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Abstract

Purpose—The aim of this study is to evaluate the effects of Wnt signaling through LRP6 and
Frizzled6 on the endothelial differentiation of dental pulp stem cells (DPSC).

Methods—DPSC were stably transduced with EGFP-tagged lentiviral vectors (ShRNA-LRP6,
shRNA-Frizzled6, or empty vector controls). We evaluated the effects of LRP6 and Frizzled6 on
expression of endothelial markers and on capillary tube formation mediated by DPSC induced
with rhWntl and/or rhVEGF4g5. /1 vivo, tooth slices/scaffolds were seeded with LRP6-silenced,
Frizzled6-silenced or vector control DPSC cells and transplanted into immunodeficient mice. The
density of blood vessels generated by DPSC cells differentiated into vascular endothelial cells was
analyzed by immunohistochemistry for EGFP.

Results—rhWhntl and rhVEGF4g5 induced expression of active-p-catenin in control DPSC cells
and in Frizzled6-silenced DPSC, but not in LRP6-silenced DPSC. Further, VEGF and IL-8 were
downregulated in LRP6-silenced DPSC, but not in control DPSC cells or in Frizzled6-silenced
DPSC (p<0.05). Likewise, rhwntl and rhVEGF 5 induced expression of the endothelial marker
VEGFR2 in control DPSC cells and in Frizzled6-silenced DPSC, but not in LRP6-silenced DPSC.
These data correlated with a trend for lower density of capillary sprouts generated by LRP6-
silenced DPSC cells when compared to control DPSC in Matrigel. /n vivo, tooth slice/scaffolds
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seeded with DPSC-shRNA-LRP6 cells showed lower density of human blood vessels (/.e. EGFP-
positive blood vessels), when compared to tooth slice/scaffolds seeded with vector control cells
(p<0.05).

Conclusion—Collectively, these data demonstrated that LRP6 signaling is necessary for the

vasculogenic differentiation of human dental pulp stem cells.
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Introduction

Dental pulp tissue engineering can be achieved with the use of a scaffold that provides a
physiological three-dimensional microenvironment that is conducive to stem cell adhesion,
survival and differentiation in presence of adequate morphogenic signaling molecules (1, 2).
Successful dental pulp tissue regeneration also requires the fast establishment of a functional
vascular network, able to supply the tissue with oxygen, nutrients and immune cells, while
removing by products and waste (3). Dental pulp stem cells (DPSC) have the ability to
differentiate into odontoblasts, osteoblasts, fibroblasts, adipocytes, neural-like cells, and
vascular endothelial cells (4-6). Although DPSC have potential to differentiate into
endothelial cells, the molecular events regulating this process are not fully understood.

Whit signaling plays a major role in the regulation of cell fate decisions during development
(7, 8). In absence of Wnt, a multi-protein complex including glycogen synthase kinase 3
beta (GSK-3p) constantly phosphorylates B-catenin, signaling its degradation (9). Activation
of Wnt signaling results in the translocation of -catenin to the nucleus where it interacts
with T-cell factor/lymphoid enhancer factor (TCF/LEF) family proteins to modulate
expression of several downstream genes, including several pro-angiogenic factors vascular
endothelial growth factor (VEGF), Interleukin-8 (I1L-8), and vascular endothelial growth
factor receptor 2 (VEGFR2) (10-12). Whnt signaling involves a complex set of receptors that
include the Frizzled family and low-density lipoprotein receptor-related protein (e.g.
LRP5/6). Frizzled functions as a G protein coupled receptor (GPCR) that preferentially
couples to Gag heterotrimeric G proteins (13). More direct evidence for a role of G proteins
in Wnt pathway activation comes from reconstitution studies showing that several of them
have the capacity to inhibit B-catenin phosphorylation by GSK-3. For example, it has been
proposed that GB-y promotes the recruitment of GSK-3p to the plasma membrane to
enhance LRP6 phosphorylation and activation (14).

Studies have found that Wnt/B-catenin signaling plays role in vasculature /n vivoand in the
differentiation of stem cells into odontoblasts, endothelial cells, osteoblast and neural cells
(5, 15-19). Here, we evaluated the role of Wnt receptors on the differentiation of DPSC into
endothelial cells. We hypothesize that LRP6 and Frizzled6 regulate Wnt-induced
differentiation of dental pulp stem cells into endothelial cells.
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Materials and Methods

Cell culture

Dental pulp stem cells (DPSC) (20) were cultured in minimum essential medium Eagle -
Alpha modification (Alpha MEM) (Invitrogen, Carlsbad, CA, USA) supplemented with 15%
fetal bovine serum (FBS; Invitrogen) and 1% penicillin/streptomycin (Invitrogen) at 37°C
and 5% CO,. Endothelial differentiation was induced by culturing DPSC with endothelial
cell growth medium (EGM2-MV; Lonza, Walkersville, MD, USA) supplemented with 50
ng/mL recombinant human VEGFg5 (thVEGF45) (R&D Systems, Minneapolis, MN,
USA) and/or 50 ng/mL rhWhnt-1 (Cell Sciences, Canton, MA, USA). Endothelial
differentiation was assessed /n vitro by determining the expression of endothelial markers by
Western blot. Human dermal microvascular endothelial cells (HDMEC; Lonza, Walkersville,
MD, USA) were used as positive control and cultured in EGM2-MV. Culture medium was
changed every 2 days in all experiments included here.

LRP6 and Frizzled6 gene silencing

Gene silencing was performed with EGFP (green fluorescent protein)-tagged lentiviral
vectors encoding ShRNA (short hairpin RNA) constructs, as described previously (5, 6).
293T cells were transiently co-transfected with lentivirus packaging vector psPAX2,
pMD2.G, and shRNA-C (control), ShRNA-LRP6 or shRNA-Frizzled6 (Vector Core,
University of Michigan) with calcium phosphate. Supernatants containing lentiviruses were
used to infect DPSC overnight. Transduced DPSC were selected by exposure to 1 pg/mL
puromycin (InVivogen, San Diego, CA, USA) for at least 1 week. Infection efficiency was
determined by fluorescence, and gene silencing by Western blot (Fig. 1A, 1B).

Western Blot

ELISA

Cells were lysed in NP40 (nonyl phenoxypolyethoxylethanol) buffer, proteins were
electrophoresed in SDS-polyacrylamide gel (sodium dodecyl sulphate-polyacrylamide gel)
and transferred to nitrocellulose membranes (Protran; Whatman, Dassel, Germany).
Membranes were incubated at 4°C overnight with prim ary antibodies, as follows: mouse
anti-active or anti-total B-catenin; mouse anti-phospho and anti-total GSK-3f; mouse anti-
phospho and anti-total AKT; rabbit anti-VEGFR1; rabbit anti-VEGFR2; rabbit anti-LRP6;
rabbit anti-Frizzled6; mouse anti-GAPDH; anti-B-actin. SuperSignal West Pico
chemiluminescent substrate (Thermo Scientific, Rockford, IL, USA) was used to visualize
immunoreactive proteins.

Conditioned medium generated by DPSC cells for 24 hours was collected and used for
ELISA (enzyme-linked immunosorbent assay) by Quantikine® Colorimetric Sandwich
ELISAs (R&D Systems, Minneapolis, MN, USA), according to manufactory instructions.
Supernatant was added to each well of a 96-well plate containing anti-VEGF or anti-CXCL8
antibody. Optical density was analyzed in spectrophotometer (450 nm).
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Capillary sprouting assay

We cultured 5 x10%well DPSC cells with endothelial cell growth medium (EGM2-MV;
Lonza) supplemented with 50 ng/mL rhVEGF;¢5 (R&D Systems) in 24-well plates pre-
coated with 0.2 mL growth factor-reduced Matrigel (BD Biosciences, Bedford, MA, USA).
The number of capillary sprouts was counted in 10 fields per well. Data were obtained from
triplicate wells per condition and are representative of at least 3 independent experiments.
Photographs were taken at 10x magnification each day for 7 days.

Tooth slice/scaffold assay

Results

Tooth slices (1.3 mm thick) were obtained from sound human 3" molars extracted at the
Department of Oral Surgery (University of Michigan). The dental pulp was carefully
removed and scaffolds were prepared using a poly-L-lactic (PLLA)/chloroform solution in
the pulp chamber filled with sodium chloride (NaCl) (250 um to 425 um), as described
previously (6). Specimens were treated with 10% EDTA (Ethylenediamine tetraacetic acid)
for 1 min. 6x10° transduced DPSC were seeded in each tooth slice/scaffold (n=6 per
experimental condition) and transplanted subcutaneously into the dorsum of severe
combined immunodeficient mice (CB.17 SCID; Charles River, Wilmington, MA, USA)
immediately after seeding. After 28 days, tooth slice/scaffolds were retrieved and fixed with
10% formaldehyde for 24 hours at 4°C and demineralized with Decalcifier Il (Surgipat h;
Richmond, IL, USA) for 24 hours at room temperature. Hematoxilin-eosin staining and
immunohistochemistry with rabbit turbo EGFP (Bethyl Laboratories, Montgomery, TX,
USA) were used to evaluate the morphology and density of DPSC-derived microvessels.
Vessels were counted in 10 fields per tooth slice/scaffold by a calibrated evaluator
(ICC=0.95) blinded for experimental conditions. Institutional review boards approved the
protocols regulating these studies.

Signaling through LRP-6 is necessary for activation of B-Catenin in DPSC

To begin to define the relative contribution of different receptors on Wnt/B-catenin signaling
in DPSC, we silenced LRP6 or Frizzled6 and exposed them to rhwntl or rhVEGF¢5 (Fig.
1A,B). We used several different sShRNA sequences for gene silencing, and used DPSC
transduced with the sequences that were most efficient in the experiments included here, /.e.
sequence #1 for LRP6 and #30 for Frizzled6 (Fig. 1A). As expected, the expression of
active-p-catenin was induced by Wntl or VEGF in a dose-dependent manner in DPSC (Fig.
1C). In contrast, in LRP6-silenced DPSC, active-p-catenin was not upregulated by VEGF or
Whntl. Silencing Frizzled6 did not have a significant impact on VEGF- or Wnt1-induced -
catenin activation (Fig. 1C).

LRP®6 signaling is necessary for vasculogenic differentiation of DPSC in vitro

Here, we defined the impact of LRP6 and Frizzled6 on the expression of endothelial markers
in DPSC. In shRNA-control DPSC cells, the endothelial differentiation medium (7.e. EGM2-
MV supplemented with VEGF +/- Wntl induced expression of the endothelial marker
VEGFR?2 (and VEGFR1) (Fig 2A). The same was observed with Frizzled6-silenced DPSC
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(Fig. 2A). In contrast, LRP6-silenced DPSC did not express endothelial markers in response
to the endothelial differentiation medium (Fig. 2A). Interestingly, both VEGF and IL-8 were
constitutively downregulated in LRP6-silenced DPSC when compared to control DPSC cells
(Fig. 2B,C).

Capillary sprouting assay in Matrigel was used to analyze the impact of Wnt receptors on
the vasculogenic potential of DPSC J/n vitro. We observed that endothelial cells (HDMEC)
quickly formed capillary sprouts in Matrigel within a few hours. In contrast, DPSC took
much longer to differentiate into endothelial cells and form capillary sprouts (Fig. 3A).
However, DPSC-shRNA-LRP6 and DPSC-shRNA-Frizzled6 showed a trend for lower
numbers of capillary sprouts compared to vector control DPSC, but the differences were not
significant (Fig. 3B).

LRP6 silencing inhibits endothelial differentiation of DPSC in vivo

To verify our /n vitroresults, DPSC were seeded in tooth slices/scaffolds and implanted in
the subcutaneous space of immunodeficient mice. Twenty-eight days after transplantation,
tooth slices/scaffolds were retrieved and pulp-like tissues were observed in the pulp
chambers (Fig. 4A). As all our shRNA lentiviruses contained an EGFP cassette, we
performed immunohistochemistry for this exogenous marker as a strategy to quantify the
number of DPSC-derived (human) blood vessels. We observed that there were fewer EGFP-
positive blood vessels (p<0.05) in the pulps engineered with LRP6-silenced DPSC, as
compared to Frizzled6-silenced DPSC or empty vector control cells (Fig. 4B).

Discussion

It is known that dental pulp stem cells have ability to differentiate into multiple cells lineage
(4-6) being a viable source for dental pulp tissue engineering (4). We have demonstrated
that human dental pulp stem cells are capable to differentiate into endothelial cells that
organize themselves into functional blood vessels that connect with the host vasculature (5,
6). We have also show that VEGF and Wnt1 trigger signaling events that result in the
differentiation of DPSC into endothelial cells (5). However, we did not know which Wnt
receptor was responsible for the vasculogenic differentiation of endothelial cells.

We have previously shown that dental pulp stem cells of exfoliated teeth (SHED) do not
express endothelial markers (7.e. CD31, VEGFR2) when cultured in control a-MEM medium
(23). However, when SHED cells are exposed to EGM2-MV medium supplemented with
rhVEGFg5 they differentiated into endothelial cells (23). Here, we report similar trends for
dental pulp stem cells retrieved from permanent teeth. It is known that Wnt/B-catenin
signaling plays an important role in vasculogenesis (21). As VEGF expression can be
upregulated by activation of the Wnt pathway (10), it is plausible that autologous VEGF can
induce angiogenesis (6, 22, 23). Also, Wntl was found to directly promote proliferation,
tube formation and induction of the pro-angiogenic IL-8 transcription in human endothelial
cells (11, 21). p-catenin is the key-mediator of the canonical Wnt signaling. This signaling
pathway is activated when Wnt ligands bind to a member of the Frizzled family and a
member of LRP family of co-receptors. We found that Frizzled3, 4, 5 and 6, and LRP5 and 6
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are expressed in dental pulp stem cells (data not shown). Here, we decided to focus on
Frizzled6 and LRP6 as these receptors were consistently highly expressed in DPSC.

Interestingly, we noticed that active p-catenin expression was higher in LRP6-silenced
DPSC and in Frizzled6-silenced DPSC treated with rhVEGFqg5 or rhWntl. This result is in
line with the fact that one of the functions of LRP6 is the inhibition of the p-catenin
destruction complex through direct inhibition of GSK3-p activity. However, it is important
to notice that p-catenin and GSK3-p participate in other signaling pathways (e.g. AKT
signaling) or as a structural component of cellular adhesion complex (24-26). In addition,
LRP6 and Frizzled6 also play a role as negative regulators of Wnt/B-catenin signaling
through TCF/LEF (25, 27). Our data suggest that LRP6 and Frizzled6 also regulate the
activity of p-catenin amount in postnatal stem cells (e.g. DPSC).

We observed that the angiogenic potential of Frizzled6-silenced DPSC is similar to control
cells in most of the experiments performed here. Silencing of Frizzled6 does not interfere
with the transcription of VEGFR1 and VEGFR?2 that play critical roles in the endothelial
differentiation of dental pulp stem cells (6). In contrast, LRP6&-silenced DPSC did not show
upregulation of VEGFR2 in response to the endothelial differentiation medium. These data
suggest that LRP6 plays a critical role in the regulation of the angiogenic potential in dental
pulp stem cells. This might be related to the observation that LRP6 is required for the
activation of LEF/TCF activity (28, 29).

It has been reported that undifferentiated DPSC expressed soluble pro-angiogenic factors
such as VEGF and IL-8 (30). Notably, LRP6-silenced DPSC cells showed lower expression
levels of VEGF and IL-8 than vector control cells. This observation might provide additional
mechanistic explanation for the lower vasculogenic activity that was found in LRP6&-silenced
cells in vitroand in vivo. We observed that LRP6-silenced DPSC transplanted into SCID
mice generated fewer blood vessels, when compared to vector control DPSC cells. In
contrast, the pulps generated with Frizzled6-silenced DPSC showed similar vascularization
as compared to pulps generated with control DPSC cells. These data confirm our /n vitro
observations, and demonstrate a critical role for Wnt signaling in the determination of the
vasculogenic fate of DPSC. These data also suggest the possibility of directing the fate of
DPSC towards non-vasculogenic phenotypes upon targeted inhibition of LRP6.

In conclusion, our data confirmed the hypothesis that Wnt/B-catenin pathway induces the
vasculogenic differentiation of dental pulp stem cells, and unveiled a new role for LRP&
signaling in this process. These data align nicely with the seminal observation that the Wnt/
[B-catenin pathway inhibits odontoblastic differentiation of dental pulp stem cells (17). We
propose that the Wnt/B-catenin pathway serves as a “switch” regulating the fate of DPSC
between odontoblastic/osteoblastic and vasculogenic. Such knowledge could be exploited in
translational dental pulp tissue engineering. For example, one could enforce activation of the
Whnt/B-catenin pathway immediately after injection of DPSC in the root canal to maximize
the rapid generation of functional blood vessels (5, 6) that will bring the oxygen and
nutrients required to maintain cell viability and function in the critical first days after
transplantation. This could be potentially achieved by intracanal delivery of microspheres for
controlled release of rhWntl for a period that would likely not be longer than 7-10 days.
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Once a vascular network is established, the exogenous Wnt-1 would no longer be necessary
and DPSC cells would be primed to respond to dentin-derived factors (e.g. BMP2) that will
induce their differentiation into functional odontoblasts (6, 31). We propose that a deep
understanding of processes involved in the regulation of DPSC fate will enable the
development of a mechanism-based therapeutic strategy for the engineering of a functional
dental pulp tissue in the treatment of necrotic immature permanent teeth.
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Figure 1.
Effect of LRP6 and Frizzled6 on VEGF or Wnt1 signaling in DPSC cells. (A) Western blots

to evaluate the effectiveness of LRP6 or Frizzled6 silencing in DPSC cells. We tested several
shRNA sequences for Frizzled6 (#30,31,33,52) and for LRP6 (#1-5). (B) Fluorescence
image to evaluate the effectiveness of lentivirus-mediated transduction of ShRNA-LRP6 or
shRNA-Frizzled6 into DPSC cells. All lentiviral vectors used here (including controls)
contained EGFP. Photomicrographs were taken at 200x magnification. (C) Western blots
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depicting effect of increasing concentrations of rhVEGFg5 or rhWnt1 on phosphorylated
and total B-catenin, GSK-3p, and AKT.
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Figure 2.
LRP6 silencing inhibits vasculogenic differentiation of DPSC cells in vitro. (A) Western

blots depicting protein expression of endothelial markers (VEGFR1, VEGFRZ2) upon culture
of DPSC in control medium (alpha-MEM), endothelial growth medium (EGM2-MV), or
EGM2-MV supplemented with 50 ng/ml rhVEGF1g5 or rhWntl. (B,C) Graphs depicting the
results of ELISA for VEGF (B) and IL-8 (C) in DPSC cells cultured in control alpha-MEM
medium. Different letters represent p<0.05.
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Effect of LRP6 or Frizzled6 signaling on capillary sprouting of DPSC in 3-D cultures. (A)
Photomicrographs of capillary tube networks generated by human dermal microvascular
endothelial cells (HDMEC) or by DPSC seeded in Matrigel and exposed to EGM2-MV
supplemented with 50 ng/ml rhVEGF¢5 for up to 144 hours (200x). (B) Graph depicting
the number of sprouts/microscopic field generated by HDMEC, DPSC-silenced cells, or
controls seeded on Matrigel and stimulated with EGM2-MV supplemented with 50 ng/ml

rhVEGF¢5 for up to 144 hours.
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Figure 4.
LRP6 silencing inhibits endothelial differentiation of DPSC in vivo. (A) Tooth slices/

scaffolds seeded with LRP6-silenced DPSC, Frizzled6-silenced DPSC, or vector control
DPSC were transplanted into the subcutaneous space of immunodeficient mice. After 28
days, tooth slice/scaffolds were retrieved, fixed, and analyzed by hematoxilin-eosin staining
(200x%), or immunohistochemistry with EGFP antibody (400x). (B) Graph depicting the
density of EGFP-positive blood vessels (/.e. generated by DPSC cells) in 6 tooth slice/
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scaffolds per experimental condition. Blood vessels were counted in 10 microscopic fields/
specimen at 200x magnification. Different letters represent p<0.05.
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