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Bone fractures are common impact injuries typically
resolved through natural processes of osteogenic regeneration
and bone remodeling, restoring the biological and mechanical
function. However, dysfunctionality in bone healing and repair
often arises in the context of aging-related chronic disorders,
such as Alzheimer’s disease (AD). There is unmet need for
effective pharmacological modulators of osteogenic differenti-
ation and an opportunity to probe the complex links between
bone biology and cognitive disorders. We previously discovered
the small molecule DIPQUO, which promotes osteoblast dif-
ferentiation and bone mineralization in mouse and human cell
culture models, and in zebrafish developmental and regenera-
tive models. Here, we examined the detailed function of this
molecule. First, we used kinase profiling, cellular thermal shift
assays, and functional studies to identify glycogen synthase
kinase 3-beta (GSK3-β) inhibition as a mechanism of DIPQUO
action. Treatment of mouse C2C12 myoblasts with DIPQUO
promoted alkaline phosphatase expression and activity, which
could be enhanced synergistically by treatment with other
GSK3-β inhibitors. Suppression of the expression or function
of GSK3-β attenuated DIPQUO-dependent osteogenic differ-
entiation. In addition, DIPQUO synergized with GSK3-β in-
hibitors to stimulate expression of osteoblast genes in human
multipotent progenitors. Accordingly, DIPQUO promoted
accumulation and activation of β-catenin. Moreover, DIPQUO
suppressed activation of tau microtubule-associated protein, an
AD-related effector of GSK3-β signaling. Therefore, DIPQUO
has potential as both a lead candidate for bone therapeutic
development and a pharmacological modulator of GSK3-β
signaling in cell culture and animal models of disorders
including AD.

Although bone fracture is among the most common tissue
injuries requiring emergent care, human bone can recover
integrity through scarless regeneration. Unfortunately, osteo-
porosis and impaired fracture healing are part of a panoply of
aging-related maladies that impede the seamless regeneration
of new bone with structural and biomechanical integrity.
* For correspondence: Brandoch Cook, brc2018@med.cornell.edu.

© 2021 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
These in turn are prominent comorbidities associated with
chronic disorders such as Alzheimer’s disease (AD) (1–4),
resulting in poor prognoses and reduced quality of life for
affected patients. There is therefore an unmet need for scalable
and effective therapies that stimulate osteogenic recovery,
regeneration, and differentiation. We recently discovered the
osteogenic small molecule DIPQUO in a high-throughput
chemical screen for novel activators of alkaline phosphatase
(ALP), a marker for differentiation from mesenchyme pro-
genitors toward the bone (5). DIPQUO additionally promotes
matrix mineralization of differentiating human mesenchymal
cells, ossification of larval zebrafish vertebrae, and osteo-
blastogenic regenerative processes in recovering adult zebra-
fish blastema. These properties together mark DIPQUO as a
strong lead candidate bone anabolic compound.

Our previous study identified activation of p38 mitogen-
activated protein kinase (MAPK)-β as a prime mechanistic
driver of DIPQUO-mediated biological activity (5). However,
p38 MAPK signaling operates either in parallel or downstream
of a wide array of other developmentally important kinase and
cytokine activities that impact essential developmental
patterning as well as osteogenic differentiation and develop-
ment (6), including transforming growth factor-beta (7), bone
morphogenetic protein (BMP) (8, 9), extracellular signal–
regulated kinase (ERK) (10, 11), fibroblast growth factors
(12–14), and phosphoinositide 3-kinase/protein kinase B
signaling (15, 16). In addition, canonical Wnt signaling
through glycogen synthase kinase 3-beta (GSK3-β) plays
important developmental and maintenance roles in osteogenic
differentiation in both embryonic and adult tissues (17).

In our previous study, the timing of p38 MAPK activation
peaked between 2 and 4 h after DIPQUO treatment of
myoblast cells, subsequently declining quickly back to
baseline levels. This observation, combined with persistent
changes in cell morphology and sustained activation of
osteogenic programs, suggests additional relevant direct
and/or indirect effector pathways impacted by DIPQUO
treatment. In addition, structure–activity relationship
studies indicated that observed osteogenic differentiation
was dependent upon its unique structure and that modifi-
cation of structural moieties attenuated its activity,
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DIPQUO inhibits glycogen synthase kinase 3-beta signaling
precluding an affinity-based approach to target identifica-
tion. Therefore, we hypothesized that DIPQUO would
impact a biochemical effector pathway upstream of p38 with
therapeutic relevance in the bone, thus substantiating
continued development of DIPQUO as a lead candidate bone
therapeutic, and as a platform to combine the study of bone
disorders and aging-related comorbidities. In the present
study, we sought to identify kinases modulated by DIPQUO
in a strategy to find molecular therapeutic effectors to pursue
in future lead optimization studies. Through kinase profiling,
biochemical and functional studies, we have identified
GSK3-β signaling as an effector of DIPQUO pro-osteogenic
activity.
Results

Kinase profiling and cellular thermal shift assays identify
GSK3-β as a biochemical and functional effector of DIPQUO

To identify direct or indirect biochemical effectors of DIP-
QUO, we initiated a series of in vitro kinase assays, in which a
panel of 60 kinases was selected based on published evidence
of activity in osteogenesis and adipogenesis and tested for
activation or inhibition by 10 μM DIPQUO. These tests were
performed in duplicate, and only GSK3-β displayed 100% in-
hibition in both replicate assays (Fig. 1A). For clarity, only
kinases that displayed positive values (inhibition) are displayed
in Figure 1A, with a 70% inhibition threshold marked (dotted
red line) above which they were tested for further validation
with specific inhibitors. In addition to GSK3-β, the following
kinases were found to be inhibited >70% by DIPQUO: AMP-
activated protein kinase, cyclin-dependent kinase (CDK) 1 and
CDK5, checkpoint kinase-1 and checkpoint kinase-2 (CHK1/
2), serine/threonine kinase D2, serine/threonine protein
kinase-4, -3, and -24/mammalian sterile twenty-like-1 -2 and 3
(MST1/2/3), and leucine-rich repeat kinase-2 (LRRK2;
Fig. 1A).

Subsequent experiments validated GSK3-β as a biochemical
effector of DIPQUO. First, the cellular thermal shift assay
(CETSA) (18, 19) was used to measure the conformational
stability imparted to GSK3-β by DIPQUO compared with an
inactive chemical analog (BT344) (5), with cell extracts sub-
jected to increasing temperatures (Fig. 1B). In principle, the
binding of a compound to its cognate protein target increases
the enthalpy required for its unfolding and denaturation,
observable as an upward shift in the melting temperature (Tm),
measured as the temperature at which 50 percent of measured
protein remains in the solution. In practice, application of a
CETSA temperature gradient results in additional stabilization
of target-dependent protein–protein interactions and multi-
protein complexes, such that an observed stabilization can
identify a given protein as either a direct target or as a member
of a functional protein complex. The dynamics of protein
stabilization are dependent on the kinetics of compound–
target engagement and are thus transitory, with stabilization
preceding inhibition, depletion, or activation of targets and
dissolution of relevant complexes. Through the CETSA, the
associated chronology can be empirically determined. As
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shown in Figure 1B, the Tm for GSK3-β in DIPQUO-treated
samples was measured to be 54.9 �C, compared with a Tm of
53.1 �C for analog-treated samples, with a statistically signifi-
cant difference between respective protein levels bracketing
those temperatures. Stabilization of GSK3-β occurred after 1 h
of DIPQUO treatment, whereas in our published studies, p38
MAPK activation was maximal at later time points, between 2
and 4 h of treatment.

Previous studies identified a role for GSK3-β in the
control of ALP expression and activity (20), with the com-
mon Wnt signaling activator CHIR99021 (CHIR) known to
promote ALP activity in embryonic stem cells (21), and this
activity for CHIR was confirmed in C2C12 myoblasts
(Fig. 1C). In a similar manner to CHIR, C2C12 cells were
treated with the direct AstraZeneca GSK3-β-specific inhib-
itor AZD2858 (AZD) (22) and found to stimulate expression
of ALP (bright purple foci; Fig. 1C). Although the reported
in vitro IC50 for CHIR and AZD are 6.7 and 68 nM,
respectively, treatments were titrated (not shown) to
determine the dose at which positive staining would
consistently be observed (10 μM for CHIR and 1 μM for
AZD). Analogously, the time point of 3 days was determined
to be optimal to resolve ALP staining and activity for
samples treated with DIPQUO and commercial GSK3-β
inhibitors (also not shown). Colorimetric ALP activity assays
showed that both CHIR and AZD promoted significant ALP
activity to levels comparable with DIPQUO-induced stim-
ulation (Fig. 1D).

Among the kinases identified in the profiling screen as >
70% inhibited, only GSK3-β was confirmed via functional
assays using ALP expression as a readout. In these staining
assays, expression of ALP is denoted by bright purple
hematoxylin-positive foci (Fig. S1). Equivalent high-dosage
treatment of C2C12 cells with commercially available in-
hibitors to all other candidate kinases failed to yield
detectable ALP staining (Fig. 2A). Qualitative presence of
ALP-positive hematoxylin-stained foci correlates to quanti-
tative increase in ALP activity via colorimetric measurement
of substrate digestion, as shown in Figs. 1C and 3, A–C (see
below), whereas the absence of stained foci signifies lack of
activity. Therefore, in experiments for which there was no
ALP-positive staining in any sample, those negative samples
were not subjected to quantification of activity (all of Fig. 2).
For analysis of other kinase pathways, cells were treated
with dorsomorphin (AMP-activated protein kinase and
activin receptor-like kinase-2/3/6 inhibitor, 5 μM); PV1019
(Chk1/2 inhibitor, 10 μM); CHK2inhII (Chk2 inhibitor,
10 μM); RO-3306 (CDK1 inhibitor, 10 μM); roscovitine
(CDK1/2/5 inhibitor, 10 μM); CRT006 (PKD1/2/3 inhibitor,
5 μM); XMU-MP-1 (mammalian sterile twenty-like 1/2 in-
hibitor, 5 μM); bosutinib (BCR-ABL and mammalian sterile
twenty-like 3 inhibitor, 5 μM); and LRRK2-IN-1 or
GSK2578215A (LRRK2 inhibitors, 10 μM). For all kinase
inhibitors, treatments were titrated to empirically determine
the highest dose resulting in the least cell depletion. In all
cases, neither lowest- nor highest-dose treatment resulted in
positive ALP staining (not shown). In addition, cotreatment



Figure 1. Kinase profiling identifies GSK3-β as a biochemical effector of DIPQUO-mediated inhibition. A, to identify putative biochemical effector
candidates for DIPQUO, in vitro FRET-based kinase profiling assays were performed using 10 μM DIPQUO. Sixty different kinases were tested in duplicate
using Z’-LYTE (black spheres), LanthaScreen (blue spheres), and Adapta (purple spheres) assays. Kinases were scored for inhibition (positive scores) or acti-
vation (negative scores); for clarity and brevity, only positive scores are shown, with an arbitrary threshold of 70% inhibition (red dotted line) chosen for
follow-up validation assays, with kinases achieving this threshold denoted by red spheres on graph x-axis, and in red print on the sidebar. Only GSK3-β (black
arrow) displayed 100% inhibition, in both duplicate tests. Values are reported as the means ± SD. B, cellular thermal shift assay (CETSA) analysis of GSK3-β
protein stability after 1 h of 10 μM DIPQUO treatment in C2C12 cells, compared with treatment with the inactive structural analog BT344 (also 10 μM).
CETSA was performed across a broad temperature range (37–67 �C, upper panel) and a narrow range (50–60 �C, lower panel). Relative protein levels were
quantified at each temperature gradient point from 50 to 60 �C in a 10-min thermal challenge and plotted on the graph at right in a decay curve to obtain a
Tm (50 percent relative expression) of 53.1 �C for BT344 and 54.9 �C for DIPQUO. Values are reported as the means ± SD; *p < 0.05 and **p < 0.01 in
unpaired two-tailed Student’s t test. Two-way ANOVA yielded F = 3.805 and p = 0.0096. Inhibition of GSK3-β using indicated doses of the commercially
available inhibitors CHIR99021 (CHIR) or AZD2858 (AZD) stimulated (C) ALP expression and (D) ALP enzymatic activity. Expression was detected using
alkaline naphthol and hematoxylin staining, and activity was quantified using colorimetric analysis of pNPP substrate digestion, after 3-day treatment of
C2C12 cells with 10 μM DIPQUO. Activity was normalized to the total protein content for each sample. Values are reported as the means ± S.D.; **p < 0.01
and ***p < 0.001 in unpaired two-tailed Student’s t test. Ordinary one-way ANOVA yielded F = 42.95 and p = 0.0003. The scale bar in panel C represents
200 μm. In all panels, representative images are shown for experiments performed in three biological replicates. ALP, alkaline phosphatase; GSK3-β,
glycogen synthase kinase 3-beta; pNPP, p-nitrophenylphosphate; Tm, melting temperature.

DIPQUO inhibits glycogen synthase kinase 3-beta signaling
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Figure 2. Small-molecule inhibition of other putative kinase effectors fails to promote alkaline phosphatase expression. A, for all other kinases that
displayed >70% inhibition by DIPQUO in the profiling assay, C2C12 cells were treated for 3 days with commercially available small-molecule inhibitors in
the concentrations shown and stained for ALP expression. Inhibitors were as follows: dorsomorphin (DM), PV1019 (PV), Chk2inhII (Chki), RO3306 (RO),
roscovitine (Rosco), CRT006 (CRT), XMU-MP-1 (XMU), Bosutinib (Bosu), LRRK2-IN-1 (LRRKi), and GSK2578215a (GSK257). The scale bar represents 200 μm. B,
cells were similarly treated with dual combinations of the same kinase inhibitors (for each kinase, only one inhibitor was chosen based on availability) to
assess whether simultaneous inhibition of different pathways would synergize to result in ALP expression. Treatments were performed at the same
concentrations, with the exception of CHIR treatment, which was used at a concentration determined empirically to be subthreshold for ALP staining. For all
panels, representative images are shown from experiments that were performed in at least three biological replicates. The scale bar represents 200 μm. ALP,
alkaline phosphatase; CHIR, Wnt signaling activator CHIR99021.

DIPQUO inhibits glycogen synthase kinase 3-beta signaling
with all possible combinations to simultaneously inhibit two
kinases ruled out synergistic effects between any of these
biochemical pathways to promote detectable ALP expres-
sion (Fig. 2B).
DIPQUO can synergize with other known GSK3-β inhibitors to
stimulate osteoblast-like differentiation

DIPQUO and other GSK3-β inhibitors were next tested for
their ability to synergize in functional, biochemical, and mo-
lecular assays to measure osteogenic potential. When sub-
threshold concentrations of the small-molecule GSK3-β
inhibitors CHIR (5 μM) or AZD (500 nM) were used to treat
C2C12 cells for 3 days, cell staining and activity assays failed to
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yield detectable ALP staining or enzymatic activity using the
added p-nitrophenylphosphate (pNPP) substrate (Fig. 3, A and
B). These concentrations were determined empirically for the
purposes of this study (data not shown) and are well above
published EC50 values for both inhibitors, suggesting that
stimulation of ALP by either molecule is secondary to its
primary target. Similarly, treatment of C2C12 cells with 5 μM
DIPQUO failed to yield ALP staining or significant activity
(Fig. 3, A and B). However, combination of subthreshold doses
of DIPQUO with CHIR (Fig. 3A) or DIPQUO with AZD
(Fig. 3B) resulted in robust ALP staining and significantly
increased (>10-fold) ALP activity. Because combining the
subthreshold levels of individual compounds recapitulates
activity found using super-threshold levels of either



Figure 3. DIPQUO can synergize with other known GSK3-β inhibitors to promote osteogenic differentiation. C2C12 cells were treated for 3 days with
(A) subthreshold (5 μM) DIPQUO, (5 μM) CHIR, or a combination thereof or (B) subthreshold DIPQUO, (500 nM) AZD, or a combination thereof and analyzed
by staining for ALP expression and by colorimetric substrate assay for ALP activity. C, ALP expression and activation normally promoted by the full dose of
DIPQUO was attenuated by cotreating C2C12 cells with 10 μM XAV-939. The scale bar in panels A–C represents 200 μm. Values in ALP activity graphs are
reported as the means ± SD; ****p < 0.0001 in unpaired two-tailed Student’s t test. Ordinary one-way ANOVA yielded F = 1868 and p < 0.0001 in panel A,
F = 579.6 and p < 0.0001 in panel B, and F = 858.3 and p < 0.0001 in panel C. D, differentiating human skeletal muscle satellite cells were cotreated for
3 days with low-dose DIPQUO and CHIR (5 μM each) and then analyzed by quantitative RT-PCR for expression of transcripts associated with osteoblast
specification, compared with treatment alone. Relative expression levels compared with DMSO-treated samples and normalized to glyceraldehyde 3-
phosphate dehydrogenase are reported as the means ± SD; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 in unpaired two-tailed Student’s t test.
Ordinary one-way ANOVA yielded F = 29.08 and p = 0.0008 for hDLX5 (DISTAL-LESS HOMEOBOX 5); F = 9.654 and p = 0.0133 for hOSX (OSTERIX); F = 81.15
and p < 0.0001 for hOPN (OSTEOPONTIN); and F = 110.1 and p < 0.0001 for hGPNMB (OSTEOACTIVIN). E, synergistic activation of p38 MAPK was analyzed by
Western blotting after 2.5 h treatment with subthreshold concentrations of AZD (100 nM) and DIPQUO (2.5 μM), compared with cotreatment using the
same concentrations. Relative phospho-p38 MAPK levels are reported as the means ± SD; *p < 0.05. Ordinary one-way ANOVA yielded F = 3.521 and p =
0.0686. F, C2C12 cells were either mock-transfected or transfected for 24 h with hemagglutinin-tagged GSK3-β containing a serine-to-alanine mutation
(S9A), treated with DIPQUO or DMSO vehicle, and analyzed by Western blotting for construct expression. G, equivalent samples were analyzed for ALP
activity using colorimetric assay for pNPP substrate after 3 days. Activity levels are normalized to the total protein and reported as the mean ± SD; *p < 0.05
and **p < 0.01 in unpaired two-tailed Student’s t test. Ordinary one-way ANOVA yielded F = 25.60 and p = 0.0002. In all figure panels, representative images
are shown from at least three biological replicates. ALP, alkaline phosphatase; AZD, AstraZeneca GSK3-β-specific inhibitor AZD2858; CHIR, Wnt signaling
activator CHIR99021; GSK3-β, glycogen synthase kinase 3-beta; pNPP, p-nitrophenylphosphate.

DIPQUO inhibits glycogen synthase kinase 3-beta signaling
compound, this is good evidence that they act on the same
pathway. Accordingly, attenuation of Wnt signaling with the
small-molecule tankyrase inhibitor XAV-939, which effectively
acts to protect GSK3-β activity, blocked the promotion of ALP
expression and activity with the full effective 10 μM dose of
DIPQUO (Fig. 3C).

Analogous to murine C2C12 cells, human skeletal muscle
satellite cells (hSkMSCs) are mesenchymal progenitors that
retain potential to differentiate toward myogenic, adipo-
genic, or osteogenic lineages in a manner dependent on
culture conditions (23, 24). Therefore, they serve as a sup-
porting model to re-evaluate and confirm the ability of
DIPQUO to synergize with GSK3-β inhibition in human and
murine cells, promoting osteogenic differentiation. In
hSkMSC cultures, cotreatment for 3 days with subthreshold
doses of DIPQUO and CHIR resulted in significantly
J. Biol. Chem. (2021) 296 100696 5
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increased expression of osteoblast marker genes, including
DLX5, OSTERIX, OSTEOPONTIN, and GPNMB
(OSTEOACTIVIN; Fig. 3D). To measure synergistic effects
of DIPQUO with established GSK3-β inhibitors on a
biochemical pathway indicative of osteogenic differentiation,
C2C12 cells were cotreated with subthreshold doses of
DIPQUO and AZD and then probed for activation of p38
MAPK, which we previously showed is required for
DIPQUO-induced differentiation, and is a known conserved
pathway in skeletal differentiation and patterning (5, 7).
Western blotting analysis showed that phosphorylation of
p38 MAPK is significantly increased only in response to the
combinatorial application of low-dose DIPQUO and AZD
(Fig. 3E). Therefore, several biological readouts, encom-
passing (1) expression and activity of the osteogenic enzyme
ALP in murine cells; (2) transcriptional activation of oste-
oblast markers in human progenitors; and (3) activation of
MAPK signaling through p38 indicate that combinatorial
GSK3-β inhibition using DIPQUO and other commercially
available inhibitors stimulates osteogenic programs in both
mouse and human cell culture models.

Accordingly, osteogenic outcomes are dependent on proper
biological function of GSK3-β signaling. When C2C12 cells
were transfected with a constitutively active GSK3-β construct
containing a serine-to-alanine mutation (S9A; Fig. 3F) to
compete with endogenous GSK3-β, DIPQUO induction of
ALP activation was significantly suppressed (Fig. 3G).
Figure 4. DIPQUO promotes β-catenin accumulation and activity. C2C12 ce
time-course and dose–response analyses to examine β-catenin expression leve
expression levels compared with DMSO-treated controls. Relative β-catenin le
two-tailed Student’s t test. Ordinary one-way ANOVA yielded F = 3.237 and p =
assay using transient expression of GFP-T-cell factor/lymphoid enhancer-bind
DMSO, 10 μM CHIR or 10 μM DIPQUO. The scale bar represents 50 μm. Lu
mean ± SD; ***p < 0.001 in unpaired two-tailed Student’s t test. Ordinary one
experiments using at least three biological replicates are shown for all figure pa
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DIPQUO promotes β-catenin accumulation and activity

Signaling through the canonical Wnt pathway leads to
deactivation and sequestration of normally constitutively
active GSK3-β away from interacting partners including axin
and adenomatous polyposis coli (25). As a result, β-catenin is
dephosphorylated and accumulates in the nucleus, where it
triggers transcriptional activation of target genes that can
promote cell proliferation and differentiation in many
developmental contexts, including osteogenesis (26). To
further validate DIPQUO as an inhibitor of GSK3-β
biochemical activity, we investigated β-catenin expression
and activation of transcriptional targets. In Western blotting
analyses of DIPQUO-treated C2C12 cells, total β-catenin
accumulated over time, increasing approximately 3-fold by
24 h of treatment compared with dimethyl sulfoxide
(DMSO)-treated samples (Fig. 4A). Accumulation of β-cat-
enin was additionally dose dependent, with a maximum
observed at the 10-μM concentration used throughout this
study as a baseline for promoting osteogenic differentiation
(Fig. 4B). Although there was a consistent upward dose-
dependent trend, significant accumulation first occurred at
the 7.5 μM dose, in a similar range as the original calculated
EC50 of 6.28 μM. To measure β-catenin activity, a lentivirus
containing a T-cell factor/lymphoid enhancer-binding factor
transcriptional response element-conjugated GFP luciferase
reporter was used to infect 293T cells (Fig. 4C). Cells treated
for 24 h with 10 μM DIPQUO or CHIR were normalized to
lls were treated with DIPQUO for (A) time periods and (B) doses indicated in
ls by Western blotting in whole-cell extracts. Associated graphs below show
vels are reported as the means ± SD; *p < 0.05 and **p < 0.01 in unpaired
0.0225 in panel A and F =3.170 and p = 0.0168 in panel B. C, luciferase activity
ing factor lentivirus (MOI = 20) in 293T cells, followed by treatment with
ciferase activity normalized to DMSO-treated samples is reported as the
-way ANOVA yielded F = 67.84 and p < 0.0001. Representative images from
nels. MOI, multiplicity of infection; CHIR, Wnt signaling activator CHIR99021.
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DMSO-treated controls for luminescence and were found to
display significantly increased luciferase activity. DIPQUO
treatment additionally showed an upward trend compared
with CHIR-positive controls, with activity approximately
7.5-fold greater than DMSO-negative controls (Fig. 4C).

DIPQUO suppresses tau microtubule-associated protein
phosphorylation

Several published reports have identified GSK3-β as a
regulator of tau microtubule-associated protein activation,
which is commonly observed in neurofibrillary tangles
associated with AD etiology (27–29). Tau has been widely
studied as a candidate AD therapeutic target, including at-
tempts to generate safe and effective anti-GSK3-β treatments
that control tau phosphorylation and impact neurodegen-
erative tauopathy (30). Therefore, we hypothesized that
DIPQUO treatment in cell culture would impact tau phos-
phorylation, in its capacity as a GSK3-β substrate. To sub-
stantiate biochemical function of DIPQUO through GSK3-β
in this manner, we performed Western blotting analysis of
phospho-tau. In NIH/3T3 cells overexpressing human 4-
repeat WT tau (4R0N), treatment with 10 μM DIPQUO
significantly reduced phosphorylation of serine-396 (S396), a
modification of tau associated with overactivity and dysre-
gulation of cytoskeletal architecture in AD (31) (Fig. 5A).
Figure 5. DIPQUO blocks phosphorylation of tau microtubule-associated p
repeat WT tau (4R0N) and treated with 500 nM AZD or 10 μM DIPQUO for 24
phosphorylation of S396. Phospho-S396-tau was quantified as a ratio to total ta
unpaired two-tailed Student’s t test. Ordinary one-way ANOVA yielded F = 10.1
S396 phosphorylation demonstrated a dose-dependent relationship for DIPQU
means ± SD; *p < 0.05 and **p< 0.01 in unpaired two-tailed Student’s t test. Or
of tau S396 and T217 was analyzed after treatment with DIPQUO in the absenc
the graph as a ratio to total tau, normalized to β-actin, with P-tau-S396 in black
unpaired two-tailed Student’s t test. Two-way ANOVA yielded F = 1.235 and p
phosphorylation of tau after an additional 24 h of 10 μM DIPQUO treatment. Th
β-actin protein loading control. Values are reported as the means ± SD; *p < 0
way ANOVA yielded F = 15.61 and p < 0.0001. Representative images from ex
panels. AZD, AstraZeneca GSK3-β-specific inhibitor AZD2858; GSK3-β, glycoge
Moreover, the dose–response analysis demonstrated that
DIPQUO suppression of tau was approximately 10-fold
more effective, with significant suppression observed at the
500 nM dose (Fig. 5B), compared with an EC50 originally
measured at 6.28 μM for ALP activation (5). Tau is
commonly phosphorylated on S396 by GSK3-β, and on as
many as 40 other residues by several kinase signaling path-
ways, including CDK5 (32) and the MAPK family members
ERK1/2 (33, 34), p38 MAPK-γ (35), and c-Jun terminal ki-
nase (36, 37), all of which have been studied in AD and other
contexts. In kinase profiling assays, no MAPK family mem-
bers were identified as being inhibited or activated by DIP-
QUO (not shown). Although CDK5 was inhibited in
duplicate kinase assays, subsequent testing using CDK5 in-
hibitors alone and in concert with subthreshold doses of
CHIR09921 did not result in ALP expression (Fig. 2).
Accordingly, phosphorylation of tau-T217 was moderately
but not significantly suppressed by DIPQUO (Fig. 5C). This
threonine is flanked by residues that comprise consensus
sequence substrates for GSK3-β, CDK5, and MAPK family
members (38). Therefore, inhibition of GSK3-β may not be
sufficient to effect a strong suppression. However, inhibition
of ERK1/2 signaling with UO126 in combination with DIP-
QUO did not impact tau phosphorylation on either S396 or
T217, reinforcing the observation that DIPQUO specifically
rotein. A, NIH/3T3 fibroblasts were transfected with GFP-tagged human four-
h and then analyzed by Western blotting for tau expression and activity via
u in the graph at right. Values are reported as the means ± SD; *p < 0.05 in
2 and p = 0.0119. B, further dose–response Western blotting analysis of tau
O, with significant inhibition at the 500 nM dose. Values are reported as the
dinary one-way ANOVA yielded F = 7.549 and p = 0.0020. C, phosphorylation
e or presence of the ERK1/2 inhibitor UO126. Phospho-tau was quantified in
and P-tau-T217 in blue. Values are reported as the means ± SD; *p < 0.05 in
= 0.3296. D, depletion of GSK3-β for 24 h with siRNA partially restored S396
e graph at right shows ratio of phospho-S396-tau to total tau, normalized to
.05 and ****p < 0.0001 in unpaired two-tailed Student’s t test. Ordinary one-
periments using at least three biological replicates are shown for all figure
n synthase kinase 3-beta.
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blocks GSK3-β biochemical activity (Fig. 5C). Finally, spe-
cific silencing of GSK3-β expression with siRNA partially
blocked suppression of tau S396 phosphorylation, with an
approximately 2.5-fold recovery of relative S396 phosphor-
ylation in GSK3-β siRNA samples compared with scrambled
siRNA controls (Fig. 5D).

Discussion

Through kinase profiling and functional assays, we identified
GSK3-β as a biochemical effector of the candidate bone anabolic
molecule DIPQUO. Although profiling revealed several kinases
that were inhibited appreciably by DIPQUO, only GSK3-β was
validated via induction of ALP expression and activity assays by
treatment with kinase-specific, commercially available inhibitors
and by the CETSA analysis of protein stability. Moreover, DIP-
QUO at subthreshold levels was able to synergize with other
GSK3-β inhibitors to amplify ALP activity and promote down-
stream activation of p38 MAPK signaling in murine C2C12
myoblasts and stimulate expression of osteoblast genes in
hSkMSCs.This is in interesting contrast to our previous study (5),
which used recombinant BMP4 protein as a known osteogenic
factor and as a screening and positive control. In that study, we
found DIPQUO promoted higher expression of transcripts
associated with osteoblast maturation than BMP4 and that it
functioned in parallel to the BMP4 signaling pathway regarding
both p38-MAPK activation and ALP expression. Our present
results, however, show DIPQUO functioning in series with
GSK3-β signaling. Consequently, DIPQUO additionally pro-
moted accumulation of β-catenin and increased activity in a
transcriptional reporter assay. Finally, inhibition of GSK3-β by
DIPQUO suppressed phosphorylation of tau microtubule-
associated protein, a known substrate of GSK3-β signaling,
relevant to the etiology of AD, a disorder commonly closely
associated with bone healing and remodeling defects. DIPQUO
therefore has the potential to act as an investigative bridge be-
tween AD and bone disorders to further understand their related
etiologies using in vitro and in vivomodel systems and to serve as
a strong lead candidate molecule to therapeutically target oste-
ogenic dysfunction complicated by aging-related comorbidities.

Although DIPQUO functions as a GSK3-β inhibitor, it is
unknown if GSK3-β is a direct molecular target. Rather,
biochemical inhibition of GSK3-β signaling may be a precon-
dition of DIPQUO-induced osteogenic differentiation. There is
a wealth of literature identifying a dual role forGSK3-β signaling
in osteogenesis and cognitive disorders, particularly AD. For
instance, tissue-specific deletion in mice of GSK3-β in differ-
entiating osteogenic lineages resulted in developmental delays
in skeletogenesis and ossification (39). Approved and experi-
mental inhibitors of GSK3-β in mood and cognitive disorders
have additionally demonstrated impacts on osteogenic differ-
entiation. Lithium chloride has been shown to stimulate oste-
oblast differentiation and increase bone mass and mineral
density (40, 41), whereas AZD2858 increased trabecular and
cortical bone mass and strength, accelerating selective intra-
membranous fracture healing in a rat model of bone biome-
chanics (22, 42). Therefore, modulation of GSK3-β resides in a
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nexus where bone biology and cognitive function intersect.
Because DIPQUO is composed of quinolinone and imidazole
moieties, it is structurally distinct from the AZD series of tar-
geted inhibitors identified byAstraZeneca in screens of over two
million compounds, where selective inhibition and druggability
were highest with pyrazine and oxindole quinazoline structures
(43). Therefore, it is unlikely that DIPQUO is a direct inhibitor.
Approved and experimental direct GSK3-β inhibitors have been
shown tomediate significant off-target effects, which in the case
of the nonspecific inhibitor lithium chloride has made full un-
derstanding of its mechanism elusive and its application limited
to symptomology in a range of mood disorders for which it is
empirically effective (44). Several other specific inhibitors,
notably AZD1080, which progressed through phase I clinical
trials for AD, and AZD2858, which progressed through initial
GLP toxicology studies, were subsequently removed from
development pipelines. AZD2858 demonstrated genotoxicity in
addition to targeting bile duct and other organs, and chronic gall
bladder inflammation in phase I clinical trials for AZD1080
precluded its entry into phase II trials (43). The recent history of
strategic pursuit of GSK3-β as a therapeutic target has therefore
bolstered an approach based on cautious and measured phar-
macological regulation, rather than direct or total inhibition.

A corollary of this complexity is in published observations of
the wide array of mechanisms responsible for regulation of
GSK3-β activity. GSK3-β is unusual among kinases in its ubiquity
and its default active state, which can be suppressed by myriad
means including both serine/threonine and tyrosine phosphor-
ylation, sequestration within different protein complexes,
changes in subcellular localization, and context-dependent and
cell type–dependent selection of substrate specificity, from over
100 known substrates (45). The present study demonstrates that
overexpression in C2C12 cells of constitutively active, serine
phosphorylation-disabled GSK3-β blocks the osteogenic activity
of DIPQUO (Fig. 3G). However, we propose that post-
translational modification of GSK3-β is only one means by
which DIPQUO regulates its activity and that this is an outcome
dependent on initial binding and modulation of an upstream
molecular target. In our analyses, we did not identify any affected
pathways other than GSK3-β and did not identify our chosen
osteogenic readouts in the context of inhibition of any other ki-
nase pathway. Although we believe modulation of GSK3-β is an
important outcome of DIPQUO treatment, we do not claim this
is direct or the only impact. In summary, DIPQUOdemonstrates
high potential for therapeutic optimization as a bone anabolic
molecule and as a biochemical inhibitor of GSK3-β signaling
relevant to modeling of chronic disease states commonly asso-
ciated with bone repair dysfunction.
Experimental procedures

Kinase profiling assays

A panel of 60 kinases identified for their potential roles in
osteogenesis and adipogenesis was tested with three different
kinase profiling assay platforms by the Thermo Fisher Scien-
tific SelectScreen Biochemical Kinase Profiling Service. All
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assays were based on reading of FRET. All kinase assays were
conducted in duplicate, and values reported reflect only those
that tested positive (inhibition) and not those with negative
values (activation).

For Z’-LYTE assays, a two-step reaction transfers ATP γ-
phosphate to ser/thr/tyr residues on a FRET peptide, and then, a
site-specific protease cleaves unmodified peptides. The ratio
calculated between coumarin FRET donor emission at 445 nm
and fluorescein acceptor emission at 520 nm, after donor exci-
tation at 400 nm, is the measure of kinase inhibition. DIPQUO
was screened in this assay in 1% DMSO using bar-coded low-
volume black 384-well plates (Corning 4514). The assay
included a 100% inhibition control with no ATP, a 100%
phosphorylation control with synthetically phosphorylated
peptide, a 0% inhibition control consisting of active kinase to
establish a minimum emission ratio, and an in-plate standard
curve using known kinase inhibitors in ten-point titration. The
kinase reaction proceeded for 60 min and the development re-
action for 60 min before analysis on a fluorescent plate reader.

For LanthaScreen assays, binding of an Alexa Fluor 647–
conjugated ATP-competitive tracer to a kinase is detected by
the addition of a europium-labeled anti-tag antibody. Kinase
binding is measured as the FRET signal, and displacement by
an inhibitor is measured as loss of FRET signal. DIPQUO was
screened in 1% DMSO using bar-coded low-volume white
384-well plates (Greiner 784207). The assay included a 0%
displacement control without known inhibitor, and a 100%
displacement control, with the highest concentration of the
known inhibitor used determined empirically by ten-point
titration. The binding assay reaction proceeded for 60 min
before reading on a fluorescent plate reader and calculating the
emission ratio of AF647 (665 nm) to europium (615 nm).

For Adapta assays, a kinase reaction is followed by ADP
detection using an AF647-labeled tracer and a europium-
labeled anti-ADP antibody, with EDTA to stop the kinase re-
action. Displacement of the tracer by ADP from the kinase
reaction decreases the FRET signal, and in the presence of an
inhibitor, ADP formation is reduced, increasing the FRET
signal. DIPQUO was screened in 1% DMSO using bar-coded
low-volume white 384-well plates (Corning 4512). The assay
included a 0% conversion (100% inhibition) control with
addition of ATP to the detection step, but not the kinase re-
action step, to determine the maximum emission ratio. Also
included were a 100% conversion control using ADP instead of
ATP, and a 0% inhibition control using active kinase to
establish the minimum emission ratio. An in-plate standard
curve using known kinase inhibitors in a 10-point titration was
also established. The kinase reaction proceeded for 60 min,
followed by 60 min of equilibration of detection reagents, and
the emission ratio of AF647 (665 nm) to europium (615 nm)
was calculated.

Cell culture experiments

C2C12 mouse myoblast (CRL-1772), NIH/3T3 mouse fibro-
blast (CRL-1658), and human embryonic kidney 293T (CRL-
3216) cell lines were purchased from the American Type Culture
Collection and cultured in Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal bovine serum. hSkMSCs were
purchased from Lifeline Cell Technology (FC-0091) and cultured
in complete StemLife SkMedium (Lifeline LL-0069). Tomeasure
osteoblast differentiation, the culture medium was changed to
DMEM containing 20% fetal bovine serum and 2.5 ng/ml basic
fibroblast growth factor. Cells were treated with DMSO, 10 μM
DIPQUO, or BT344 inactive analog (5), unless otherwise noted.
C2C12 cells were treated with DIPQUO or other inhibitors for
3 days before staining, measuring ALP activity, or harvesting
RNA. Inhibitors were obtained from the following sources: DIP-
QUO (ChemBridge 16707928), CHIR99021 (Stemcell Technol-
ogies 72054), AZD2858 (Selleck S7253), Dorsomorphin (Tocris
3093), PV1019 (Millipore 220488), Chk2 inhibitor II (Millipore
200486), RO3306 (Selleck S7747), R-roscovitine (Cayman
10009569), CRT0066101 (Cayman 15337), XMU-MP1 (Cayman
22083), bosutinib (Cayman 12030), LRRK2-IN-1 (Cayman
18094), GSK2578215A (Tocris 4629), and XAV-939 (Sigma
X3004). An expression construct containing 4-repeat humanWT
4R0N tau (pRK5-EGFP-tau,Addgene 46904) was transfected into
70% confluent NIH/3T3 cells using Lipofectamine LTX Plus re-
agent (Invitrogen 15338-100), and DIPQUO or inhibitor treat-
ments were performed simultaneously. Protein expression was
assayed by Western blotting after 24 h. A hemagglutinin-tagged
GSK3-β construct containing an amino acid substitution of
serine to alanine (HA-GSK3beta-S9A-pcDNA3, Addgene 14754)
was similarly transfected and assayed in C2C12 cells, with
assessment of ALP activity being done after 3 days.

For β-catenin transcriptional activity assays, 50% confluent
293T cells were infected with lentivirus expressing a T-cell
factor/lymphoid enhancer-binding factor-dscGFP construct
(System Biosciences pGreenfire1 pre-packaged virus) with
multiplicity of infection = 20. After 48 h, virus-containing
media were replaced with normal culture media and cells
were treated with 10 μM DIPQUO or CHIR99021 for another
24 h. Cell lysates were harvested and processed using Promega
Luciferase Assay System (E1500) and luminescence values read
using a Turner TD-20e Luminometer.

For siRNA experiments, siRNA corresponding to exon 2 of
mouse GSK3-β (Thermo Fisher Silencer Select, s80826) was
transfected into C2C12 cells for 24 h using Lipofectamine
RNAiMAX reagent (Thermo Fisher 13778075). Cells were
simultaneously treated for 24 h with DMSO or 10 μM DIP-
QUO. The expression level of GSK3-β was compared by
Western blotting with cells transfected with a negative control
siRNA (Ambion Silencer, Thermo Fisher AM4611).

Western blotting

Whole-cell extracts were collected from C2C12 or NIH/3T3
cells in the complete lysis buffer (20 mM Tris, 150 mM NaCl,
50 mM NaF, 1% NP-40 substitute, Halt protease, and phos-
phatase inhibitor cocktail from Thermo Scientific). Proteins
were resolved by electrophoresis on precast 10% or 4 to 12%
NuPAGE Bis-Tris gels (Invitrogen) and transferred to poly-
vinylidene fluoride membranes (Bio-Rad). Membranes were
blocked in 5% bovine serum albumin in Tris buffered saline +
J. Biol. Chem. (2021) 296 100696 9
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0.5% Tween-20 and then incubated at 4 �C overnight with
primary antibodies. Antibodies used were as follows: rabbit
anti-GSK3 (cat. No. 5676), anti-β-catenin (9562), anti-phos-
pho-T180/Y182-p38 MAPK (9211), anti-p38 MAPK-XP
(8690), anti-tau-XP (46687), anti-hemagglutinin (3724), mouse
anti-phospho-S396-tau (9632; all from Cell Signaling Tech-
nology); rabbit anti-phospho-T217-tau (Abcam 192665); and
mouse anti-β-actin (Sigma A1978). Proteins were visualized
using horseradish peroxidase-conjugated secondary antibodies
(Bio-Rad) and SuperSignal West Pico Plus (Thermo Fisher) or
Immobilon (Millipore) chemiluminescent substrates. Images
were acquired and analyzed for densitometric relationships
with a LI-COR C-DiGit scanner using Studio Image software.
The CETSA was performed preparatory to Western blotting
by treating C2C12 cells for 1 h with 10 μM DIPQUO or
inactive analog BT344 and then harvesting cells using Accu-
tase cell detachment solution (Sigma A6964). Cells were
counted and normalized such that each sample at each tem-
perature contained extract from 1 × 106 cells in 100 μl. Cells
were resuspended in ice-cold PBS + HALT cocktail and
transferred in 100-μl aliquots into thin-walled PCR tubes.
Samples were heated in a temperature gradient using a PCR
thermocycler (Eppendorf Mastercycler Pro S) for one 10-min
cycle, with gradient values noted in figure legends. Samples
were flash-frozen in liquid N2 and thawed on benchtop three
consecutive times and then centrifuged 15 min at max speed at
4�. The protein concentration was obtained by BCA assay
(Thermo Fisher) using a SpectraMax 340 PC microplate reader
at 562 nm absorbance, and equivalent volumes corresponding
to 30 μg in the lowest-temperature sample were loaded onto
precast gels for all samples in a given series.

ALP staining and activity assays

C2C12 cells were stained for ALP expression after 3 days
treatment with 10 μM DIPQUO or inhibitors, or as otherwise
noted in figure legends. Cells were briefly fixed in a mixture of
70% acetone/10% formaldehyde/20% citrate, and staining was
achieved using the Leukocyte Alkaline Phosphatase Kit (Sigma
86R-1KT). Images were obtained using an AMG EVOS XL
imaging system. ALP activity was quantified using the Color-
imetric Alkaline Phosphatase Assay Kit (ABCAM 83369) to
detect pNPP substrate according to manufacturer’s in-
structions. Activity was quantified in comparison to a standard
curve generated at an absorbance at 405 nm using a Molecular
Devices SpectraMax 340PC microplate reader and SoftMax
Pro v7.0 software. The protein concentration was obtained by
BCA assay in triplicate corresponding to each treatment, and
the final activity value was calculated as a ratio of total pNPP
digested in pmol per microgram of total protein in each
sample.

Quantitative RT-PCR

Total RNA was harvested from hSkMSCs using the Qiagen
RNEasy kit, and cDNA was generated from 1 μg RNA using
SuperScript VILO kit (Thermo Fisher 11754050). Quantitative
PCR was performed as previously reported, using a Roche
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LightCycler 480, and the ΔΔCT method, with CT values
compared with DMSO-treated controls and normalized to
GAPDH expression. Primer pairs were as follows: GAPDH (F:
CCTTCATTGACCTCAACTACATG) (R: TGGGATTTC-
CATTGATGACAAGC); DLX5 (F: CAACTTTGCCC-
GAGTCTTCA) (R: GTTGAGAGCTTTGCCATAGGAA);
OSX (F: TGCTTGAGGAGGAAGTTCAC) (R: AGGT-
CACTGCCCACAGAGTA); OPN (F: TTGCAGCCTTCT-
CAGCCAA) (R: GGAGGCAAAAGCAAATCACTG);
GPNMB (F: CTGTGAACACAGCCAATGTG) (R:
ATGGGGAGATCTTTGAGGAA).

Data availability

All article data for experimental replicates will be provided
upon reasonable request. All remaining data are contained
within the article. Intellectual property filing for osteogenic use
of DIPQUO has progressed to patent cooperation treaty stage,
as of 04/01/2020.
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