The secreted protein DEL-1 activates a 33 integrin—-FAK-
ERK1/2-RUNX2 pathway and promotes osteogenic
differentiation and bone regeneration
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The integrin-binding secreted protein developmental endo-
thelial locus-1 (DEL-1) is involved in the regulation of both the
initiation and resolution of inflammation in different diseases,
including periodontitis, an oral disorder characterized by
inflammatory bone loss. Here, using a mouse model of bone
regeneration and in vitro cell-based mechanistic studies, we
investigated whether and how DEL-1 can promote alveolar bone
regeneration during resolution of experimental periodontitis.
Compared with WT mice, mice lacking DEL-1 or expressing a
DEL-1 variant with an Asp-to-Glu substitution in the RGD motif
(“RGE point mutant”), which does not interact with RGD-de-
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DEL-1 promotes bone regeneration
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Figure 1. Bone gain during periodontitis resolution. A, outline of the model used. B, measurement of bone heights (distance from CEJ to ABC) in groups of
WT C57BL/6 mice (8-10 weeks old) after 10 or 15 days of ligature (10d L or 15d L) or after 10 days ligature followed by 5 days without ligatures to enable
resolution (10d L + 5d R). C, data from B were transformed to show bone loss in ligated (L) sites versus unligated (U) contralateral sites. D, data from C were
transformed to show bone gain (or loss; negative values) relative to the 10d L group (baseline). Data are means = S.D. (error bars) (n = 9-11 mice/group; pooled
from two independent experiments). **** p < 0.0001 (one-way ANOVA and Dunnett’s post-test).

interaction of DEL-1 with the Mac-1 integrin on osteoclast
precursors up-regulates the transcriptional repressor B cell
lymphoma-6, which in turn inhibits the expression of the
transcription factor nuclear factor of activated T cells-1 and
osteoclast differentiation (14).

The importance of these homeostatic functions of DEL-1
becomes phenotypically evident in DEL-1—deficient (Del1®)
mice in the setting of periodontitis, a prevalent inflammatory
disease that affects the integrity of the tissues that surround and
support the dentition, such as the gingiva and the underlying
alveolar bone (15, 16). Indeed, Del1%° mice are highly suscep-
tible to periodontitis featuring heavy neutrophil infiltration and
interleukin-17—dependent bone loss (13). Moreover, resolu-
tion of periodontal inflammation fails in Del1%° mice even
when the pathogenic challenge is removed (4). Specifically, ina
model of ligature-induced periodontitis where bone loss is
driven by the ligature-associated dyshiotic microbiome (17, 18),
ligature removal promotes inflammation resolution in WT
mice but not in littermate Del1¥° mice (4).

Because inflammation resolution is a prerequisite for
wound healing and regeneration of bone and other tissues
(19, 20), we reasoned that DEL-1 may promote bone regen-
eration during periodontitis resolution. To test this hypoth-
esis, we first established a model of alveolar bone regenera-
tion in WT mice. Bone regeneration in this model was
defective in mice lacking DEL-1 or in mice expressing a point
mutant of DEL-1 that is incapable of binding the avB3 integ-
rin, owing to Glu-for-Asp substitution in the RGD motif of
the E2 repeat. Consistent with these in vivo findings and with
the fact that RGD-dependent interactions between the
extracellular matrix and integrins regulate osteogenesis (21—
24), DEL-1 could directly induce osteogenic differentiation
of osteoprogenitor cells (MC3T3-E1 cells or primary calvar-
ial osteoblastic cells) in a manner dependent on its RGD
motif and on B3 integrin expression in osteoprogenitors.
Pharmacological inhibition of focal adhesion kinase (FAK)
and of extracellular signal-regulated kinase 1/2 (ERK1/2)
blocked the ability of DEL-1 to promote the expression of
Runt-related transcription factor 2 (Runx2), the master
osteogenic transcription factor (25, 26), and to induce min-
eralized nodule formation. Importantly, DEL-1, or its N-ter-

7262 J Biol. Chem. (2020) 295(21) 7261-7273

minal segment containing the E1—E3 repeats, could restore
bone regeneration in Del1¥° mice. The ability of DEL-1 to
induce new bone formation in otherwise nonhealing mice
suggests that DEL-1 may be exploited therapeutically to
regenerate bone for the treatment of periodontitis and per-
haps other bone loss disorders.

Results

Model to study bone regeneration during periodontitis
resolution

The ligature-induced periodontitis (LIP) model is used
extensively to study induction of bone loss in different animal
species (14, 18, 27-32). In mice, the LIP model involves the
placement of a silk ligature around the maxillary second molar,
while keeping the contralateral tooth unligated as baseline con-
trol (17, 18). Ligature placement simulates human periodontitis
as it generates a subgingival biofilm-retentive milieu leading to
dysbiotic inflammation and bone loss in conventional (but not
germ-free) animals (14, 17, 18, 27—34). Ligature removal abro-
gates the dyshiotic microbial challenge that drives inflamma-
tory tissue destruction and leads to disease resolution (4, 35).
To study bone tissue repair in the resolving phase of periodon-
titis, groups of WT C57BL/6 mice were subjected to LIP with or
without ligature removal. One group was euthanized after 10
days of continuous presence of ligatures (10d L). Two groups
were euthanized at day 15; in one group, the ligatures were
removed at day 10 to allow 5 days of resolution (10d L + 5d R),
whereas in the other group the ligatures were kept until day 15
(15d L) (Fig. 1, A—D). Ligature removal at day 10 resulted in
bone gain 5 days later in the “10d L + 5d R” group, whereas the
continuous presence of ligatures in the “15d L” group caused
further bone loss as compared with the “10d L” baseline (Fig.
1D). The bone gain in the “10d L + 5d R” group represented the
formation of new bone as shown by staining coronal sections
with modified Masson’s trichrome, which stains mature (old)
bone blue and immature (new) bone red (Fig. 2). Indeed, new
(red) bone was detected in WT mice 5 days after ligature
removal (Fig. 2, left), whereas essentially only old (“blue”) bone
was detected in similarly treated DEL-1—deficient (Del1%®)
mice, which additionally exhibited deep periodontal pocket




Del1*© 10d L + 5d R

WT 10d L +5d R

Figure 2. Del1¥° mice fail to generate new bone. De/7%° mice and WT

littermates were subjected to LIP for 10 days followed by 5 days without
ligatures to enable resolution. Coronal sections were stained with modified
Masson'’s trichrome, which stains old bone blue and new bone red. Shown are
representative images (scale bars, 100 um) and insets (scale bars, 25 um) from
resolution sites. NB, new bone; OB, old bone; PDL, periodontal ligament; P,
pocket; T, tooth.

(Fig. 2, right). These data establish a mouse model to study bone
regeneration in the resolution phase of periodontitis and sug-
gest that endogenous DEL-1 might contribute to formation of
new bone.

DEL-1 promotes bone gain in vivo during resolution of
periodontitis

We next examined directly the role of DEL-1 and its struc-
tural features in bone regeneration. Using the quantitative
model outlined above (Fig. 1), we showed that Del1“° mice
failed to gain bone during resolution (Fig. 3; results shown
directly as bone gain as in Fig. 1D), consistent with the his-
tological observations (Fig. 2). However, when locally
injected with DEL-1-Fc or DEL-1[E1-3]-Fc, Del1¥° mice
gained at least as much bone as untreated WT did (Fig. 3).
In contrast, Del1*° mice failed to regenerate bone when
treated with Fc protein control or with DEL-1[RGE]-Fc (Fig.
3), a point mutant that does not interact with RGD-depen-
dent integrins (such as the avB3 integrin) due to Glu-for-
Asp substitution in the RGD motif of DEL-1 (4, 5, 14). These
data suggested that the N-terminal EGF-like repeats (E1—E3)
of DEL-1 are sufficient to promote bone gain in Del1%° mice
and the fact that the RGD motif in the E2 repeat of DEL-1 is
critical for this function.

To rigorously strengthen this notion using an independent
approach, we used Del17®*'RSE mice, which were engineered
to express the RGE point mutant of DEL-1. Del1R°®/RSE mice
were compared with WT and Del1%° mice for their bone
regeneration capacity during resolution of experimental perio-
dontitis. We found that bone regeneration in Del1R®%RSE mice
was significantly less than seen in WT mice but was comparable
with that seen in Del1© mice (Fig. 4). Therefore, Del1RE/RCE
mice reproduced the defective phenotype of Del1%° mice in
bone regeneration (Fig. 4). These data establish unequivocally
that the integrin-binding RGD motif of DEL-1 is absolutely
required for its ability to promote in vivo bone regeneration.

DEL-1 promotes bone regeneration

Figure 3. DEL-1 promotes bone gain during resolution. De/7%° mice and
WT littermates (810 weeks old) were subjected to LIP for 10 days followed
(ornot) by 5 days of resolution, with or without local injection with DEL-1-Fc (1
1g) or equal molar amounts of Fc control or mutants. Treatments were per-
formed daily (days 10-14) in Del1° mice. Bone heights were measured, and
CEJ-ABC data were transformed to indicate bone gain as outlined in Fig. 1.
Data are means = S.D. (error bars) (n = 5-9 mice/group). ***, p < 0.001; ****,
p < 0.0001; NS, not significant (one-way ANOVA and Dunnett’s post-test for
comparing the various treatments with untreated KO; two-tailed unpaired
Student'’s t test for comparing WT mice with resolution versus WT mice with-
out resolution, as well as KO mice with resolution versus KO mice without
resolution).
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Figure 4. The ability of DEL-1 to promote bone gain during resolu-
tion depends on the RGD motif. WT, De/7*° mice, and De/71"°¥/RSE mice
(8-10 weeks old) were subjected to LIP for 10 days, followed (or not) by 5 days
of resolution. Bone regeneration on day 15 was calculated relative to the
bone height at day 10, which was taken as the baseline (CEJ-ABC data were
transformed to indicate bone gain as outlined in Fig. 1). Data are means = S.D.
(error bars) (n = 6 mice/group). **, p < 0.01; ****, p < 0.0001; NS, not signifi-
cant (one-way ANOVA and Tukey's post-test).

DEL-1 promotes Runx2 expression and osteogenic
differentiation of MC3T3-E1 cells in a manner dependent on
B3 integrin, FAK, and ERK1/2

We next examined whether the capacity of DEL-1 to pro-
mote in vivo bone regeneration involves a direct 33 integrin—
dependent effect on osteoegenesis. To investigate this possibil-
ity, we used the clonal osteoprogenitor murine cell line
MC3T3-E1. MC3T3-E1 cells display similar regulation of gene
expression as human osteoblast progenitors and are widely
used as a model to study osteoblast differentiation in a process
that displays characteristics analogous to iz vivo bone forma-
tion (36—42). As DEL-1 was earlier shown to interact with the
RGD-binding B3 integrin (1, 4, 5) and the RGD motif of DEL-1
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Figure 5. DEL-1 promotes osteogenic differentiation and mineralization in a 83 integrin- dependent manner. A, His-tagged DEL-1-Fc bound to cobalt-
agarose beads was incubated with cell membrane protein lysates from MC3T3-E1 cells, and pulled-down proteins were analyzed by immunoblotting using
antibodies to 81 and 3 integrins. Input (10%) represents lysates directly subjected to immunoblotting. DEL-1-Fc was 82 kDa, and endogenous DEL-1 was 52
kDa. B, expression of Del1 and 33 integrin (ltgb3) in MC3T3-E1 cells cultured in osteogenic medium at the indicated time points determined by qPCR. Shown
in the bottom panel is mineralization nodule formation in MC3T3-E1 cultures in osteogenic medium at the same time points. C-E, control or 3 integrin
shRNA-transfected MC3T3-E1 cells were cultured in osteogenic medium with DEL-1-Fc (2 ug/ml) or an equal molar concentration of Fc control. C, knockdown
of B3 integrin (ITGB3) confirmed by immunoblotting. D, analysis of expression of Runx2 (day 6), Sp7 (day 9), Bglap (day 12), typical early, middle, and late
osteogenic markers, respectively, using gPCR. Data were normalized to Gapdh mRNA and expressed relative to Fc-treated and control shRNA-transfected cells,
setas 1.E, representative images of mineralized nodule formation, detected by Alizarin Red S staining, after 12 days; the right side shows quantified results. Data
are means =* S.D. (error bars) (n = 4 (B and D) or n = 6 (E) cell cultures/group). ¥, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; NS, not significant (B,
one-way ANOVA and Dunnett'’s post-test; D and E, two-tailed unpaired Student’s t test).

is essential for its in vivo bone regeneration effect (Figs. 3and 4),
we first examined whether DEL-1 can bind B3 integrin from
MC3T3-E1 cells. Using a pulldown assay, we showed that
DEL-1 can indeed bind B3 integrin, although it failed to bind g1

transcription factor Runx2, Sp7 (osterix), and Bglap (bone
y-carboxyglutamic acid—containing protein; osteocalcin), typ-
ical early, middle, and late osteogenic markers, respectively, as
compared with Fc control; however, these up-regulatory effects

integrin in the MC3T3-E1 cell lysates (Fig. 54). The expression
of B3 integrin increases during osteoblastic differentiation (43).
We confirmed this finding using MC3T3-E1 cells cultured in
osteogenic medium and, moreover, showed that DEL-1 expres-
sion is progressively increased in this system in parallel with
increased matrix mineralization (Fig. 5B). In MC3T3-E1 cells,
DEL-1-Fc induced the expression of the master osteogenic
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of DEL-1-Fc were abrogated upon shRNA-mediated 83 integ-
rin knockdown (Fig. 5, C and D). Moreover, MC3T3-E1 cells
cultured in osteogenic medium exhibited increased mineral-
ized nodule formation in the presence of DEL-1-Fc as com-
pared with Fc control, whereas the DEL-1-Fc—induced miner-
alization activity was blocked in 83 integrin shRNA-transfected
cells (Fig. 5E). These findings suggest that DEL-1 interacts with
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Figure 6. DEL-1 promotes osteogenic differentiation and mineralization in a manner dependent on FAK and ERK1/2. A, MC3T3-E1 osteoblastic pro-
genitor cells were incubated in growth medium with 1 wg/ml DEL-1-Fc or DEL-1[RGE]-Fc or equal molar concentration of Fc control for the indicated times.
Immunoblot analysis was performed with specific antibodies against phosphorylated and total FAK, AKT, and ERK1/2 as well as against Runx2 and B-actin
(loading control). B and C, MC3T3-E1 cells were cultured in osteogenic medium in the presence or DEL-1-Fc (1 wg/ml) or equal molar amounts of Fc control,
DEL-1[RGE]-Fc, or DEL-1[E1-3]-Fc. In some DEL-1-Fc-treated groups, the cells were pretreated with PF-562271 (1 um) or U0126 (10 um); these inhibitors were
added 1 h prior to DEL-1-Fc. Medium was changed every 3 days and was supplemented, as appropriate, with fresh DEL-1-Fc (or mutants/controls thereof) in the
presence or absence of fresh signaling inhibitors. Shown are representative images of mineralized nodule formation, detected by Alizarin Red S staining, at day
15 of differentiation (B, left) and the mineralization area in each culture quantified and expressed as a percentage of the total area (B, right). C, analysis of
MC3T3-E1 cells (treated as in B) for the expression of Runx2 (at day 6), Sp7 (at day 9), and Bglap (at day 12), typical early, middle, and late osteogenic markers,
respectively, using gPCR. Data were normalized to Gapdh mRNA and expressed relative to medium-only-treated control, set as 1. D, Western blot analysis of
Runx2 protein expression at 48 h in MC3T3-E1 cells, incubated in growth medium treated with DEL-1-Fc, in the presence or absence of the indicated
concentrations of U0126 or PF-562271, which were added 1 h earlier than DEL-1-Fc. Numerical data are means = S.D. (error bars) (n = 6 cultures/group). **,p <
0.01; ***, p < 0.001; **** p < 0.0001; NS, nonsignificant (one-way ANOVA and Tuckey'’s post-test).

B3 integrin on MC3T3-E1 osteoblast progenitors and enhances
their differentiation to bone-forming cells.

The extracellular matrix plays a major role in the osteogenic
differentiation of progenitor cells (21, 22, 44). In human and
mouse osteoprogenitors (including MC3T3-E1 cells), extracel-
lular matrix—integrin interactions stimulate recruitment and
phosphorylation of FAK followed by activation (phosphoryla-
tion) of the key signaling protein ERK1/2, which mediates

osteogenic differentiation by enhancing the expression of
Runx2 (25, 26,45—47). Moreover, FAK activation induces phos-
phorylation and activation of AKT, which promotes cell sur-
vival (46, 48). Using MC3T3-E1 cells, we demonstrated that
DEL-1-Fc (but not Fc control) induced phosphorylation of
FAK, AKT, and ERK1/2 (within 15 min) and, moreover,
induced the expression of Runx2 protein after 24 h (Fig. 6A, left
and middle). Consistent with our earlier data implicating the 83
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integrin in the osteogenic activity of DEL-1 (Fig. 5, D and E), the
point mutant DEL-1[RGE]-Fc (5, 14) that cannot bind 33 integ-
rin failed to induce the phosphorylation of the aforementioned
signaling molecules or the expression of Runx2 (Fig. 6A, right).
Thus, as a secreted protein that associates with the extracellular
matrix, DEL-1 can induce signaling consistent with osteogenic
differentiation.

Additional evidence implicating the B3 integrin—induced
FAK-ERK1/2 signaling pathway in the osteogenic activity of
DEL-1 was obtained by showing that the ability of DEL-1-Fc to
promote mineralized nodule formation in the MC3T3-E1 sys-
tem was blocked by inhibitors of FAK (PF-562271) or ERK1/2
(U0126) or when DEL-1[RGE]-Fc was used in lieu of the WT
molecule (Fig. 6B). Mineralized nodule formation in the pres-
ence of DEL-1[RGE]-Fc was similar to Fc control (Fig. 6B), sug-
gesting that the integrin-binding RGD motif of DEL-1 is
required for its osteogenic activity, as earlier seen in vivo (bone
regeneration experiments; Figs. 3 and 4). Consistently, the
aforementioned signaling inhibitors (PF-562271 and U0126)
blocked the ability of DEL-1-Fc to up-regulate the mRNA
expression of Runx2, Sp7 (osterix), and Bglap (osteocalcin)
in MC3T3-E1 osteoblast progenitors. In the presence of
PF-562271 or U0126, the expression of the aforementioned
osteogenic markers in DEL-1-Fc—treated cells was indistin-
guishable from that seen in Fc control— or DEL-1[RGE]-Fc—
treated cells (Fig. 6C). In line with the mRNA data for the mas-
ter osteogenic transcription factor Runx2 (Fig. 6C, left), the
capacity of DEL-1 to induce the expression of Runx2 protein in
MC3T3-E1 cells at the 48-h time point was blocked by inhibi-
tors of FAK (PF-562271) or ERK1/2 (U0126) (Fig. 6D). There-
fore, FAK and ERK1/2 mediate the effect of DEL-1 to enhance
the expression of Runx2 and promote the osteogenic differen-
tiation of MC3T3-E1 osteoblast progenitors.

Endogenous DEL-1 promotes osteogenic differentiation of
primary calvarial osteoblastic cells through its RGD motif

To confirm and expand on the data with the MC3T3-E1 cell
line treated with exogenous DEL-1 (Figs. 5 and 6), we examined
the role of endogenous DEL-1 in primary calvarial osteoblast
differentiation by isolating cells from the calvariae of 3-day-old
WT, Del1%®, and Del17®*RE mice. When cultured in osteo-
genic medium, primary calvarial osteoblastic cells lacking
DEL-1 expression, or expressing the RGE point mutant, were
relatively defective in mineralized nodule formation as com-
pared with WT cells (Fig. 7A, medium-only column). Indeed,
the WT group displayed an almost 3-fold higher mineralization
capacity than the Del1%° and Del1R°®/RE groups (Fig. 7B, left
panel), suggesting the importance of endogenous intact DEL-1
in optimal osteogenic differentiation. Consistently, exoge-
nously added DEL-1-Fc (but not Fc control) rescued the
impaired mineralization capacity of Del1%© or Del1RE/RE ca-
varial cells, which became comparable with that of WT calvarial
cells (Fig. 7, A and B). Importantly, DEL-1[E1-3]-Fc, but not
DEL-1[RGE]-Fc, reproduced the effect of DEL-1-Fc in restor-
ing the mineralization capacity of the Del1%° and De/1R®E/RCE
groups to levels comparable with that of the WT group (Fig. 7,
A and B). In line with the mineralized nodule formation find-
ings, calvarial cells lacking endogenous DEL-1 or expressing the
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RGE mutant exhibited reduced constitutive expression of
Runx2, Sp7, and Bglap mRNA, as compared with WT cells (Fig.
7C, medium-only groups; note that, for each gene, all data were
normalized to medium-only—treated WT control set as 1).
However, the expression of these osteogenic markers was up-
regulated by the addition of exogenous DEL-1-Fc or DEL-
1[E1-3]-Fc, but not of DEL-1[RGE]-Fc or Fc control (Fig. 7C).
To further confirm the involvement of 83 integrin in the osteo-
genic effects of DEL-1, as suggested by the 83 integrin knock-
down approach in M3CT3-EL1 cells (Fig. 5, D and E), we used
cilengitide, a cyclic RGD peptide that antagonizes av@3 integ-
rin (5, 49, 50). Cilengitide inhibited, in a dose-dependent man-
ner, DEL-1—induced mineralized nodule formation (Fig. 7, D
and E) and induction of mRNA expression of osteogenic genes
(Runx2, Sp7, and Bglap) (Fig. 7F) in primary calvarial osteoblast
progenitors. A control peptide had no effect in the same assays
(Fig. 7, D—F). In line with these findings, the ability of DEL-1 to
induce the expression of Runx2 protein in primary calvarial
osteoblast progenitors was blocked dose-dependently by cilen-
gitide (but not by control peptide) (Fig. 7G). Taken together,
these data show that DEL-1 promotes Runx2 expression and
osteogenic differentiation of primary calvarial osteoblastic cells
via a B3 integrin—dependent mechanism that requires its RGD
motif but not its C-terminal discoidin-like domains, consistent
with the ability of DEL-1[E1-3]-Fc, but not of DEL-1[RGE]-Fc,
to promote in vivo bone regeneration (Fig. 3).

Discussion

In this paper, we have shown that endogenous DEL-1 is
required for effective bone regeneration during the resolution
of experimental periodontitis. Moreover, exogenous DEL-1
could rescue the impaired bone regeneration capacity of DEL-
1—deficient mice, suggesting novel therapeutic applications for
DEL-1. The present study is, to the best of our knowledge, the
first to show that DEL-1 induces new bone formation in vivo,
consistent with earlier in vitro observations linking DEL-1 to
osteoblast biology (5, 6). In this regard, we previously showed
that DEL-1 mRNA is expressed by cells of the osteoblastic lin-
eage in the mouse bone marrow as well as by primary human
osteoblasts (5). Moreover, an independent study, by Oh et al.
(6), demonstrated DEL-1 mRNA expression in calvaria and
tibia/femur bones as well as in MC3T3-E1 osteoprogenitor cells.

The study by Oh et al. (6) further reported that the o581
integrin mediates DEL-1—induced osteogenic differentiation
of MC3T3-E1 osteoprogenitor cells. Although this finding
appears to contradict our results showing a strict requirement
for B3 integrin in the osteogenic differentiation of MC3T3-E1
cells, it should be noted that Oh et al. (6) found that DEL-1—
induced matrix mineralization was inhibited equally well by
antibodies to either «581 or avB3 integrin. Knockdown of 33
integrin (which may be a more direct approach to test integrin
function than antibody blockade) prevented the ability of
DEL-1 to induce expression of osteogenic markers (including
the master transcription factor Runx2) and to promote matrix
mineralization. In line with this, cilengitide, a cyclized RGD-
containing peptide that antagonizes avp3 integrin (49, 50),
blocked Runx2 mRNA and protein expression. Moreover, we
demonstrated direct binding of DEL-1 to 83 integrin, whereas
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Figure 7. Endogenous DEL-1 induces osteogenic differentiation in primary calvarial osteoblast progenitors through its RGD motif. Primary osteoblas-
tic progenitor cells were isolated from the calvariae of 3-day-old WT, Del 1%, or Del 17°¥/R<E mice. The cells were cultured in osteogenic medium in the presence
(or not) of DEL-1-Fc (1 wg/ml) or equal molar amounts of Fc control, DEL-1[RGE]-Fc, or DEL-1[E1-3]-Fc and were compared for mineralized nodule formation (A
and B) and osteogenic gene expression (C). Shown are representative images of mineralized nodule formation, detected by Alizarin Red S staining, on day 15
of differentiation (A) and mineralization area in each culture quantified and expressed as a percentage of the total area (B). C, primary calvarial osteoblast
progenitors from the same strains of mice, treated similarly as above, were assayed by qPCR for expression of Runx2 (at day 6), Sp7 (at day 9), and Bglap (at day
12), typical early, middle, and late osteogenic markers, respectively. Data were normalized to Gapdh mRNA and expressed relative to the medium-only-treated
groups of the WT cells, set as 1. D-G, primary osteoblastic progenitor cells, isolated from the calvariae of 3-day-old WT mice, were cultured in osteogenic
medium in the presence (or not) of DEL-1-Fc (1 ng/ml) with or without cilengitide (5, 10, 20, 30, or 40 um) or 40 um RGD control peptide and assayed for
mineralization nodule formation (D and E) and osteogenic gene expression (F). Shown are representative images of mineralized nodule formation, detected by
Alizarin Red S staining, on day 15 of differentiation (D), and the mineralization area in each culture was quantified and expressed as a percentage of the total
area (E). F, primary calvarial osteoblast progenitors from WT mice were treated as above and assayed by gPCR for expression of Runx2 (at day 6), Sp7 (at day 9),
and Bglap (at day 12), respectively. Data were normalized to Gapdh mRNA and expressed relative to the control peptide-only-treated group, setas 1. G, Western
blot analysis of Runx2 protein expression at 48 h in WT primary osteoblastic progenitor cells incubated in growth medium in the presence (or not) of DEL-1-Fc
(1 wg/ml) with cilengitide (5, 10, 20, 30, and 40 um) or control peptide (40 um), which were added 1 h earlier than DEL-1-Fc. B-Actin served as loading control.
Data are means = S.D. (error bars) (n = 6 cultures/group). **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; NS, nonsignificant (one-way ANOVA and Tukey's
post-test).

B1 integrin failed to interact with DEL-1. Thus, in our hands,
DEL-1 interacts with 33 integrin on MC3T3-E1 osteoprogeni-
tor cells and promotes their osteogenic differentiation. In
agreement with Oh et al. (6), we showed that DEL-1 induces
phosphorylation of ERK1/2 followed by increased expression of
Runx2 and, additionally, showed that DEL-1 induces phosphor-
ylation of FAK, a key upstream component of integrin-trig-
gered signal transduction (51). As FAK-mediated AKT activa-
tion suppresses apoptosis (46, 48, 52), DEL-1-mediated AKT
activation may contribute to enhanced bone formation through
increased survival of mature osteoblasts. Moreover, AKT sig-
naling increases the DNA-binding capacity of Runx2 and

Runx2-dependent transcription (53). Importantly, upon phar-
macologic blockade of FAK and ERK1/2, DEL-1 lost the ability
to induce Runx2 expression and mineralized nodule formation.
Overall, our findings suggest that the iz vitro osteogenic activity
of DEL-1 involves a 83 integrin—FAK—ERK1/2—Runx2 axis.
To rigorously test the biological relevance of the observa-
tions in the MC3T3-E1 cell line system, we used primary cal-
varial cells from 3-day-old WT, Del1¥°, and Del1R®FRE mice
in similar assays. These experiments not only demonstrated the
importance of endogenously produced DEL-1 for optimal
osteogenic differentiation of the calvarial cells but unequivo-
cally showed that the integrin-binding RGD motif of endoge-
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nous DEL-1 is absolutely required for its osteogenic activity.
The osteogenic differentiation of calvarial cells lacking endog-
enous DEL-1 or expressing an RGE point mutant of DEL-1 was
restored upon supplementation with DEL-1-Fc or with DEL-
1[E1-E3]-Fc, indicating that the N-terminal segment of DEL-1
that contains the RGD motif (present in the E2 repeat), but
lacks the discoidin-like domains, is sufficient to stimulate
osteogenic differentiation. These data consistently reflect our
in vivo findings that DEL-1 promotes bone regeneration during
periodontitis resolution via a mechanism that requires its RGD
motif but not its C-terminal discoidin-like domains. The
requirement for intact RGD motif was established not only by
restoring bone regeneration in Del1%° mice when given DEL-
1-Fc albeit not DEL-1[RGE]-Fc, but also by demonstrating that
Del1R®F'RSE mice exhibited a similar phenotype (defective
bone regeneration) with Del1%° mice.

The ability of DEL-1 to promote inflammation resolution
through B3 integrin—mediated apoptotic cell efferocytosis, as
we showed recently (4), may secondarily enhance osteoblast
function and bone formation (54). However, the efferocytosis
mechanism cannot adequately explain the in vivo capacity of
DEL-1 to promote bone gain during resolution, because effero-
cytosis also requires the participation of the C-terminal discoi-
din-like domains of DEL-1, which bind with high-affinity phos-
phatidylserine, a major “eat-me” signal on the apoptotic cell
surface (4, 7). On the other hand, the N-terminal segment of
DEL-1 containing the EGF-like repeats and the RGD motif is
sufficient to promote bone regeneration iz vivo and to induce
osteoblastic differentiation of progenitor cells in vitro; these
findings therefore indicate that the novel function of DEL-1 to
promote iz vivo bone regeneration may, at least in part, involve
a direct effect on osteogenesis.

Intriguingly, DEL-1 (also known as EDIL3, for epidermal
growth factor-like repeats and discoidin I-like domain-3) is
among the top six genes most down-regulated by knockdown of
Runx2 in MC3T3-EL1 cells undergoing osteoblastic differentia-
tion (55). Because, moreover, DEL-1 up-regulates Runx2, it is
possible that DEL-1 and Runx2 might engage in a regulatory
loop in which their expression is reciprocally reinforced,
thereby promoting osteoblastic differentiation. A proteomic
study identified DEL-1 (EDIL3) as a candidate extracellular
matrix protein for the regulation of initiation of eggshell calci-
fication (56). In this regard, the fact that the EGF-like repeats of
DEL-1 are calcium ion—binding domains strongly suggests that
DEL-1, and particularly its N-terminal segment, might play a
significant role in calcification. Thus, the N-terminal segment
of DEL-1 not only contains an RGD motif that promotes
osteoblastic differentiation but contains calcium ion-binding
domains that might participate in the mineralization process
during bone regeneration.

Periodontitis, an oral inflammatory disease characterized by
loss of bone support of the dentition, remains a serious public
health and economic burden (15, 57, 58). We have previously
shown that endogenous DEL-1 inhibits alveolar bone loss
caused by the periodontal microbiota; however, it does not
appear to regulate skeletal bone homeostasis at steady state, as
Del1%° mice develop alveolar bone loss without becoming
overtly osteopenic with regard to the long bones or spine (13).
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Thus, DEL-1 seems to regulate bone levels in sites under stress-
ful stimuli (e.g. microbial challenge, which is normally absent in
the long bones and vertebrae). Consistent with this notion,
locally administered DEL-1-Fc inhibits osteoclastogenesis and
alveolar bone loss during the inductive phase of experimental
periodontitis in nonhuman primates (14). In the present study,
we showed that DEL-1 can also regulate bone levels during the
resolution phase of periodontitis, presumably by acting on
osteoblastic cells. In this regard, progress has been achieved in
terms of approaches to restore bone loss (e.g. through the use of
scaffolds, stem cells, and soluble molecules, such as bone mor-
phogenetic proteins, fibroblast growth factors, and other
growth factors); however, regeneration of bone lost due to peri-
odontitis is of limited success and not predictable (59—61). One
of the issues associated with current approaches is that they
might not sufficiently control inflammation, which can com-
promise the regeneration process. By possessing both anti-in-
flammatory/pro-resolving, and osteogenic properties (4, 6, 8,
13) (and the current paper), DEL-1 could be a novel therapeutic
agent capable of contributing to bone regeneration in perio-
dontitis and perhaps other inflammation-driven osteolytic
disorders.

DEL-1 was shown to protect against inflammatory patholo-
gies, including bone loss, in mice and nonhuman primates, and
the results from these models are consistent with human clini-
cal observations; this is not surprising, given that human DEL-1
has =96% amino acid sequence identity with its mouse and
nonhuman primate counterparts (4, 8, 11, 13, 14, 62, 63). More-
over, DEL-1 expression is regulated similarly in humans and
mice (11), and DEL-1 is highly expressed by both human and
mouse osteoblastic cells (5, 6) (and the present study). There-
fore, our finding that DEL-1 promotes bone regeneration dur-
ing resolution of mouse periodontitis is likely to be relevant for
the treatment of human periodontitis. To date, most therapeu-
tic strategies targeting integrin function involve inhibitors that
block ligand binding or downstream signaling, whereas mole-
cules that induce beneficial responses by binding integrins (e.g.
DEL-1 binding to B3 integrin to promote bone regeneration)
have yet to be developed for clinical use (64).

Experimental procedures
Mice

The generation of C57BL/6 Edil3~'~ (Del1*°) mice was
described previously (8). The generation of DelI1R®¥/RSE mice
(which express a point mutant of DEL-1 incapable of interact-
ing with the avB3 integrin) is described in detail below. Del1%°
and Del1R®/RE mice were crossed with WT C57BL/6 mice to
generate experimental mice and WT littermate controls. In
experiments where only WT C57BL/6 mice were used, these
were purchased from the Jackson Laboratory (Bar Harbor, ME)
(catalog no. 000664). Sex- and age-matched mice (8—10 weeks
old) were used in in vivo experiments; as there were no signifi-
cant differences in the data obtained using male or female mice,
the results were pooled per treatment group. Mice were main-
tained in individually ventilated cages under specific pathogen-
free conditions on a standard 12-h light/dark cycle. Food and
water were provided ad libitum. All animal experiments were




reviewed and approved by the Institutional Animal Care and
Use Committee of the University of Pennsylvania and were per-
formed in compliance with institutional, state, and federal
policies.

Generation of Del 1°°¥/RSE mijce

DelIRCERCE mice that express the RGE point mutant of
DEL-1 (DEL-1R®P%E) were generated using one-step CRISPR/
Cas-mediated genome editing (65, 66). Briefly, zygotes from
C57BL/6 mice were co-injected with Cas9 mRNA (65) and
the designed sgRNA (UAUCGAGGAGACACAUUCAUGU-
UUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCU-
AGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGU-
CGGUGCUUUUUU) in combination with donor ssDNA
oligonucleotides (t*t*t*cagGTCCCTGCATCCCTAACC-
CATGCCATAACGGAGGAACCTGTGAGATAAGCGA-
AGCCTATCGAGGAGAGACGTTTATAGGCTATGTTT-
GTAAATGTCCTCGGGGATTTAATGGGATTCACTGT-
CAGCACAGgtaagtta*t*t*t) (67). The sgRNA was designed
and prepared using the rules outlined previously (67, 68).
RGD motif-coding sequences in the DEL-1—encoding
EDIL3 gene, CGAGGAGAC, contain a proto-spacer adja-
cent motif sequence, AGG. Therefore, 20 nucleotide bases
preceding the sequence AGG, TATCGAGGAGACACAT-
TCA, were selected as the target of CRISPR RNAs (crRNAS).
crRNA sequences were then fused to the trans-activating
crRNA (69) that binds and stabilizes the Cas9 nuclease to get
sgRNA. In zygotes, Cas9 protein generated double-strand
break within the target DNA directed by sgRNA. The host
DNA repair machinery performed the homology-directed
repair using the ssDNA oligonucleotide (with short homo-
logy (70 nucleotides) flanking the double-strand break from
each direction) as a template to induce a point mutation into
the EDIL3 gene. Blastocysts were then implanted into foster
mothers to obtain pups with mutations. The RGE point
mutation was confirmed by Sanger sequencing and by a spe-
cific set of primers that capture the targeted mutation. The
sequences of primers were as follows: P1, forward primer 1
for WT-RGD (P1-WT-RGD-F, 5'-AGCCTATCGAGGAG-
ACACATTC-3'); P2, forward primer 2 for RGE (P2- RGE-F,
5'-AGCCTATCGAGGAGAGACGTTT-3'); and P3, com-
mon reverse primer (P3-R, 5'-CCAAAATGCCTAGACTC-
GGTGCC-3'). DNA was denatured at 95 °C for 4 min and
then amplified by 30 cycles at 95 °C for 1 min, 62 °C for 1
min, and 72 °C for 1 min. Homozygote mice with RGE muta-
tion were backcrossed to WT C57BL/6 mice to generate
heterozygotes to minimize unwanted gene modifications,
which were bred to generate a homozygote colony. The col-
ony is viable and breeds normally.

DEL-1 and mutants thereof and other reagents

Full-length human DEL-1 as a fusion protein with the human
IgG1-Fc fragment (DEL-1-Fc), DEL-1 lacking the discoidin
I-like domains (DEL-1[E1-E3]-Fc), and a point mutant of
DEL-1 in which Asp was replaced by Glu in the RGD motif of
the second EGF repeat (DEL-1[RGE]-Fc) were generated and
purified as described previously (14). Fc protein control was
purchased from R&D Systems (Minneapolis, MN) (catalog no.

DEL-1 promotes bone regeneration

110-HG-100). As human and mouse DEL-1 share 96% amino
acid sequence and the two proteins have similar functions (4, 8,
13, 14), human DEL-1 was used in mouse experimental systems
in the current study, as in previous publications (4, 5, 14). Cilen-
gitide, a cyclic RGD peptide that inhibits avB3 integrin (5, 49,
50) was purchased from Selleck Chemicals (Houston, TX) (cat-
alog no. S7077) and RGD control peptide (GRADSP) from Enzo
Life Sciences (Farmingdale, NY) (catalog no. BML-P701-0005).
The FAK inhibitor PF-562271 (70) was obtained from Selleck
Chemicals (catalog no. S2890), and the selective MEK/ERK
inhibitor U0126 (71) was from Invivogen (San Diego, CA) (cat-
alog no. tlrl-u0126).

Resolution of ligature-induced periodontitis and intervention
experiments

Groups of 8-week-old mice were subjected to experimental
periodontitis by tying a 5-0 silk ligature around the maxillary
left second molar for 10 days. The contralateral tooth was kept
unligated as a baseline control. To enable periodontitis resolu-
tion, the ligatures were removed at day 10, and the mice were
sacrificed 5 days later (at day 15). Periodontal bone loss was
assessed morphometrically in defleshed maxillae using a dis-
secting microscope (X40) equipped with a video image mea-
surement system (Nikon Instruments, Melville, NY). Specifi-
cally, the distance from the cement-enamel junction (CEJ) to
the alveolar bone crest (ABC) was measured on six predeter-
mined points on the ligated second molar and the affected adja-
cent regions (17). Bone loss was calculated by subtracting the
six-site total CEJ-ABC distance of the ligated side of each
mouse from the six-site total CEJ-ABC distance on the con-
tralateral unligated side. The data were further transformed to
indicate bone gain (or loss; negative value) relative to the bone
levels of mice that were sacrificed at day 10 (see Fig. 1D). To
study the role of DEL-1 in bone regeneration during the reso-
lution phase, mice were daily microinjected (at days 10—14)
with Fc control (0.33 ng; 12.3 pmol) and various versions of
DEL-1 at molar equivalents: intact DEL-1-Fc (1 ug), DEL-
1[RGE]-Fc (1 ng), and DEL-1[E1-3]-Fc (0.54 ng). Microinjec-
tions were performed into the palatal gingiva between first
and second maxillary molars using a 33-gauge stainless steel
needle attached to a Hamilton microsyringe (Fisher, catalog no.
7633-01).

Histology

Coronal sections of the ligated molars were prepared and
stained with modified Masson’s trichrome staining kit (Abcam
(Cambridge, MA), catalog no. ab150686), which stains mature
(old) bone and connective tissue in blue, whereas it stains
immature new bone (osteoid) and collagen in red (72).

Osteoblastic progenitors

The murine osteoblastic progenitor cell line (MC3T3-E1 sub-
clone 4) was purchased from ATCC (Manassas, VA) (catalog no.
CRL-2593). Primary cultures of osteoblastic progenitor cells were
derived from 3-day-old WT, Del1¥°, and Del1R®¥'RSE mice by
digesting calvarias in PBS containing 0.1% collagenase Type |
(Worthington, catalog no. LS004216) and 0.2% ROCHE Dis-
pase Il (MilliporeSigma, catalog no. 50-100-3345) for 20 min at
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37 °C. The digestion was sequentially performed three times,
and cells isolated from the last two digestions were cultured
in a-minimum essential medium (a-MEM; Fisher, catalog
no. 32-561-037) supplemented with 10% fetal bovine serum
(FBS) as primary osteoblastic progenitors (73, 74). All cells
were maintained in a-MEM supplemented with 10% FBS, 50
units/ml penicillin, and 50 wg/ml streptomycin (“growth
medium”).

Osteogenic differentiation assay

For osteogenic differentiation, the osteoblastic progenitors
were cultured in “osteogenic medium” (50 wg/ml ascorbic acid
(catalog no. 1043003, MilliporeSigma) and 10 mm B-glycero-
phosphate (catalog no. G9422, MilliporeSigma) in a-MEM sup-
plemented with 10% FBS) for up to 15 days (timing specified in
the figure legends). The medium, which in some experiments
included DEL-1-Fc (or mutants/controls thereof) and inhibi-
tors, was changed every 3 days. Mineralized bone nodules were
detected by staining with Alizarin Red S (catalog no. A5533,
MilliporeSigma). To this end, the cultures were washed twice
with PBS, fixed with 4% paraformaldehyde in PBS for 15 min,
and washed again with PBS and sterile water. Staining was per-
formed by covering the cells with 2% Alizarin Red S solution for
45 min followed by extensive rinsing. The plates were scanned,
and the calcified nodules were quantified (as percentage of area
coverage relative to the total area) using ImageJ software.

Quantitative real-time PCR (qPCR)

Total RNA was extracted from cultured cells using TRIzol
reagent (Life Technologies, Inc., catalog no. 15596018) accord-
ing to the manufacturer’s instructions. 500 ng of total RNA was
reverse-transcribed using the High-Capacity RNA-to-cDNA
Kit (Thermo Fisher Scientific, catalog no. 4387406), and
real-time PCR with cDNA was performed using the Applied
Biosystems 7500 Fast Real-Time PCR System according to
the manufacturer’s protocol. TagMan probes and gene-spe-
cific primers for detection and quantification of murine
genes investigated in this study were purchased from Thermo
Fisher Scientific. Data were analyzed using the comparative
(AACt) method. The primers used in this study included Itgh3
(MmO00443980_m1); Edil3 (Mm01291247_m1); Runx2 (MmQO-
501584 _m1); Bglap (Mm03413826_mH); Sp7 (Mm00504574_m1);
Gapdh (Mm99999915 g1).

Immunoblotting

Following treatment, cell lysates were prepared using the
radioimmune precipitation assay buffer (catalog no. sc-24948,
Santa Cruz Biotechnology, Dallas, TX) supplemented with
Halt protease and phosphatase inhibitor mixture (catalog no.
78440, Thermo Fisher Scientific). Protein content concentra-
tions were determined using the Bradford protein assay (cata-
log no. 23200, Thermo Fisher Scientific). The samples were
then subjected to SDS-PAGE and subsequently transferred
onto a polyvinylidene difluoride membrane (Immobilon-P; cat-
alog no. IPVH00010, MilliporeSigma), blocked with Starting
Block (TBS) blocking buffer (catalog no. 37542, Thermo Fisher
Scientific), probed with primary antibody (4 °C overnight), and
then incubated with corresponding secondary antibodies at
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room temperature for 1 h. After enhanced chemiluminescence
using Luminata Forte Western HRP substrate (catalog no.
WBKLS0100, MilliporeSigma), the protein bands were imaged
using the FluorChem M imaging system (ProteinSimple, San
Jose, CA). Rabbit polyclonal antibodies to FAK (catalog no.
3285), phospho-FAK (Tyr-397; catalog no. 3283), and AKT
(catalog no. 9272), as well as rabbit mAbs to phospho-AKT
(Ser-473; clone D9E; catalog no. 4060), ERK (clone 137F5;
catalog no. 4398), phospho-ERK (Thr-202/Tyr-204; clone
D13.14.4E; catalog no. 4370), Runx2 (clone D1L7F; catalog no.
12556), and B-actin (clone 13E5; catalog no. 4970) were pur-
chased from Cell Signaling Technology (Danvers, MA).

Pulldown assay

Pulldown experiments were performed using the Pulldown
polyHis protein:protein interaction kit (catalog no. 21277,
Thermo Fisher Scientific) as per the manufacturer’s instruc-
tions. Briefly, MC3T3-E1 cells were cultured in a T75 flask at
37 °C for 48 h. After reaching confluence, the cells (~1 X 107)
were released by trypsin digestion, neutralized with medium
containing 10% FBS, washed with PBS, and collected by centrif-
ugation (500 X g, 5 min). The cells were then lysed, and the cell
membrane proteins were isolated using a cell fractionation kit
(catalog no. 9038, Cell Signaling Technology). The pulldown
washing solution was prepared by mixing a 1:1 solution of TBS/
Thermo Fisher Scientific Lysis Buffer and adding imidazole
stock solution (4 m) to a final concentration of 10 mm imidazole.
Cobalt chelate resin (50 wl) was added to the spin column and
equilibrated with washing solution. Subsequently, the resin was
incubated with 300 wl of histidine-tagged DEL-1-Fc (100 ug) at
4 °C with gentle rocking. After incubation for 1 h, the DEL-1-
Fc—bonded resins were collected in the spin column by centrif-
ugation (1,250 X g, 1 min), washed five times, and incubated
with the MC3T3-EL1 cell membrane lysate for 4 h at 4 °C. After
washing an additional five times, the bound proteins in the resin
were eluted with elution buffer containing 290 mm imidazole.
The eluted sample was resolved using SDS-PAGE, and the
captured molecules were identified by immunoblotting with
appropriate antibodies: rabbit mAbs to B3 integrin (clone
D7X3P; catalog no. 13166, Cell Signaling Technology) and 1
integrin (clone D6S1W; catalog no. 34971, Cell Signaling Tech-
nology), as well as rabbit polyclonal antibody to DEL-1 (poly-
clonal; catalog no. 12580-1-AP, Proteintech (Rosemont, IL)),
and HRP-conjugated murine anti-His, tag antibody (clone
3D5; catalog no. R931-25, Thermo Fisher Scientific).

Receptor knockdown by specific sShRNA

To knock down integrin 83 in MC3T3-EL1 cells, the ShRNA
pLKO.1 construct specific for integrin B3 (catalog no.
TRCNO0000009620, MilliporeSigma) was used. Empty pLKO.1
vector (catalog no. SHC001, MilliporeSigma) served as control.
Knockdown efficiency was confirmed by immunoblotting
using rabbit mAb to 83 integrin. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), detected by rabbit mAb to GAPDH
(clone 14C10; catalog no. 2118, Cell Signaling Technology) was
used as loading control. For transfection of ShRNA, cells were
plated in 6-well plates at a density of 1.5 X 10° cells/well, cul-
tured until 70—80% confluence, and transfected with vectors




using FuGene HD (catalog no. E2311, Promega, Madison, WI)
transfection reagent using a ratio of 4:1 (volume of FuGene/ug
of DNA). Cells were maintained in nonselective medium for
48 h post-transfection and then changed to selection medium
containing puromycin (2 ug/ml; catalog no. A1113802,
Thermo Fisher Scientific). The use of selection medium was
continued for 3 weeks with frequent changes of medium to
eliminate dead cells and debris until distinct colonies could be
visualized. The adherent cells were further released by trypsin
digestion (TrypLE Select Enzyme; catalog no. 12563011,
Thermo Fisher Scientific) and plated in T75 flasks for further
propagation. The transfected cells were maintained under
selection medium (containing 2 wg/ml puromycin) for the
duration of the experiments.

Statistical analysis

For the comparison of three or more groups, data were eval-
uated by one-way ANOVA and Dunnett’s or Tukey’s multiple-
comparison test, as appropriate. Regarding comparison of two
groups only, a two-tailed Student’s ¢ test was performed. p <
0.05 was considered to be statistically significant. GraphPad
Prism software (version 8.2.1) (GraphPad Software, San Diego,
CA) was used for the statistical analysis.
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