1, AXIN2, TCF7,
phospho-SIRT1, phospho-FOXO1, and phospho-STAT3 compared to
vehicle at day 35 [Fig. 8(a)]. Lorecivivint decreased CLK2, DYRK1A,
SRSF1, SRSF5, and SRSF6 expression compared to vehicle [Fig. 8(b)].
Furthermore, lorecivivint decreased expression of 19 genes and
increased expression of 8 genes [Nanostring Wnt panel, Fig. 8(c)],
confirmed by qPCR for AXIN2, TCF7, DVL1, TCF4, CTGF, and BTRC
[Fig. 8(d)]. In the MIA model, 4 days after single IA injection, lor-
ecivivint decreased phosphorylation of SRSF, NF-kB, STAT3, and
FOXO1 compared to vehicle [Fig. 8(e)]. While no changes in the
total protein levels of SRSF1 and STAT3 were observed, lorecivivint
decreased protein levels of total NF-kB and increased protein levels
of total FOXO1 [Fig. 8(a), (e)].

Discussion

Lorecivivint is a first-in-class, reversible, ATP-competitive,
small-molecule Wnt pathway inhibitor with selectivity towards
kinases primarily from the CMGC kinase group. Through
biochemical and genetic studies, the intranuclear kinases CLK2 and
DYRK1A were demonstrated to be critical in the phenotypic activity
of lorecivivint. These kinases were also validated, for the first time,
as novel targets for Wnt pathway modulation, which is associated
with chondrocyte differentiation, inhibition of cartilage degrada-
tion, and anti-inflammation.

The Wnt pathway is subject to complex regulation, including at
the posttranscriptional level*® %2, Previous strategies targeting the
canonical Wnt pathway, including targeting B-catenin or Wnt
pathway molecules upstream of B-catenin, have not resulted in
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(a, b) Gene expression of (a) IL-6, TNF-a, IL-8, and IL-18 in BEAS-2B cells treated with

siRNA specific to CLK2, DYRK1A, CLK2+DYRK1A, or lorecivivint or non-targeted control siRNA and stimulated with LPS for 6 hrs, measured by qRT-PCR. Fold change relative to
unstimulated siRNA control (n = 3, Mean + 95% CI, *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA). (b) IL-6 and IL-8 protein production in BEAS-2B cells treated with siRNA
specific to CLK2, DYRK1A, CLK2+DYRK1A, or lorecivivint or non-targeted control siRNA and stimulated with LPS for 6 hrs, measured by HTRF-based assay (n = 3, Mean + 95% CI,
*p < 0.05, ***p < 0.001, one-way ANOVA). Data representative of at least 3 independent experiments.

FDA-approved drugs*>** due to off-target or non-selective phar-
macodynamic effects. There were no previously reported com-
pounds which modulated Wnt pathway activity downstream or
independent of B-catenin. Knockdown of B-catenin in hMSCs
inhibited Wnt signaling but did not induce chondrocyte differen-
tiation in vitro, indicating that more selective regulation of Wnt
target genes downstream of f-catenin or f-catenin-sparing
mechanisms of Wnt pathway modulation may be necessary for
chondrogenesis. Lorecivivint treatment and CLK2 and DYRK1A
knockdowns demonstrated decreased expression of Wnt target
genes independent of B-catenin while upregulating secreted Wnt
pathway inhibitors in hMSCs, chondrocytes, and BEAS2B cells.
These data, along with observations that lorecivivint inhibited the
expression of genes not directly regulated by B-catenin, Wnt
pathway receptors, or ligands suggested that lorecivivint, through
its effects on CLK2 and DYRK1A, regulated these Wnt pathway
genes via a f-catenin-independent mechanism.

Chondrocyte differentiation and function have previously been
shown to be under tight control by the Wnt pathway*>“. A novel
role of CLK2 inhibition in chondrocyte differentiation from hMSCs
and DYRK1A inhibition in enhancing chondrocyte function was
demonstrated by the upregulation of several early and late chon-
drogenic markers in cells treated with CLK2 and DYRK1A siRNAs.
Downregulation of TCF7 by lorecivivint as well as CLK2 and DYRK1A
knockdowns was shown to be essential and sufficient for induction
of chondrocyte differentiation. Data demonstrating chondrogenesis

with TCF7 knockdown but not with B-catenin, LEF1, and TCF4
knockdown further supports the notion that chondrogenesis in-
volves complex modulation of the Wnt signaling pathway rather
than general inhibition. Lorecivivint, by acting downstream and
independent of B-catenin in hMSCs, could provide specific regula-
tion of the components involved in chondrocyte differentiation and
function.

Inhibition of the Wnt pathway activity with CLK2 knockdown
and CLK2-specific inhibitors supported involvement of CLK2 or its
downstream components in regulating Wnt signaling at a
posttranscriptional level, possibly through alternative splicing of
Wnt target genes. The loss or inhibition of CLK2 may have impacted
pre-mRNA processing of genes (e.g., TCF7), leading to formation of
unstable transcripts and overall inhibitory effects on subsequent
gene expression®”*. While the effects of lorecivivint appear to be
mediated through alternative splicing of Wnt pathway genes,
alternative splicing of other genes cannot be ruled out. DYRK1A
inhibition by lorecivivint inhibited SIRT1, a positive regulator of the
whnt pathway*>*°, and promoted activation of FOXO1, resulting in
inhibition of Wnt pathway gene expression, promoting cartilage
protection, and enhancing chondrocyte function in vitro and in vivo.
By targeting both CLK2 and DYRK1A, lorecivivint provided favor-
able effects on both chondrocyte differentiation and function
compared to targeting the kinases individually.

Inhibition of cartilage degradation has the potential to modify
OA progression. Lorecivivint previously demonstrated inhibition of
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ANOVA). Data representative of at least 2 independent experiments.

cartilage catabolic enzymes in vitro and in vivo under pathophysi-
ological OA-like conditions'#. Inhibition of CLK2 and DYRK1A each
inhibited IL-1B-induced MMP expression, providing mechanisms
for lorecivivint's chondroprotective properties. Lorecivivint also
reduced protease expression in articular cartilage in the inflam-
matory MIA model compared to vehicle.

In addition to its beneficial effects on cartilage, lorecivivint
exhibited potent and broad anti-inflammatory profile in vitro and
in vivo. Pharmacological and genetic DYRK1A inhibition, through its

effects on STAT3, was shown to be sufficient for inhibition of in-
flammatory cytokine production. Knockdown of CLK2 further
enhanced the effects of DYRK1A knockdown, possibly through its
effects on NF-kB. DYRK1A and CLK2 are novel targets for anti-
inflammatory activity with independent and potentially synergis-
tic anti-inflammatory effects. In the inflammatory MIA model of
OA, a single IA injection of lorecivivint reduced inflammation and
cartilage catabolism with subsequently decreased pain and
improved weight-bearing function compared to vehicle.
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Fig. 8. Lorecivivint inhibited the Wnt pathway, CLK2, and DYRK1A signaling in vivo in the ACLT+pMMx model and the MIA model of rat knee OA. ACLT+pMMX rats treated with IA
injection of either vehicle or lorecivivint (0.1 pg, 0.3 pg, 1.0 ug) 1 week after surgery and cartilage isolated at day 35 (a) Western blots for phospho-SRSF, SRSF1, AXIN2, TCF7,
phospho-SIRT1, total SIRT1, phospho-FOXO1, total FOXO1, phospho-STAT3, and total STAT3 in the cartilage. B-actin serves as a loading control. (b) Gene expression of CLK2, DYRK1A,
SRSF1, SRSF5, and SRSF6 in cartilage, measured by qRT-PCR (n = 8, Mean + 95% CI, *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA). (c) Wnt pathway gene expression in cartilage,
measured using the Nanostring nCounter® gene array. (d) Confirmation of gene expression changes of selected genes from (c) by qRT-PCR (n = 8, Mean + 95% CI, *p < 0.05,
**p < 0.01, ***p < 0.001, one-way ANOVA). (e) MIA-injected rats treated with IA injection of either vehicle or lorecivivint (0.1 pg, 0.3 pg, 1.0 ng) and cartilage isolated at day 11.
Western blots for phospho-SRSF, SRSF1, AXIN2, TCF7, phospho-NF-kB, total NF-kB, phospho-STAT3, total STAT3, phospho-FOXO01, and total FOXO1 in the cartilage. f-actin serves as a
loading control. Data representative of at least 2 independent experiments.

There is a tremendous unmet need for improved OA therapeutic lack either the kinase specificity or the cellular potency to be po-
agents. Current treatments only focus on pain or inflammation and tential therapeutic candidates, lorecivivint demonstrated modula-
most agents in development only target one aspect of the disease. tion of the Wnt pathway, chondrogenesis, cartilage protection, and

While previously reported compounds targeting CLKs or DYRK1A anti-inflammatory properties. While CLK2 and DYRK1A appear to
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be the primary targets of lorecivivint for Wnt pathway inhibition,
chondrocyte differentiation, and protection, in addition to anti-
inflammation, contributions from CLK1, CLK3, CLK4 and other
cellular proteins or pathways cannot be ruled out. In vivo studies
suggested lorecivivint remains local after IA injection, and the ef-
fects observed in preclinical models support its therapeutic po-
tential. In human clinical trials (NCT02095548, NCT02536833,
NCT03122860), lorecivivint appeared to be safe and well tolerated,
and these studies support lorecivivint as a potential symptom- and
structure-modifying treatment for knee OA. Future work will reveal
additional insights into regulation of gene expression and cellular
phenotypes by lorecivivint, CLK2, DYRK1A and their interactions.
Through the elucidation of lorecivivint's mechanism of action,
we have revealed previously unreported regulatory links between
CLK2, DRYK1A, and the Wnt pathway as well as chondrogenesis
and inflammation [Supplementary Fig. 22(c)]. Lorecivivint, through
a dual-target mechanism, shows potential as a single agent to
provide both symptom relief and disease modification through its
anti-inflammatory and cartilage-beneficial effects.
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