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CRISPR activation (CRISPRa) is a burgeoning technology for
programmable gene activation, but its potential for tissue
regeneration has yet to be fully explored. Bone marrow-derived
mesenchymal stem cells (BMSCs) can differentiate into osteo-
genic or adipogenic pathways, which are governed by the
Wnt (Wingless-related integration site) signaling cascade. To
promote BMSC differentiation toward osteogenesis and
improve calvarial bone healing by BMSCs, we harnessed a high-
ly efficient hybrid baculovirus vector for gene delivery and ex-
ploited a synergistic activation mediator (SAM)-based
CRISPRa system to activate Wnt10b (that triggers the canoni-
cal Wnt pathway) and forkhead c2 (Foxc2) (that elicits the non-
canonical Wnt pathway) in BMSCs. We constructed a Bac-
CRISPRa vector to deliver the SAM-based CRISPRa system
into rat BMSCs. We showed that Bac-CRISPRa enabled
CRISPRa delivery and potently activated endogenous Wnt10b
and Foxc2 expression in BMSCs for >14 days. Activation of
Wnt10b or Foxc2 alone was sufficient to promote osteogenesis
and repress adipogenesis in vitro. Furthermore, the robust and
prolonged coactivation of both Wnt10b and Foxc2 additively
enhanced osteogenic differentiation while inhibiting adipo-
genic differentiation of BMSCs. The CRISPRa-engineered
BMSCs with activatedWnt10b and Foxc2 remarkably improved
the calvarial bone healing after implantation into the critical-
sized calvarial defects in rats. These data implicate the poten-
tials of CRISPRa technology for bone tissue regeneration.
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INTRODUCTION
Calvarial bone formation occurs in young infants, but adults lose the
ability to generate calvarial bones, hence making the repair of large
calvarial defects a challenging task.1 Bone repair requires complex
interplay among osteoprogenitor cells, osteoinductive growth factors,
osteoconductive matrix, and angiogenesis.2 To stimulate bone heal-
ing, osteoinductive genes can be delivered into osteoprogenitor cells,
such as bone marrow-derived mesenchymal stem cells (BMSCs), to
trigger osteogenic differentiation, followed by seeding into the osteo-
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conductive scaffold and implantation into the defects. However, these
approaches often fail to produce satisfactory calvarial bone healing.3,4

BMSCs are able to differentiate into competing lineages, including
osteogenic and adipogenic pathways, and hold great promise in
bone regeneration. One key to control the reciprocal relationship
between osteogenic and adipogenic lineages is Wnt signaling, which
stimulates osteogenesis and represses adipogenesis.5 Therefore,
activation of the Wnt signaling cascade increases bone mass6 and im-
proves bone healing.7 In this regard,WNT10B is one of the 19 secreted
Wnt ligands and can bind to its cognate surface receptor to trigger the
canonical Wnt signaling cascade. Conversely, Forkhead c2 (FOXC2)
is a transcription factor that triggers the noncanonical Wnt pathway8

and also promotes osteogenesis and inhibits adipogenesis.9

CRISPR is a customizable, RNA-guided system that uses Cas9
nuclease and single-guide RNA (sgRNA) for targeted genome editing
and has been explored for various applications.10–13 Cas9 can be
mutated to become a catalytically deactivated Cas9 (dCas9) protein
and fused with a transcription activator (e.g., VP64) for CRISPR acti-
vation (CRISPRa) of the target gene.14 To potentiate the magnitude of
stimulation, a synergistic activation mediator (SAM)-based CRISPRa
system was developed,15 which consists of dCas9-VP64, a scaffold
sgRNA, and an MPH (MS2 coat protein [MCP], p65, and activating
domain of heat shock factor 1 [HSF1]) fusion protein effector. The
scaffold sgRNA comprises a dCas9 binding domain, a spacer
sequence that can be custom designed to bind the specific gene of
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Figure 1. Bac-CRISPRa System for Endogenous Gene Activation

The CRISPRa system consists of dCas9-VP64, the MPH (MCP-p65-HSF1) acti-

vation effector, and the sgRNA array. The entire CRISPRa system was flanked by

loxP sequences and encoded in the baculovirus genome. The dCas9 (with 50 and 30

NLS sequences), fused with the VP64 activation domain (dCas9-VP64), and MPH

were separated by the P2A sequence and were driven by the rat CMV enhancer/rat

EF-1a promoter. The three sgRNA expression cassettes consisted of the hU6

promoter, sgRNA backbone with two MS2 coat protein (MCP) binding motifs, and

the spacers targeting different sequences of interest. Baculovirus transduction

would confer coexpression of dCas9-VP64, the MPH complex, and three sgRNAs

in the same cells, after which, dCas9-VP64 associates with each sgRNA, binds to

the specific genomic DNA sequence, and recruits the MPH complex and RNA

polymerase (RNAP) to activate the gene expression. PAM, protospacer adjacent

motif; WPRE, woodchuck hepatitis post-transcriptional response element

(for enhancing mRNA stability).
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interest, and two extra MS2 aptamers that recognize MCP. By
expressing these components in the same cell, the scaffold sgRNA
orchestrates with dCas9-VP64 to locate the genomic loci and recruits
the MPH complex by the binding between MS2 aptamer and MCP to
activate the gene expression. Such SAM-based CRISPRa has been
exploited for basic research purposes,16–18 but its potential in tissue
regeneration has yet to be fully explored. Moreover, delivery of the
complex SAM-based CRISPRa system into same cells is difficult for
the commonly used adeno-associated virus (AAV) and lentivirus,
due to limited packaging capacity.

In contrast, baculovirus is a nonpathogenic insect virus with a pack-
aging capacity exceeding 38 kb, due to its large genome (z134 kb).19

Baculovirus can carry (transduce) transgenes into stem cells at effi-
ciencies exceeding 95%,20–22 which is significantly more efficient
than nonviral vectors. Therefore, baculovirus has been harnessed to
modify stem cells genetically for the regeneration of cartilage,23,24

bone,25,26 nerve,27 and heart.28 Baculovirus neither replicates nor in-
tegrates its genome into the chromosomes of transduced cells, which
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minimizes possible genotoxicity but restricts the duration of trans-
gene expression.19 To prolong the transgene expression, we previ-
ously developed a hybrid system comprising two baculovirus vectors:
one expressing Cre recombinase (Bac-Cre) and the other substrate
baculovirus harboring the transgene cassette flanked by loxP (locus
of X-over P1) sites.29 After cotransduction of BMSCs with the two ba-
culovirus vectors, the expressed Cre recognizes the loxP sequences
and excises the loxP-flanking transgene cassette off the substrate ba-
culovirus genome. The excised transgene cassette re-circularizes and
forms an episomal DNA minicircle encompassing the transgene
within the cells.29,30 This Cre/loxP-based hybrid baculovirus system
was exploited to express a microRNA sponge or growth factor to
augment stem cell differentiation and bone healing in vivo.7,31

Given the potentials of Wnt10b and Foxc2 in stimulating osteo-
genic differentiation, here, we explored the SAM-based CRISPRa
to upregulate Wnt10b and Foxc2 selectively in BMSCs, alone or
in combination, in attempts to stimulate calvarial bone regenera-
tion. Given the large cloning capacity of the baculovirus, we con-
structed the Cre/loxP-based hybrid baculovirus to deliver the
SAM-based CRISPRa system into rat BMSCs. We showed that
the hybrid baculovirus robustly activated endogenous Wnt10b
and Foxc2 for a prolonged period of time. Coactivation of
Wnt10b and Foxc2 effectively stimulated osteogenesis and
repressed adipogenesis in vitro. Implantation of the CRISPRa-en-
gineered BMSCs into the critical-sized calvarial defects signifi-
cantly improved the bone healing.

RESULTS
Design of Baculovirus System (Bac-CRISPRa) for CRISPRa

Delivery

We first designed a baculovirus platform (Bac-CRISPRa) to deliver
the SAM-based CRISPRa system for targeted activation of distinct
endogenous genes (Figure 1). The baculovirus platform was designed
to coexpress dCas9-VP64 and the MPH complex under the control of
the rat elongation factor 1a (EF-1a) promoter. The dCas9-VP64
fusion protein contained two flanking nuclear localization signals
(NLSs) for nuclear transport. The MPH complex consisted of MCP,
p65, and HSF1 for gene activation and was separated from dCas9-
VP64 by the porcine teschovirus-1 2A (P2A) peptide. Additionally,
the baculovirus expressed three sgRNA under the human U6 (hU6)
promoter. Each of the sgRNA comprised distinct targeting (spacer)
sequences but identical dCas9 binding domain and two MS2 binding
aptamers for MPH recruitment. We chose to express an array of three
sgRNA to target the same gene because multiple sgRNA together with
dCas9-VP64 potentiates the gene activation effects.32,33 We envi-
sioned that baculovirus transduction would confer coexpression of
dCas9-VP64, MPH complex, and three sgRNA in the same cells, after
which, dCas9-VP64 associates with each sgRNA, binds to the specific
genomic DNA sequence, and recruits the MPH complex and RNA
polymerase (RNAP) to activate the gene expression (Figure 1). To
prolong the effect of gene activation, we adopted the hybrid Cre/
loxP-based baculovirus system and added two loxP sequences to flank
the entire CRISPRa cassette.



Figure 2. Construction and Validation of

Baculoviruses for Wnt10b and Foxc2 Activation

(A) Schematic of Bac-W10b, Bac-Foxc2, and Bac-Cre

vectors. Bac-W10b and Bac-Foxc2 harbored the

expression cassettes for dCas9-VP64, MPH, and three

sgRNAs to target the upstream of transcription start sites

ofWnt10b (�74,�95, and�394) and Foxc2 (�97,�162,

and �219). Bac-Cre expressed Cre recombinase under

the rat EF-1a promoter. (B)Wnt10b expression. (C) Foxc2

expression. Rat BMSCs were singly transduced with

Bac-W10b (MOI 200) or Bac-Foxc2 (MOI 200) or co-

transduced with Bac-W10b/Bac-Cre (MOI 200/100) or

Bac-Foxc2/Bac-Cre (MOI 200/100). The cells were

analyzed for Wnt10b and Foxc2 transcription by quanti-

tative real-time RT-PCR at 2, 5, 10, and 14 days post-

transduction. The expression levels in the transduced

cells were normalized to those in Mock-transduced cells

to yield the relative gene expression. The data represent

mean ± SD of three independent culture experiments.

Student’s t test was used to analyze statistical signifi-

cance.
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Construction and Validation of Baculoviruses for Wnt10b and

Foxc2 Activation

We constructed two baculoviruses (Figure 2A) expressing identical
dCas9-VP64 and MPH but distinct arrays of three sgRNAs targeting
different regions of endogenous Wnt10b (Bac-W10b) and Foxc2
(Bac-Foxc2). Spacer sequences on the sgRNA were designed using
an online tool with windows from z�400 to z�50 bp, relative to
the transcription start site of target genes (Figure 2A; Table S1).
Cotransduction of cells with the hybrid Bac-W10b (or Bac-Foxc2)
and Bac-Cre29 that expressed the Cre recombinase (Figure 2A) would
lead to the Cre-mediated excision of the CRISPRa system off the
hybrid baculovirus, recircularization, and formation of the DNA
minicircle (z10 kb) encompassing the CRISPRa system (Figure S1).

After vector construction, we mock transduced or transduced rat
BMSCs with different baculovirus combinations and analyzed the
gene expression by quantitative real-time reverse transcriptase PCR
(quantitative real-time RT-PCR) (Figures 2B and 2C). Compared
Molec
with theMock transduction control, single trans-
duction with Bac-W10b (Wnt group) and Bac-
Foxc2 (Foxc2 group) significantly activated the
expression of Wnt10b (z214.7-fold) and Foxc2
(z3.4-fold) at 2 days post-transduction (dpt).
Yet the magnitude of activation decreased with
time due to the rapid degradation of the large ba-
culovirus genome.21,29 In contrast, cotransduc-
tion with Bac-W10b/Bac-Cre (Wnt/Cre group)
and Bac-Foxc2/Bac-Cre (Foxc2/Cre group)
further substantiated the Wnt10b (z274.6-
fold) and Foxc2 (z10.7-fold) activation at 2
dpt. At 14 dpt, the Wnt10b (7.8-fold) and
Foxc2 (3.8-fold) in the Wnt/Cre and Foxc2/Cre
groups still significantly (p < 0.05) exceeded those in the Wnt and
Foxc2 groups. These data confirmed that the CRISPRa system deliv-
ered by the hybrid baculovirus effectively activated endogenous genes
in BMSCs for a prolonged period of time.

Wnt10b and Foxc2 Activation by Bac-CRISPRa Promoted

Osteogenesis and Inhibited Adipogenesis

To assess whether the activation of Wnt10b and Foxc2, alone or in
combination, could improve osteogenic differentiation and suppress
adipogenic differentiation, we cotransduced BMSCs using Bac-Cre
with Bac-W10b (Wnt/Cre group), Bac-Foxc2 (Foxc2/Cre group), or
Bac-W10b/Bac-Foxc2 (Wnt/Foxc2/Cre group). Cells were cultured
for 14 days in osteoinduction medium to induce osteogenesis or in
adipoinduction medium to trigger adipogenesis. Mock-transduced
cells were cultured similarly and served as a control.

After 14 days of osteoinduction, Alizarin red staining illustrated
evidently more matrix mineralization in the Wnt/Cre and Foxc2/Cre
ular Therapy Vol. 28 No 2 February 2020 443
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Figure 3. Wnt10b and Foxc2 Activation Promoted

Matrix Mineralization and Inhibited Oil

Accumulation

(A) Alizarin red staining. (B) Oil Red O staining. (C)

Quantification of Alizarin red staining. (D) Extracellular

calcium deposition. (E) Quantification of Oil Red O stain-

ing. BMSCs were cotransduced with Bac-W10b/Bac-Cre

(Wnt/Cre group) or Bac-Foxc2/ Bac-Cre (Foxc2/Cre

group) at MOI 200/100. BMSCs were also transduced

with Bac-W10b/Bac-Foxc2/Bac-Cre (Wnt/Foxc2/Cre

group) at MOI 200/200/100. Cells were cultured for

14 days in osteoinductionmedium to induce osteogenesis

or in adipoinduction medium to trigger adipogenesis.

Mock-transduced cells were cultured similarly and served

as a control. At 14 dpt, the osteoinduced cells were

stained with Alizarin red while the adipoinduced cells were

stained with Oil Red O, followed by quantitative analysis.

Alternatively, the osteoinduced cells were subject to a

calcium deposition assay. The data represent mean ± SD

of three independent culture experiments. Student’s t test

was used to analyze statistical significance.
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groups than in the Mock group (Figure 3A). After 14 days of adipoin-
duction, conversely,Oil RedO staining showed less oil-droplet accumu-
lation in the Wnt/Cre and Foxc2/Cre groups than in the Mock group
(Figure 3B).Quantificationofmatrix stainedbyAlizarin red (Figure 3C)
and another calcium deposition assay (Figure 3D) further confirmed
that the Wnt/Cre and Foxc2/Cre groups improved the mineralization.
Likewise, quantification of oil droplet stained by Oil Red O attested
that Wnt/Cre and Foxc2/Cre groups attenuated the oil-droplet forma-
tion (Figure 3E). Importantly, the qualitative (Figures 3A and 3B) and
quantitative (Figures 3C–3E) analyses demonstrated that the Wnt/
Foxc2/Cre group exhibited more potent matrix mineralization and
444 Molecular Therapy Vol. 28 No 2 February 2020
less oil accumulation than the Wnt/Cre and
Foxc2/Cre groups. These data altogether showed
that the activation of endogenous Wnt10b or
Foxc2 alone was sufficient to enhance osteogene-
sis and suppress adipogenesis in BMSCs, whereas
coactivating Wnt10b and Foxc2 additively
augmented the effects. Therefore, in subsequent
experiments, we only compared the Wnt/Foxc2/
Cre and Mock groups.

To gain more insights into the osteogenic differ-
entiation, we repeated the osteoinduction
experiments as in Figure 3A and analyzed the
expression of various osteogenic markers by
quantitative real-time RT-PCR: Runx2 (Runx2
runt-related transcription factor 2), Opn (osteo-
pontin), Ocn (osteocalcin), and Osx (osterix).
Figures 4A–4D depict that the Wnt/Foxc2/Cre
group significantly (p < 0.05) upregulated the
expression of all of these osteogenic marker
genes. Likewise, we repeated the adipoinduction
experiments as in Figure 3B and analyzed the expression of three
adipogenic marker genes: Pparg (peroxisome proliferator-activated
receptor g), C/ebp-a (CCAAT/enhancer binding protein a), and
Fabp4 (fatty acid-binding protein 4) by quantitative real-time RT-
PCR. Figures 4E–4G show that theWnt/Foxc2/Cre group significantly
(p < 0.05) attenuated the expression of all of these adipogenic genes.

CRISPRa Coactivation of Wnt10b and Foxc2 Improved Calvarial

Bone Healing

Figures 3 and 4 collectively demonstrate that CRISPRa-mediated
coactivation of Wnt10b and Foxc2 in BMSCs augmented



Figure 4. Upregulation of Osteogenic Genes and

Downregulation of Adipogenic Genes by Wnt10b

and Foxc2 Activation

(A) Runx2. (B) Opn. (C) Ocn. (D) Osx. (E) Pparg. (F)

C/ebp-a. (G) Fabp4. The rat BMSCs were transduced

and cultured as in Figure 3. The gene-expression levels

were analyzed by quantitative real-time RT-PCR at days 5

(Pparg, C/ebp-a, Fabp4, and Runx2), 10 (Opn), or 14

(Ocn and Osx) and normalized to those of the mock-

transduced BMSCs at the same day. The data represent

mean ± SD of three independent culture experiments.

Student’s t test was used to analyze statistical signifi-

cance.
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osteogenesis/mineralization and repressed adipogenesis in vitro. To
demonstrate the in vivo healing, we transduced rat BMSCs with
Bac-W10b/Bac-Foxc2/Bac-Cre (Wnt/Foxc2/Cre group), seeded the
cells to gelatin scaffold, and implanted the cell/scaffold constructs
to critical-size calvarial bone defects (6 mm in diameter) in rats
(n = 7). As a control, mock-transduced BMSCs were seeded to
scaffolds and implanted in the same manner (n = 5).

The top (Figures 5A–5D) and sagittal (Figures 5E–5H) views of mi-
cro-computed tomography (mCT) imaging illustrated that the
Mock group barely triggered bone formation, even at week 8 (Figures
5C and 5G), indicating that BMSCs in gelatin scaffold were insuffi-
cient to heal such large calvarial bone defects. Conversely, the Wnt/
Foxc2/Cre group elicited evident bone formation at the peripheral
of the defect at week 4 (Figure 5B). The bone growth continued
with enlarged bone area (Figure 5D) and apparent bone bridging (Fig-
ure 5H) at week 8. Quantitative analyses using the mCT images re-
vealed only marginal increases in the bone area, bone volume, and
bone density with time in the Mock group (Figures 5I–5K). In
contrast, the bone area, volume, and density increased sharply with
time in the Wnt/Foxc2/Cre group, filling 36.5% of the original defect
area (Figure 5I) andz40.6% of the original defect volume (Figure 5J)
at week 8, with the corresponding bone density (Figure 5K) reaching
z29.6% that of the original defect.

After mCT imaging at week 8, calvarial bone specimens were
harvested for histochemical and immunohistochemical staining. As
illustrated by H&E staining (Figure 6A), the Mock group was mostly
Molec
filled with disordered fibrous tissues, whereas
the Wnt/Foxc2/Cre group was filled with abun-
dant ordered and organized bone matrix. OPN
and bone sialoprotein (BSP) are markers of
osteoblasts and osteocytes, respectively.34

Immunohistochemical staining demonstrated
ample deposition of OPN (Figure 6B) and BSP
(Figure 6C) in the Wnt/Foxc2/Cre groups but
not in the Mock group.

Bone remodeling is critical for successful bone
repair in the long term and requires the osteo-
clast activity; thus, we also performed histochemical staining for
tartrate-resistant acid phosphatase (TRAP), which is active in osteo-
clasts and is a marker of bone remodeling.35 Figure 6D illustrates
much denser TRAP staining in the Wnt/Foxc2/Cre groups than in
the Mock group. Quantitative analysis of the staining results
confirmed that the Wnt/Foxc2/Cre group conferred more abundant
accumulation of OPN and BSP (Figure 6E) and more TRAP+

osteoclasts (Figure 6F) than the Mock group. Figures 5 and 6 attest
that coactivation of Wnt10b and Foxc2 in BMSCs improved the
bone formation and remodeling processes.

DISCUSSION
Since its advent, CRISPRa has been exploited for such applications as
interrogation of gene regulatory networks,36,37 genetic screening,16,38–
40 engineering of signaling pathways,41 and cell-fate manipula-
tion.32,42 Despite the promise of CRISPRa in fundamental research
in vitro, the potentials of CRISPRa for in vivo healing or regeneration
of tissues remain poorly explored. One recent study harnessed
CRISPRa to activate genes in vivo to promote the wound healing of
corneal endothelial injury.43 Other studies employed CRISPRa to
ameliorate the muscular dystrophy symptoms in mice44 or to stimu-
late the regeneration of injured sciatic nerves in rat models.45 More
recently, we developed a CRISPRai system that enables simultaneous
activation of Sox9 and repression of Pparg in BMSCs, so as to
promote bone healing after implantation of the engineered BMSCs.46

Here, we developed a Bac-CRISPRa vector that exploits the Cre/loxP-
based hybrid baculovirus for the delivery of SAM-based CRISPRa
ular Therapy Vol. 28 No 2 February 2020 445
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Figure 5. Calvarial Bone Healing Evaluated by mCT

(A–D) Top views of regenerated bones at weeks 4 and 8.

(A) Mock, week 4. (B) Wnt/Foxc2/Cre, week 4. (C) Mock,

week 8. (D) Wnt/Foxc2/Cre, week 8. (E–H) Sagittal views

of regenerated bones at weeks 4 and 8. (E) Mock, week 4.

(F) Wnt/Foxc2/Cre, week 4. (G) Mock, week 8. (H) Wnt/

Foxc2/Cre, week 8. (I) Bone area. (J) Bone volume. (K)

Bone density. BMSCs were mock transduced (Mock

group, n = 5) or cotransduced with Bac-W10b/Bac-

Foxc2/Bac-Cre (Wnt10b/Foxc2/Cre group, n = 7),

seeded to gelatin scaffolds, and implanted into the cal-

varial bone defect (6 mm in diameter). The mCT images

were captured at weeks 4 and 8 and analyzed for bone

area, volume, and density. Two-way ANOVA was used to

analyze statistical significance.
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into rat BMSCs to activate Wnt10b and Foxc2 (Figures 1 and 2A).
Among the several CRISPRa systems, we chose the SAM-based
CRISPRa system because it enables more robust gene activation
than other CRISPRa systems.17,47 The hybrid Bac-CRISPRa system
enabled efficient baculovirus-mediated gene delivery and formation
of the minicircle that encompassed the CRISPRa system for gene acti-
vation (Figure S1). The resultant DNA minicircle (z10 kb) was
smaller than the baculoviral genome (z134 kb) and was devoid of
bacterial components,30 thus avoiding intracellular nuclease attack
and allowing for prolonged existence and gene expression within
the cells.7,27 With the same CRISPRa module (dCas9 and MPH)
but different sgRNA combinations, the hybrid Bac-CRISPRa system
robustly activated Wnt10b and Foxc2 for at least 14 days, albeit to
varying degrees (274.6-fold versus 10.7-fold; Figures 2B and 2C).
The sgRNA was designed following the same rules (targeting the
template strand upstream of the transcriptional star site);38,48 thus,
the differential activation magnitude probably stemmed from the
discrepancy in the basal expression level and local chromatin
structure in Wnt10b and Foxc2.
446 Molecular Therapy Vol. 28 No 2 February 2020
Despite the lower magnitude of activation,
Foxc2 activation (Foxc2/Cre group; Figure 3)
promoted matrix mineralization and inhibited
oil-droplet accumulation in BMSCs as effec-
tively as Wnt10b activation (Wnt/Cre group;
Figure 3). WNT10B is known to trigger canon-
ical Wnt/b-catenin signaling, which leads to
stabilization and nuclear transport of the tran-
scription factor b-catenin.6 The activated
Wnt/b-catenin pathway promotes osteogenic
differentiation and represses adipogenic differ-
entiation by activating master osteogenic tran-
scription factor RUNX2 and inhibiting the adi-
pogenic master regulatory genes C/EBP-a and
PPARg.49 Conversely, FOXC2 provokes the
noncanonical Wnt signaling pathway through
a mechanism independent of b-catenin.
FOXC2 activates Wnt4,50,51 which is a Wnt
ligand that promotes osteogenic differentiation
of BMSCs by activating the p38 mitogen-activated protein kinase
(MAPK) pathway52 and triggers bone formation by inhibiting nuclear
factor-kB.53 Moreover, FOXC2 activates the expression of osteoin-
ductive growth factor bone morphogenetic protein (BMP)-450 and
blocks adipogenic differentiation.54 FOXC2 also promotes the secre-
tion of stromal cell-derived factor 1 (SDF-1) and activates the chemo-
kine receptor 4 (CXCR4).55 SDF-1 can bind to CXCR4 and initiate
extracellular signal-regulated kinase 1/2 (ERK1/2) pathways, thus
enhancing the levels of Runx2 by preventing Runx2 degradation.31

These b-catenin-independent, noncanonical mechanisms induced
by Foxc2might collectively contribute to BMSC osteogenesis as effec-
tively as the canonical Wnt pathway induced byWnt10b (Figure S2).

When both Wnt10b and Foxc2 were coactivated (Wnt/Foxc2/Cre
group), the canonical and noncanonical Wnt pathways converged
to enhance further the osteogenic differentiation and inhibited
adipogenic differentiation of BMSCs in vitro (Figures 3 and 4).
Consequently, implantation of the BMSCs into the critical-sized cal-
varial bone defects significantly improved the bone formation and



Figure 6. Histological and Immunohistochemical

Staining Evaluated

(A) H&E staining. (B) Osteopontin (OPN) staining. (C) Bone

sialoprotein (BSP) staining. (D) TRAP staining. (E) Statis-

tical analysis of staining results (pixels count/field). The

rats were sacrificed at 8 weeks postimplantation, and the

calvarial bones were removed and sectioned for histo-

logical or immunohistochemical staining. (F) Statistical

analysis of number of TRAP+ osteoclasts. Red arrow-

heads indicate OPN; black arrowheads indicate BSP.

Open arrowheads indicate TRAP. F, fibrous tissue; B,

bone tissue. For quantitative analysis, five fields from each

section were analyzed using ImageJ software.

Representative images of five animals are shown and the

data represent the mean ± SD. Student’s t test was used

to analyze statistical significance.
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bone remodeling in vivo (Figures 5 and 6). In addition to promoting
osteogenesis, Foxc2 also induces the vascular endothelial growth fac-
tor (VEGF) expression and stimulates new blood-vessel formation,56

which might contribute to the potent calvarial bone healing in the
Wnt/Foxc2/Cre group (Figure S2). It should be noted, however,
that Foxc2 plays pleiotropic roles in cell proliferation and may be
involved in cancer progression.55 Therefore, caution should be used
when choosing Foxc2 as the activation target. Fortunately, baculovi-
rus genome and the episomal DNA minicircle were degraded with
time;29,57 thus, the Bac-CRISPRa system only temporarily activated
Wnt10b and Foxc2 (Figure 2), which reduced the potential risk.

Recent decades have witnessed themarriage of gene therapy and regen-
erative medicine, wherein exogenous genes encoding growth factors or
transcription factors are delivered into stem cells and implanted into
Molec
the damaged tissue to stimulate regeneration.4,58

Albeit effective and promising, intricate and reg-
ulatable gene expression is desirable, yet to date,
the exogenous gene is often driven by a constitu-
tive promoter, and the expression level is difficult
to control. In contrast to the conventional cell-
based gene-therapy approach, the Bac-CRISPRa
system enables facile and tunable control of
gene-activation level by altering the baculovirus
dose and by changing the sgRNA design. The
number of sgRNAs in the sgRNA array and the
spacer sequences can be varied to target distinct
sites in a given genomic locus to recruit
activators differentially, so as to fine tune the
expression level.59,60

Furthermore, the Bac-CRISPRa system is
programmable and capable of activating multi-
ple target genes if several sgRNAs are accommo-
dated in the 134-kb baculovirus genome.45

BesidesWnt10b and Foxc2, other growth factors,
such as BMP-2; VEGF; Wnt ligands, such as
Wnt3a6 and Wnt661; as well as transcription factors, such as RUNX2
and msh homeobox homolog 2 (Msx2),62 are known to promote
bone healing. FOXC2 is also shown to cooperate with BMP-28 or
long noncoding RNA H1951 to promote synergistically bone matrix
mineralization by stem cells. The Bac-CRISPRa system may be de-
signed to coactivate a combinatory library of these factors, which could
further optimize calvarial bone healing and enable identification of the
combination of factors contributing to the optimal regeneration.

In summary, we developed the Bac-CRISPRa system to activate the
two genes (Wnt10b and Foxc2) governing both canonical and nonca-
nonical Wnt pathways, as well as complementary pathways. The
robust and prolonged coactivation of Wnt10b and Foxc2 in BMSCs
potentiated osteogenesis and repressed adipogenesis in vitro, thereby
substantiating the calvarial bone healing in vivo.
ular Therapy Vol. 28 No 2 February 2020 447
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MATERIALS AND METHODS
Isolation and Culture of BMSCs

All procedures involving animal experiments were approved by the
Institutional Animal Care and Use Committee of National Tsing Hua
University and performed in compliance with the Guide for the Care
and Use of Laboratory Animals (Ministry of Science and Technology,
Taiwan). BMSCswere isolated from the tibial and femoral bonemarrow
of 4-week-old Sprague-Dawley rats (Lesco Biotech, Taiwan), as
described earlier31 and in the Supplemental Methods. BMSCs of
passages 3–5 were used for subsequent experiments.

Construction and Preparation of Baculovirus Vectors

The baculovirus vectors were constructed using pBac-LEW31 as the
starting backbone, which contained two loxP sites flanking a cyto-
megalovirus (CMV) enhancer/rat EF-1a promoter, multiple cloning
site (MCS), and woodchuck hepatitis post-transcriptional response
element (WPRE). The Streptococcus pyogenes dCas9 gene was PCR
amplified from pcDNA-dCas9-p300 Core (Addgene #6135763) with
a 50 and 30 flanking NLS. The resultant NLS-dCas9-NLS fragment
was subcloned into the MCS of pBac-LEW, downstream of the
CMV enhancer/rat EF-1a promoter, to generate pBac-dCas9. The
activation domain of transcription activator VP64 was PCR amplified
from pHAGE EF-1a dCas9-VP64 (Addgene #5091833) and inserted
downstream of the NLS-dCas9-NLS sequence in pBac-dCas9 to yield
pBac-dCas9_VP64. The MCP-p65-HSF1 (MPH) fusion gene was
PCR amplified from pMS2-P65-HSF1_GFP (Addgene #6142315)
with a P2A sequence at the 50 end. The P2A-MPH gene fragment
was subcloned into pBac-dCas9_VP64, downstream of dCas9-
VP64, to generate pBac-dCas9_VP64_MPH.

The sgRNA cassette, including the hU6 promoter, a spacer insertion
linker, and the sgRNA scaffold with twoMS2 coat protein (MCP) recog-
nition aptamer sequences, was PCR amplified from the sgRNA (MS2)
cloning backbone (Addgene #6142415). The spacer sequences targeting
Wnt10b and Foxc2 were designed using a guide RNA design tool
CRISPR-ERA (http://crispr-era.stanford.edu/). The 20-nt spacer
sequences with the highest targeting specificity scores (from �400 to
�50 relative to the transcription start site [Table S1])were chosen, chem-
ically synthesized, annealed, and inserted into BbsI-digested pTA-
sgRNA. The resultant sgRNA sequences were subcloned into another
MCS inpBac-dCas9_VP64_MPH to yield pBac-Wnt10b or pBac-Foxc2.

pBac-Wnt10b and pBac-Foxc2 were used to generate baculovirus vec-
tors Bac-Wnt10b and Bac-Foxc2, respectively, using the Bac-To-Bac
system (Thermo Fisher Scientific). The baculovirus Bac-Cre that
expressed Cre recombinase under the rat EF-1a promoter was
constructed previously.29 Baculovirus vectors were amplified by
infecting insect cell Sf-9. The virus supernatant was harvested at
4 days postinfection by centrifugation, and virus titers were
determined by the end-point dilution method.30

Baculovirus Transduction, Osteoinduction, and Adipoinduction

Baculovirus transduction of rat BMSCs was performed as described.30

Briefly, rat BMSCs were seeded to 6-well plates (2� 105 cells/well) for
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in vitro experiments or 15-cm dish (2.5 � 106 cells/dish) for animal
experiments. Cells were cultured overnight in a-minimal essential
medium (a-MEM) containing 10% fetal bovine serum (FBS), 100
IU/ml penicillin, and 100 IU/ml streptomycin. In parallel, the
baculovirus supernatant was diluted with fresh Grace’s medium
(Sigma) for which the volume depended on the MOI and baculovirus
titer. The diluted virus was further mixed with NaHCO3-free a-MEM
at a volumetric ratio of 1:4.64 For mock transduction, virus-free
Grace’s medium was mixed with NaHCO3-free a-MEM at a volu-
metric ratio of 1:4.

To initiate virus transduction, rat BMSCs were washed twice with PBS
(pH 7.4), added with the corresponding virus solution (0.5 mL/well for
6-well plates and 7.5 m/dish for 15-cm dishes) at the desired MOI, and
gently shaken on a rocking plate at room temperature for 6 h. After
transduction, the virus solution was replaced with osteoinduction
medium (a-MEM containing 10% FBS, 100 IU/ml penicillin,
100 IU/ml streptomycin, 0.1 mM dexamethasone, 10 mM b-glycerol
phosphate, and 50 mM ascorbic acid 2-phosphate) containing 3 mM
sodium butyrate,23 and cells continued to be cultured at 37�C.

After 24 h, the cells were harvested for animal experiments. Alterna-
tively, transduced cells continued to be cultured by replacing the me-
dium with fresh osteoinduction medium (for gene-activation analysis
or osteoinduction). The mediumwas replenished every 2–3 days until
analysis. Conversely, to induce adipogenic differentiation, the
medium was replaced in the same manner but with adipoinduction
medium prepared using adipocyte differentiation basal medium
and adipogenesis supplement (StemPro Adipogenesis Differentiation
Kit; Gibco).

Quantitative Real-Time RT-PCR

Total RNA was isolated from the cells using the Quick-RNA
Miniprep kit (Zymo Research) and reverse transcribed to cDNA
using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). The cDNA was subjected to quantitative real-time
PCR (StepOnePlus Real-Time PCR Systems; Applied Biosystems)
using primers specific to Wnt10b, Foxc2, Runx2, Opn, Ocn, Osx,
Pparg, C/ebp-a, and Fabp4 (Table S2). The gene-expression levels
in the transduced cells were normalized againstGapdh and referenced
to that of the mock-transduced BMSCs.

BoneMatrixMineralization, CalciumDeposition, andOil-Droplet

Accumulation

Bone matrix mineralization and calcium deposition are important
signs of osteogenic differentiation.65 After culturing rat BMSCs in
osteoinduction medium for 14 days, the matrix mineralization was
stained by Alizarin Red S (A5533; Sigma-Aldrich), followed by
quantitative analysis. The calcium deposition was measured using
the Calcium Liquicolor Complete Test kit (Human). Alternatively,
the cells were cultured in adipoinduction medium for 14 days, and
oil-droplet formation was stained by Oil Red O, followed by
quantitative analysis. All of these procedures are described in detail
in Supplemental Methods.

http://crispr-era.stanford.edu/
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Fabrication of rBMSCs/Scaffold Constructs and Surgical

Procedures

To fabricate the rBMSCs/scaffold constructs for in vivo bone healing,
the Spongostan gelatin sponge (porosity z97%, cat. #MS0003; Ethi-
con) was cut into disks (diameterz6 mm) and submerged in PBS for
30 min. The mock-transduced and transduced rBMSCs were
trypsinized from 15-cm dishes at 1 dpt, resuspended in a-MEM,
seeded onto the gelatin scaffold (5 � 106 cells/scaffold), and allowed
to adhere for 4 h. The rBMSCs/scaffold constructs were cultured with
osteoinduction medium containing 3 mM sodium butyrate for 24 h.

In parallel, 6-week-old female Sprague-Dawley rats were anesthetized
by intramuscular injection of Zoletil 50 (25 mg/kg body weight;
Virbac Animal Health) and 2% Rompun (0.15 mL/kg body weight;
Bayer Health Care), followed by intramuscular injection of the anti-
biotic cefazolin (160 mg/kg body weight). A midline sagittal incision
(2 cm) on the scalp was made to expose the parietal bone, and the peri-
craniumwas removed carefully by blunt scraping. A critical-size (6mm
in diameter) defect in the middle of the parietal bone was created using
a disposable biopsy punch (Integra Miltex) without disturbing the
underlying dura mater. Damage to the dura mater could lead to poor
regeneration. To minimize damage to the skull and adjacent blood
vessels, sterile saline solution was sprayed to the skull to reduce the
temperature upon creating the defects by drilling. The constructs
were implanted onto the defect and gently pressed, followed by sutur-
ing with a 4-0 absorbable stitch (Polysorb; Coviden). The animals
received a second intramuscular injection of cefazolin and a topical
administration of neomycin and bacitracin zinc at the surgery site.

mCT Imaging Analysis

The calvarial bone regeneration was evaluated using Nano SPECT/
CT (Cold Spring Harbor) at the tube voltage of 100 kV and 16 mm
resolution. The 3-dimensional images of calvarial bone regeneration
were reconstructed using Amira software (Visualization Science
Group). The regenerating bone area (square millimeter), bone vol-
ume (cubic millimeter), and bone density (average Hounsfield Unit
[HU]) were evaluated using PMOD software (PMOD Technologies)
within a chosen disk-shaped volume of interest (VOI; 6 mm in diam-
eter and 1 mm in height) that matched the original defect. The data
were normalized to the original defect area (28.3 mm2), volume
(28.3 mm3), and density (z4,600 HU) to yield the percentage of
bone regeneration.

Histological and Immunohistochemical Staining

After mCT scanning, the calvarial bone specimens were removed and
immersed in Osteosoft (Merck) for 15–20 days for complete decalci-
fication and dehydrated in a series of graded concentration of ethanol
from 70% to 100%. Details for subsequent H&E staining, histochemi-
cal staining of TRAP, immunohistochemical staining of OPN, and
BSP are described in Supplemental Methods.

Statistical Analysis

All quantitative data were analyzed using two-way ANOVA or
Student’s t test using a two-tailed distribution. The in vitro data
represent the mean ± SD of at least three independent experiments.
p < 0.05 was considered significant.
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