
Published online 18 April 2019 Nucleic Acids Research, 2019, Vol. 47, No. 13 e74
doi: 10.1093/nar/gkz267

CRISPRai for simultaneous gene activation and
inhibition to promote stem cell chondrogenesis and
calvarial bone regeneration
Vu Anh Truong1, Mu-Nung Hsu1, Nuong Thi Kieu Nguyen1, Mei-Wei Lin1,2, Chih-Che Shen1,
Chin-Yu Lin3 and Yu-Chen Hu 1,4,*

1Department of Chemical Engineering, National Tsing Hua University, Hsinchu 300, Taiwan, 2Biomedical Technology
and Device Research Laboratories, Industrial Technology Research Institute, Hsinchu 300, Taiwan, 3Institute of New
Drug Development, China Medical University, Taichung 404, Taiwan and 4Frontier Research Center on Fundamental
and Applied Sciences of Matters, National Tsing Hua University, Hsinchu 300, Taiwan

Received February 08, 2019; Revised March 28, 2019; Editorial Decision March 29, 2019; Accepted April 04, 2019

ABSTRACT

Calvarial bone healing remains difficult but may
be improved by stimulating chondrogenesis of im-
planted stem cells. To simultaneously promote
chondrogenesis and repress adipogenesis of stem
cells, we built a CRISPRai system that com-
prised inactive Cas9 (dCas9), two fusion proteins
as activation/repression complexes and two sin-
gle guide RNA (sgRNA) as scaffolds for recruiting
activator (sgRNAa) or inhibitor (sgRNAi). By plas-
mid transfection and co-expression in CHO cells,
we validated that dCas9 coordinated with sgRNAa
to recruit the activator for mCherry activation and
also orchestrated with sgRNAi to recruit the repres-
sor for d2EGFP inhibition, without cross interfer-
ence. After changing the sgRNA sequence to tar-
get endogenous Sox9/PPAR-γ , we packaged the en-
tire CRISPRai system into an all-in-one baculovirus
for efficient delivery into rat bone marrow-derived
mesenchymal stem cells (rBMSC) and verified si-
multaneous Sox9 activation and PPAR-γ repres-
sion. The activation/inhibition effects were further
enhanced/prolonged by using the Cre/loxP-based
hybrid baculovirus. The CRISPRai system delivered
by the hybrid baculovirus stimulated chondrogene-
sis and repressed adipogenesis of rBMSC in 2D cul-
ture and promoted the formation of engineered car-
tilage in 3D culture. Importantly, implantation of the
rBMSC engineered by the CRISPRai improved cal-
varial bone healing. This study paves a new avenue
to translate the CRISPRai technology to regenerative
medicine.

INTRODUCTION

Calvarial bone healing proceeds through intramembranous
ossification whereby bone develops directly from mesenchy-
mal progenitors (1), but successful healing of large calvarial
bone defects is difficult (2). Although gene therapy in com-
bination with cell therapy utilizing bone marrow-derived
mesenchymal stem cells (BMSC) or adipose-derived stem
cells (ASC) hold promise (1), satisfactory calvarial bone
healing remains challenging. In contrast, complete healing
of long bone (e.g. femora) appears to be easier (3), which
proceeds through a distinct endochondral ossification path-
way that involves chondrogenic differentiation of mesenchy-
mal progenitors and formation of a cartilage template. We
previously demonstrated that stimulating chondrogenic dif-
ferentiation of ASC can switch the differentiation pathway
from intramembranous to endochondral ossification and
improve calvarial bone healing in vivo (4). However, BMSC
and ASC may differentiate towards adipogenic, chondro-
genic or osteogenic lineages. Intricate control of differentia-
tion favorably towards chondrogenic, instead of adipogenic,
pathway may be desired for calvarial bone healing. Since
Sox9 and PPAR-γ are master transcription factors gov-
erning chondrogenesis and adipogenesis, respectively, and
PPAR-γ inhibits Sox9 (5), simultaneous Sox9 activation
and PPAR-γ inhibition in BMSC or ASC may promote cal-
varial bone healing.

CRISPR is a powerful RNA-guided genome editing tool
that involves ectopic expression of Cas9 nuclease and a
chimeric single guide RNA (sgRNA) comprising the spacer
sequence to recognize the DNA target and the scaffold mo-
tif for Cas9 binding (6,7). This system was repurposed for
CRISPR interference (CRISPRi) by using a catalytically
inactive Cas9 (dCas9), which orchestrates with sgRNA to
sterically block the transcription of target genes (8). The
repression efficiency was enhanced by fusing dCas9 with
transcription repressors such as KRAB (9). In addition,
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CRISPR activation (CRISPRa) was developed to stimulate
target gene expression, by fusing dCas9 with transcription
activators such as VP64 (9). The magnitude of stimulation
was further enhanced by fusing dCas9 with a tandem array
of peptides (10), epigenome modifier (11) or with a tripartite
activator VPR (12). Alternatively, Zhang et al. (13) devel-
oped a synergistic activation mediator (SAM) system that
comprises (i) dCas9-VP64, (ii) engineered sgRNA contain-
ing two copies of MS2 RNA hairpin that interacts with MS2
coat protein (MCP), and (iii) MPH fusion protein compris-
ing MCP, p65 and heat shock factor 1 (HSF1) as the activa-
tion complex. After co-expression in the same cell, dCas9-
VP64, sgRNA and MPH associate together to activate en-
dogenous genes more potently than dCas9-VP64 alone.

Meanwhile, Qi and colleagues turned sgRNA into a scaf-
fold by extending the sgRNA sequence with RNA aptamers
to recruit orthogonal RNA binding proteins such as MCP
and Com (14). MCP was fused with VP64 (MCP-VP64)
to serve as the activation complex while Com was fused
with KRAB (Com-KRAB) to serve as the repression com-
plex. By expressing dCas9, MCP-VP64 and Com-KRAB as
well as scaffold RNA to recruit MCP and Com, this ap-
proach enabled simultaneous gene activation and inhibition
in yeast and HEK293 cells (14).

CRISPRi and CRISPRa have been exploited for diverse
applications including genome-scale genetic screen (10,15–
17), disease modeling (18), genetic interaction mapping
(19), cell signaling engineering (20) and cell fate regulation
(21–23). However, both CRISPRi and CRISPRa have yet to
be harnessed for tissue regeneration in animal studies. Nei-
ther has the system simultaneously activating/repressing
genes (14) been used for tissue engineering.

Since calvarial bone healing can be improved by stimu-
lating stem cell chondrogenesis (4), we aimed to simulta-
neously activate Sox9 and inhibit PPAR-γ in BMSC, in
attempts to activate chondrogenesis and repress adipoge-
nesis, and hence favorably direct the differentiation path-
way towards chondrogenesis. To this end, we developed
a CRISPRai system that consists of dCas9, MPH, Com-
KRAB, activating sgRNA (sgRNAa) that binds dCas9
and recruits MPH for activation, as well as inhibiting
sgRNA (sgRNAi) that binds dCas9 and recruits Com-
KRAB for inhibition. We showed that the CRISPRai sys-
tem was able to simultaneously activate and repress re-
porter and endogenous genes. The entire CRISPRai sys-
tem was packaged into an all-in-one baculovirus and ef-
ficiently delivered into BMSC for concurrent Sox9 activa-
tion and PPAR-γ inhibition. The CRISPRai system stim-
ulated chondrogenesis while repressing adipogenesis in 2D
culture, and promoted formation of engineered cartilage in
3D culture. Importantly, implantation of the CRISPRai-
engineered BMSC augmented the healing of calvarial bone
defects. The CRISPRai technology holds promise for trans-
lation to regenerative medicine and may be adapted to di-
verse applications.

MATERIALS AND METHODS

Stem cells isolation and cell culture

Six-weeks-old SD rats (≈151–175 g, Lesco Biotech, Tai-
wan) were euthanized by CO2 inhalation. rBMSC (24) and

rASC (25) were isolated from bone marrow and subcuta-
neous fat pad, respectively, as described and cultured in �-
MEM (Gibco) supplemented with 10% fetal bovine serum
(FBS, Hyclone), 100 IU/ml penicillin, 100 IU/streptomycin
and 4 ng/ml fibroblast growth factor basic (FGF, Pepro-
tech). Cells of passage 3–5 were used for subsequent exper-
iments. CHO DUXB11 cells were cultured in DMEM/F12
medium (Gibco) supplemented with 10% FBS, 100 IU/ml
penicillin, 100 IU/ml streptomycin and 100× HT supple-
ment (Gibco).

For chondroinduction, the culture medium was changed
to chondroinductive medium (DMEM high glucose con-
taining 1% FBS, 100 IU/ml penicillin, 100 IU/ml strep-
tomycin, 350 × 10−3 M L-proline, 10−6 M L-ascorbate-2-
phosphate, 10−7 M dexamethasone, ITS+1, 10 ng/ml trans-
forming growth factor-�1 (TGF-�1, PeproTech). To aug-
ment adipogenesis, the cells were cultured in adipoinduc-
tive medium (StemPro Adipogenesis Differentiation Kit,
Gibco).

Construction of plasmids

Construction of the reporter plasmid pmC-d2E is described
in Supporting Info. To construct the plasmid pCRISPRai,
we first replaced the KRAB-P2A-Zeocin fragment in
pCMV-dCas9-KRAB-P2A-Zeocin (26) with two chemi-
cally synthesized porcine teschovirus-1 2A (P2A) sequences
to yield pCMV-dCas9-P2A-P2A. Com-KRAB (CK) frag-
ment and WPRE-SV40 terminator-loxP (WAL) fragment
were PCR-amplified from pJZC78 (Addgene #62339 (14))
and pBacLEBW (25), respectively, and inserted into
pCMV-dCas9-P2A-P2A downstream of the second P2A
to generate pCMV-dCas9-P2A-P2A-CK-WAL. The gene
fragment encoding MCP-p65-HSF1 (MPH) was PCR-
amplified from pMS2-P65-HSF1 GFP (Addgene #61423
(13)) and inserted into pCMV-dCas9-P2A-P2A-CK-WAL
downstream of the first P2A, yielding pCMV-dCas9-MPH-
CK-WAL. The sequence encoding loxP-CMV enhancer-rat
EF-1� (rEF-1�) promoter was PCR-amplified from pBa-
cLEBW and inserted into pCMV-dCas9-MPH-CK-WAL
to replace CMV promoter. As a result, the CRISPRai mod-
ule (dCas9, MPH and CK) was driven by the rEF-1� pro-
moter and flanked by loxP sites. The resultant plasmid was
designated pCRISPRai.

To construct psgRNAa, we PCR-amplified from ps-
gRNA(MS2) (Addgene #61424 (13)) a complete gene cas-
sette comprising human U6 (hU6) promoter, spacer inser-
tion linker and the sgRNA scaffold with two copies of MS2
binding aptamers inserted at the tetraloop and stem loop 2.
The entire cassette was cloned into TA vector to contain an
XbaI site upstream and NheI-XhoI sites downstream of the
cassette for subsequent assembly of multiple sgRNAs. To
construct psgRNAi, the hU6 promoter and spacer insertion
linker were PCR-amplified from psgRNA(MS2), and the
sgRNA scaffold containing Com hairpin at the 3′ end was
PCR-amplified from pJZC78. These two amplicons were
fused together by overlap PCR and cloned into TA vector,
yielding psgRNAi.

Spacer sequences on sgRNAa/sgRNAi were designed us-
ing online tool (www.benchling.com), with windows from
−400 to −50 (for activation) and from −50 to +300 (for
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repression) relative to the transcription start site of target
genes (10). The 20-nt spacer sequences with the highest tar-
geting efficiency and specificity scores were chosen (Supple-
mentary Table S1), chemically synthesized and inserted into
the spacer insertion linker in psgRNAa or psgRNAi.

Preparation of baculoviruses

To prepare the donor plasmids for baculovirus construc-
tion, the gene fragment encoding the entire loxP-flanking
CRISPRai module was subcloned from pCRISPRai to
the baculovirus donor plasmid pFastBac™ Dual (Thermo)
to yield pBac-CRISPRai. Next we designed four different
spacer sequences targeting Sox9 and four different spacer
sequences targeting PPAR-γ (PPAR-� has two isoforms:
PPAR-�1 and -�2; thus we designed two spacers to tar-
get PPAR-γ 1 and another two spacers to target PPAR-γ 2).
The four Sox9-targeting spacers were separately cloned into
psgRNAa, and the four Sox9-targeting sgRNAa were as-
sembled as a sgRNAa array in a single plasmid by Bio-
Brick assembly. The resultant sgRNAa array was cloned
into pBac-CRISPRai to yield pBac-aS. Similarly, the four
PPAR-γ -targeting spacers were separately cloned into ps-
gRNAi and the resultant sgRNAi were assembled as a sgR-
NAi array in a single plasmid by BioBrick assembly. The re-
sultant sgRNAi array was cloned into pBac-CRISPRai to
yield pBac-iP. Likewise, the sgRNAa and sgRNAi arrays
were assembled into a sgRNAai array (consisting of four
Sox9-targeting sgRNAa and four PPAR-γ -targeting sgR-
NAi) in another plasmid and subcloned to pBac-CRISPRai
to yield pBac-aS-iP.

Donor plasmids pBac-aS, pBac-iP and pBac-aS-iP were
used to generate the corresponding baculoviruses Bac-
aS, Bac-iP and Bac-aS-iP using the Bac-To-Bac system
(Thermo). All these three baculoviruses contained two loxP
sites to flank the CRISPRai module and sgRNA arrays.
The baculovirus Bac-Cre that expressed Cre recombinase
was constructed previously (24). All baculovirus vectors
were amplified by infecting insect cell Sf-9. Virus titers were
determined by end-point dilution assay and expressed as
plaque forming units (pfu)/ml (27).

Baculovirus transduction

Baculovirus transduction of rASC and rBMSC was con-
ducted as described earlier (27) with minor modifica-
tions. Briefly, cells were seeded to six-well plate (1 × 105

cells/well), 10-cm dish (1 × 106 cells/dish) or 15-cm dish
(2.5 × 106 cells/dish) for qRT-PCR, western blot and scaf-
fold seeding, respectively. After overnight culture, the cells
were incubated with the virus solution at an optimized mul-
tiplicity of infection (MOI) and shaken gently on a rock-
ing plate at room temperature. After 6 h of transduction,
the virus solution was replaced with �-MEM medium con-
taining 3 mM sodium butyrate and cells continued to be
cultured. After 16 h, the cells were trypsinized for exper-
iments, or the spent medium was replaced with fresh �-
MEM medium with medium exchange every 3 days. Alter-
natively, the medium was replaced with adipoinductive or
chondroinductive medium, with half of the medium being
exchanged every 3 days.

Fluorescence microscopy and flow cytometry

CHO DUXB11 cells were seeded to six-well plates (5 × 105

cells/well) overnight and co-transfected with 1000 ng pmc-
d2E, 500 ng pCRISPRai and 1000 ng psgRNAa/psgRNAi
mixture using Lipofectamine 3000 (Invitrogen). At 1
day post-transfection, the fluorescence of mCherry and
d2EGFP was photographed using a fluorescence micro-
scope (ECLIPSE TS100-F, Nikon). Alternatively, the cells
were trypsinized at 2 days post-transfection and analyzed
by flow cytometry (FACSCalibur™, BD Biosciences). Data
were collected from 10 000 counts using FL1 channel
(530/30 band pass filter) for d2EGFP and FL2 channel
(585/42 band pass filter) for mCherry and normalized to
those of control (�) group.

Quantitative real-time reverse transcription PCR (qRT-
PCR)

Total RNA was extracted from the cells using Quick-RNA™
Miniprep kit (Zymo Research) and reverse transcribed to
cDNA using High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). The cDNA was subsequently
subjected to quantitative real-time PCR (StepOnePlus, Ap-
plied Biosystems) using primers specific to Sox9, PPAR-γ ,
Acan, Col2a1, Col10a1, C/ebpα and Fabp4 (Supplementary
Table S2). All the data were analyzed using gapdh as the in-
ternal control and normalized to those of mock-transduced
cells to yield the relative expression levels.

Western blot, Alcian blue staining and Oil Red O staining

The details of western blot, Alcian blue staining and Oil Red
O staining are described in Supporting Info.

Preparation of cell/scaffold constructs

Gelatin sponge scaffolds were prepared by cutting the
Spongostan™ gelatin sponge (porosity≈97%, cat#MS0003,
Ethicon) into disks (diameter≈6 mm) and subsequent im-
mersion in saline solution for 30 min. rBMSC cultured
in 15-cm dishes were mock-transduced (Mock group) or
co-transduced with Bac-aS-iP/Bac-Cre (CRISPRai group)
as described above. The cells were trypsinized at 1 day
post-transduction (dpt), seeded onto the gelatin scaffold
(5 × 106 cells/scaffold) and allowed to stand for 4 h.
The rBMSC/scaffold constructs were added with chon-
droinductive medium, cultured overnight, and implanted
into animals next day (see the following). Alternatively,
the rBMSC/scaffold constructs continued to be cultured
in chondroinductive medium with half of the medium ex-
changed every 3 days.

Qualitative and quantitative analysis of engineered cartilage

After culturing the rBMSC/scaffold constructs in chon-
droinductive medium for 1 or 7 days (i.e. at 2 or 8 dpt),
the constructs were photographed. At 8 dpt, the con-
structs were harvested for fixation in 4% aqueous phos-
phate formaldehyde (Macron) for 1 day at room tempera-
ture. Fixed constructs were dehydrated, embedded in paraf-
fin, and sliced into 10-�m-thick sections. The sections were
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stained with Gill’s Hematoxylin V (Muto Pure Chemicals)
and Eosin Alcohol Stain Solution (Muto Pure Chemicals)
or with Safranin O (Sigma).

Alternatively, the constructs harvested at 8 dpt were
frozen overnight at −80◦C and crushed with a 1.5-cc dis-
posable pestle. To determine GAG content, each crushed
construct was incubated with 1 ml papain solution (Sigma-
Aldrich) at 65◦C for 3 h. Half of the papain-digested sam-
ple was collected for total DNA content analysis using
Quant-iTTM Picogreen® dsRNA Reagent and Kits (In-
vitrogen). The other half was centrifuged (10 000 × g, 5
min) and the GAG in the supernatant was measured using
the Blyscan™ Sulfated Glycosaminoglycan Assay Kit (Bio-
color). The OD of treated samples was read on Multiskan
EX (Thermo Scientific) at 620 nm.

To quantify collagen type II (Col II), the constructs were
similarly crushed, but were homogenized in the buffer (0.05
M acetic acid and 0.5 M sodium chloride) for 1 h, digested
with pepsin (Sigma) at 4◦C overnight and digested again
with elastase (Sigma) at 4◦C overnight. Half of the digested
sample was collected for total DNA content determination.
The other half was centrifuged (10 000 × g, 5 min) and the
supernatant was assayed using ELISA-based Type II Colla-
gen Detection Kit (Chondrex). The OD of treated samples
was read on Multiskan EX at 450 nm. Total GAG and Col
II contents were normalized to total DNA content of the
corresponding construct.

Surgical procedures

All animal experiments were performed in compliance with
the Guide for the Care and Use of Laboratory Animals
(Ministry of Science and Technology, Taiwan). The ex-
perimental protocols were approved by the Institutional
Animal Care and Use Committee of National Tsing Hua
University. The rBMSC/scaffold constructs were prepared
and cultured overnight prior to implantation. The SD 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 antibiotic cefa-
zolin (160 mg/kg body weight). A midline sagittal incision
(2 cm) in the scalp was made to expose the parietal bone,
and the pericranium was removed by blunt scraping. A
critical-size (6 mm in diameter) defect in the middle of pari-
etal bone was created using a disposable biopsy punch (In-
tegra Miltex) without disturbing the underlying dura mater.
To minimize damage to the scull and adjacent blood vessels,
sterile saline solution was intermittently sprayed to lower
the temperature when we created the defects. The constructs
were implanted onto the defect and gently pressed, followed
by suturing with 4–0 absorbable stitch (Polysorb™, Covi-
den). The animals received second intramuscular injection
of cefazolin and a topical administration of neomycin and
bacitracin zinc at the surgery site.

�CT imaging analysis

Regeneration of the calvarial bone defects was scanned at
4 and 8 weeks post-surgery using Nano SPECT/CT (Cold
Spring Harbor). The scanned data were processed using

PMOD software (PMOD Technologies) to extract bone
area (mm2), bone volume (mm3) and bone density (average
Hounsfield Unit, HU) within a chosen disk-shaped volume
of interest (VOI, 6 mm in diameter and 1 mm in height) rep-
resenting the original defect. The data were normalized to
the original defect area (28.3 mm2), volume (28.3 mm3) and
density (≈4600 HU) to yield the percentage of bone regen-
eration. Amira software (Visualization Science Group) was
utilized to reconstruct 3D projection of the defects.

Histological and immunohistochemical staining

After �CT scanning at week 8, we sacrificed the rats and re-
moved the calvarial bones. The bone specimens were fixed
in 4% aqueous phosphate formaldehyde for 3 days at room
temperature and subsequently decalcified by immersing in
Osteosoft® (Merck) for 14 days. Decalcified specimens
were washed in PBS before undergoing dehydration, paraf-
fin embedding, and sagittal slicing into 10-�m-thick sec-
tions. Sections were then rehydrated and stained with H&E.

Alternatively, rehydrated sections were subjected to
trypsin treatment for 1 h at 37◦C for antigen retrieval, fol-
lowed by blocking in 5% skimmed milk and immunohisto-
chemical staining. The primary antibodies were rabbit anti-
BSP (1:200, Abcam) and mouse anti-OCN (1:200, Abcam).
The secondary antibodies were goat anti-rabbit IgG-HRP
(1:5000, GeneTex) and goat anti-mouse IgG-HRP (1:5000,
Invitrogen). The sections were developed with hydrogen
peroxide and 3,3′-diaminobenzidine (Sigma) and counter-
stained with Eosin for visualization.

Statistical analysis

All in vitro data were representative of at least 3 independent
culture experiments. All quantitative data are expressed as
means±standard deviations (SD) and were analyzed using
student’s t-test or One-way ANOVA. P < 0.05 was consid-
ered significant.

RESULTS

Design and validation of CRISPRai system

To explore the feasibility of concurrent activation and in-
hibition of selected genes, we first constructed a reporter
plasmid pmC-d2E that co-expressed mCherry and d2EGFP
(Figure 1A). We next constructed pCRISPRai that ex-
pressed the CRISPRai module comprising the dCas9 reg-
ulator, MCP-p65-HSF1 (MPH) as the activation complex
(13) and Com-KRAB as the repression complex (14). We
further constructed a set of psgRNAa and psgRNAi plas-
mids for mCherry activation and d2EGFP inhibition, re-
spectively (Figure 1B). Following the sgRNA 2.0 design de-
veloped by Zhang and coworkers (13), psgRNAa expressed
the activating sgRNA (sgRNAa) that had two MS2 bind-
ing aptamers appended to the sgRNAa scaffold for MPH
recruitment and the spacer targeting the template (T1) or
non-template (NT1) strands of mCherry cassette (Figure
1A). psgRNAi expressed the inhibiting sgRNA (sgRNAi)
following the design described by Qi and colleagues (14),
with the Com binding aptamer appended at the 3′ end of
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Figure 1. Design and validation of CRISPRai system. (A) Illustration of reporter plasmid. mCherry was driven by PGK promoter; d2EGFP was driven by
SV40 promoter. NT1, T1, NT2 and NT3 indicate the sgRNA targeting positions. (B) Plasmids used for the CRISPRai system. pCRISPRai co-expressed
the CRISPRai module (dCas9, MPH and Com-KRAB) under the rat EF-1� promoter with a WPRE sequence at the 3′ end. dCas9, MPH and Com-
KRAB were separated by P2A sequences and contained the SV40 nuclear localization signal (NLS). psgRNAa and psgRNAi expressed the sgRNAa and
sgRNAi under the hU6 promoter. sgRNAa comprised the spacer targeting NT1 or T1 on the PGK promoter and the scaffold sequences containing two
MS2 binding aptamers at the tetraloop and stem loop 2. sgRNAi comprised the spacer targeting NT2 or NT3 on the d2EGFP cassette and the scaffold
sequence with Com binding aptamer at the 3′ end. dCas9 can associate with sgRNAa to recruit MPH for mCherry activation while dCas9 also associates
with sgRNAi to recruit Com-KRAB for d2EGFP suppression. (C) Fluorescence microscopic images. The CHO DUXB11 cells were co-transfected with
pmC-d2E, pCRISPRai and different combinations of psgRNAa and psgRNAi, and observed at 1 day post-transfection. (D, E) Flow cytometry analysis
of mCherry and d2EGFP expression at day 2. The mean fluorescence intensity (MFI) of each group was normalized to that control group (�). ****P <

0.0001. ***P < 0.001. *P < 0.05. Bar, 500 �m. The fold change of mCherry activation and percentages of d2EGFP suppression are shown above the bars.
The data represent means ± SD of three independent culture experiments.
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the scaffold for Com-KRAB recruitment and the spacer tar-
geting the non-template (NT2 or NT3) strands of d2EGFP
cassette (Figure 1A). We envision that dCas9 can asso-
ciate with sgRNAa to recruit MPH for mCherry activa-
tion while dCas9 also associates with sgRNAi to recruit
Com-KRAB for d2EGFP suppression (Figure 1B). As con-
trols, we also constructed psgRNAa and psgRNAi express-
ing sgRNAa/sgRNAi with only the scaffold but no spacer.

We co-transfected CHO cells with pmC-
d2E, pCRISPRai and different combinations of
psgRNAa/psgRNAi, followed by fluorescence microscopy
(Figure 1C) and flow cytometry (Figure 1D and E) anal-
yses. Our data confirmed robust mCherry and d2EGFP
expression in the control group (�) co-transfected with
pmc-d2E, pCRISPRai and psgRNAa/psRNAi devoid of
spacer sequences. Compared with the control group (�),
psgRNAa targeting the mCherry cassette with T1+NT1
conferred mCherry activation for 3.5-fold (Figure 1D),
without significant compromise on d2EGFP expression
(Figure 1E). Conversely, targeting the d2EGFP cassette
(NT2, NT3 or NT2+NT3) with psgRNAi significantly
knocked down d2EGFP expression to ≈8–9% (Figure
1E) without markedly affecting mCherry expression
(Figure 1D). As such, the CRISPRai module indeed
orchestrated with the sgRNAa/sgRNAi to execute gene
activation/inhibition, without mutual interference. Crit-
ically, targeting both mCherry and d2EGFP cassettes
(T1+NT1+NT2+NT3) enabled concomitant mCherry
activation (2.9-fold) and d2EGFP suppression (9.9%)
without mutual interference, proving that the CRISPRai
system conferred orthogonal, simultaneous gene activation
and suppression in mammalian cells.

CRISPRai delivered by baculovirus activated Sox9 and re-
pressed PPAR-γ in stem cells

Since non-viral transfection of stem cells is inefficient, we
chose to deliver the CRISPRai system using baculovirus,
which enables delivery of large genetic cargo into primary
and stem cells at high efficiency (27–30). We previously con-
structed a Cre/loxP-based baculovirus system in which one
baculovirus harbors the transgene cassette flanked by loxP
sites while the other expresses the Cre recombinase (31).
Co-transduction of cells with the two baculoviruses leads to
Cre recognition of the loxP sequences, excision of the trans-
gene cassette off the baculovirus genome, formation of epi-
somal DNA minicircle encompassing the transgene cassette
(Supplementary Figure S1) and prolongs/enhances trans-
gene expression (24,25,32).

We constructed three baculoviruses (Figure 2A) which all
expressed identical CRISPRai module (dCas9, MPH and
Com-KRAB under rat EF-1� promoter), but expressed dif-
ferent sgRNAa/sgRNAi. Bac-aS expressed four sgRNAa
targeting four positions of rat Sox9 promoter for activation;
Bac-iP expressed four sgRNAi targeting four positions of
rat PPAR-γ gene for inhibition; and Bac-aS-iP expressed
four Sox9-targeting sgRNAa and four PPAR-γ -targeting
sgRNAi. All three baculoviruses contained two loxP sites
to flank the CRISPRai module and sgRNA array. The en-
tire transgene cassette in Bac-aS-iP was up to 12.6 kb.

We first transduced rat ASC (rASC) or BMSC (rBMSC)
with one of the three baculoviruses and analyzed Sox9
(Figure 2B) and PPAR-γ (Figure 2C) expression by qRT-
PCR, using mock-transduced cells as the reference. In
rBMSC, Bac-aS significantly upregulated Sox9 expression
(7.8-fold) without suppressing PPAR-γ expression, while
Bac-iP knocked down PPAR-γ expression to 25.8% with-
out disturbing Sox9 expression. Importantly, Bac-aS-iP
concurrently upregulated Sox9 expression (17.1-fold) and
inhibited PPAR-γ expression (to 30.3%) in rBMSC. In
rASC, Bac-aS and Bac-aS-iP potently activated Sox9 ex-
pression (Figure 2B), but none of the three vectors knocked
down PPAR-γ expression (Figure 2C).

Given the success of Bac-aS-iP to activate Sox9 and sup-
press PPAR-γ in rBMSC, we explored whether the mag-
nitude and duration of gene activation/suppression could
be prolonged and enhanced, by co-transducing rBMSC
with Bac-aS-iP and Bac-Cre (Figure 2A) which expressed
Cre to recognize loxP sites for episomal minicircle for-
mation (Supplementary Figure S1). As controls, rBMSC
were mock-transduced or singly transduced with Bac-
aS-iP. qRT-PCR analysis showed that Bac-aS-iP trans-
duction alone effectively enhanced Sox9 expression (Fig-
ure 2D) and suppressed PPAR-γ expression (Figure 2E)
in the first 7 days, but the regulation diminished after
14 days post-transduction (dpt). Bac-aS-iP/Bac-Cre co-
transduction further enhanced and prolonged Sox9 expres-
sion, which increased to ≈107.9-fold and 16.8-fold at 3 and
7 dpt, and remained at 4.6-fold at 21 dpt (Figure 2D). Bac-
aS-iP/Bac-Cre co-transduction also knocked down PPAR-
γ expression, though the magnitude and duration of sup-
pression were not significantly (ns, Figure 2D) different
when compared with Bac-aS-iP transduction only.

Sox9/PPAR-γ regulation by CRISPRai enhanced chondro-
genesis and inhibited adipogenesis

In vitro chondrogenic differentiation of BMSC is charac-
terized by upregulation of aggrecan (Acan) and collagen
IIa1 (Col2a1) as well as accumulation of glycosaminoglycan
(GAG), but at later stage cells tend to undergo undesired
hypertrophy as characterized by collagen Xa1 (Col10a1)
upregulation (33). Conversely, adipogenesis governed by
PPAR-� activates downstream Fabp4 and C/ebpα and sub-
sequently stimulates oil droplet formation (34). To evaluate
whether simultaneous Sox9 activation and PPAR-γ inhibi-
tion promoted chondrogenesis and repressed adipogenesis
in vitro, we co-transduced rBMSC with Bac-aS-iP/Bac-Cre
(designated as CRISPRai group). We also mock-transduced
rBMSC as the control (Mock group).

qRT-PCR analysis confirmed that CRISPRai upregu-
lated both Acan (1.9-fold, Figure 3A) and Col2a1 (122-
fold, Figure 3B) and significantly downregulated Col10a1
(Figure 3C) after 14 days. The Alcian blue staining per-
formed after 21 days illustrated more evident sulfated GAG
accumulation in the CRISPRai group than in the Mock
group (Figure 3D). After 7 days culture in adipoinduc-
tive medium, conversely, CRISPRai significantly inhibited
the expression of FABP4 and C/EBP� in the mRNA and
protein levels, as unveiled by qRT-PCR (Figure 3E and
F), Western blot (Figure 3G) and ensuing quantitative
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Figure 2. CRISPRai delivered by baculovirus activated Sox9 and repressed PPAR-γ in stem cells. (A) Baculovirus vectors and targeting sites. Bac-aS
expressed four sgRNAa targeting four positions of rat Sox9 promoter. Bac-iP expressed four sgRNAi targeting four positions of rat PPAR-γ gene. Bac-
aS-iP expressed four Sox9-targeting sgRNAa and four PPAR-γ -targeting sgRNAi. All these three baculoviruses contained two loxP sites to flank the
CRISPRai module and sgRNA. Bac-Cre expressed Cre recombinases. (B, C) Sox9 and PPAR-γ expression. rBMSC and rASC were mock-transduced
(Mock group) or transduced with Bac-aS, Bac-iP or Bac-aS-iP at MOI 300 and cultured in �-MEM. The expression levels were measured by qRT-PCR
at 3 dpt and normalized to those of Mock group. (D, E) Kinetics of Sox9 and PPAR-γ expression. rBMSC were mock-transduced (Mock group), singly
transduced with Bac-aS-iP (MOI 300) or co-transduced with Bac-aS-iP and Bac-Cre at MOI 300/100 and cultured in �-MEM. The expression levels were
measured by qRT-PCR at 3 dpt and normalized to those of Mock group. The data represent means± SD of three independent culture experiments. ****P
< 0.0001. *** P < 0.001. ** P < 0.01. *P < 0.05. ns, not significant (P > 0.05).
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Figure 3. Sox9/PPAR-γ regulation by CRISPRai enhanced chondrogenesis and inhibited adipogenesis. (A–C) qRT-PCR analysis of Acan, Col2a1 and
Co10a1. (D) Alcian blue staining. (E, F) qRT-PCR analysis of Fabp4 and C/ebpα. (G–I) Western blot and ensuing semi-quantitative analysis of FABP4 and
C/EBP�. (J, K) Oil Red O staining and subsequent quantitative analysis. rBMSC in six-well plates were mock-transduced (Mock group) or co-transduced
with Bac-aS-iP and Bac-Cre at MOI 300/100 (CRISPRai group). The cells were cultured in chondroinductive medium for 14 days for qRT-PCR (A–C) or
for 21 days for Alcian blue staining (D). For adipogenesis, the cells were cultured in adipoinductive medium for 7 days for qRT-PCR (E, F) and Western
blot (G–I) or for 14 days for Oil Red O staining (J, K). The data represent means ± SD of three independent culture experiments. ****P < 0.0001. ** P
< 0.01. *P < 0.05.

analysis (Figure 3H and I). In accord, Oil Red O stain-
ing (Figure 3J) and quantitative analysis (Figure 3K) at-
tested that CRISPRai abolished the accumulation of oil
droplet. Figure 3 confirms that CRISPRai-mediated Sox9
activation/PPAR-γ inhibition enhanced rBMSC chondro-
genesis and inhibited adipogenesis.

Sox9/PPAR-γ regulation by CRISPRai promoted the for-
mation of engineered cartilage

Chondroinduction of BMSC cultured in 3D facilitates ac-
cumulation of cartilage-specific extracellular matrix (ECM)
and formation of engineered articular cartilage (35). To

assess the formation of engineered cartilage, we seeded
the mock-transduced (Mock group) or transduced cells
(CRISPRai group) into chondroconductive gelatin scaffold,
and cultured the cell/scaffold constructs in chondroinduc-
tive medium. At 8 dpt, the CRISPRai constructs deposited
apparently more glassy ECM-like materials on the sur-
face than the Mock constructs (Figure 4A). In accord, the
CRISPRai group accumulated more ECM and cartilage-
specific GAG in the CRISPRai group (Figure 4B and C).
Quantitative GAG analysis (Figure 4D) and Col II-specific
ELISA (Figure 4E) further attested that the CRISPRai
group deposited more GAG and Col II than the Mock
group. These data demonstrated that CRISPRai-mediated
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Figure 4. Sox9/PPAR-γ regulation by CRISPRai promoted the formation of engineered cartilage. (A) Appearance of rBMSC/scaffold construct. (B)
H&E staining. (C) Safranin O staining. (D) GAG content. (E) Col II content. rBMSC cultured in 15-cm dish were mock-transduced (Mock group) or
co-transduced (CRISPRai group) as in Figure 3, seeded into porous gelatin scaffold (diameter = 6 mm) at 1 dpt and cultured in 12-well plates using
chondroinductive medium. The constructs were photographed at 2 and 8 dpt. The constructs were harvested at 8 dpt and sectioned for H&E staining (n
= 3) or Safranin O staining (n = 3). Triangles indicate scaffold material. Arrows indicate ECM. Alternatively, the constructs were harvested at 8 dpt for
analysis of GAG (n = 3) and Coll II (n = 3) contents. ****P < 0.0001. ***P < 0.001.
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Figure 5. In vivo Bone healing evaluated by �CT. The frontal (A), sagit-
tal (B) and top (C) views of �CT imaging. (D–F) Quantitative analy-
sis of bone area, volume and density. We seeded the Bac-aS-iP/Bac-Cre-
transduced (CRISPRai group, n = 6) or mock-transduced (Mock group,
n = 6) rBMSC into gelatin scaffolds as in Figure 4, and implanted the
cell/scaffold constructs into the critical-size (6 mm in diameter) calvarial
bone defects in rats. At weeks 4 and 8, the rats were subjected to �CT scan-
ning to obtain the nascent bone area, volume and density. The percentages
of healing, as calculated by dividing the nascent bone area (or volume, den-
sity) within the defect by those in the original defect, are shown above the
bars (D–F). ****P < 0.0001. *** P < 0.001. ** P < 0.01. *P < 0.05.

Sox9 activation/PPAR-γ inhibition promoted the forma-
tion of engineered articular cartilage in 3D culture.

CRISPRai-mediated gene regulation promoted calvarial
bone regeneration in vivo

To evaluate whether CRISPRai-stimulated chondrogenesis
augmented calvarial bone formation, we seeded the Bac-aS-
iP/Bac-Cre-transduced (CRISPRai group, n = 6) or mock-
transduced (Mock group, n = 6) rBMSC into gelatin scaf-
folds as in Figure 4, and implanted the cell/scaffold con-
structs into the critical-size (6 mm in diameter) calvarial
bone defects in rats. The frontal (Figure 5A), sagittal (Fig-
ure 5B) and top (Figure 5C) views of �CT imaging demon-

strated negligible bone growth and bridging in the Mock
group at weeks 4 (W4) and 8 (W8), highlighting the dif-
ficulty to repair critical-size calvarial defects simply using
rBMSC. Nonetheless, the CRISPRai group evidently ame-
liorated bone growth, extension and bridging (Figure 5A
and B), which enabled the formation of a large bone island
from the periphery at W4 and bone ingrowth at W8 (Figure
5C). Quantitative analyses using the �CT images showed
that at W8 the Mock group only filled ≈1.9% of the original
defect area (Figure 5D), ≈1.0% of the volume (Figure 5E),
and the density (Figure 5F) was ≈0.3% that of the original
defect. In contrast, at W8 the CRISPRai constructs signifi-
cantly improved the calvarial bone repair, filling ≈28.6% of
defect area and ≈12.3% of defect volume, with the nascent
bone density reaching ≈14.3% that of the original defect.

H&E staining of bone specimens harvested at W8 illus-
trated that the defect in the Mock group was primarily filled
with soft fibrous tissue with abundant fibroblasts (FB, Fig-
ure 6A). Besides fibrous tissue, the CRISPRai group also
contained nascent bone (NB), abundant osteoblasts (OB)
lining the bone matrix surface and blood vessel (BV)-like
structures occupied by nucleus-lacking eosin-stained cells,
suggesting vascularization within the new bone tissue. Fur-
thermore, osteocalcin (OCN) is a bone formation marker
while bone sialoprotein (BSP) is an indicator of intermedi-
ate bone formation process wherein osteoblast differentia-
tion ceases and matrix mineralization begins (1). The im-
munostaining (Figure 6B and C) revealed accumulation of
more BSP and OCN in the CRISPRai group than in the
Mock group, confirming the improved formation of miner-
alized bone.

DISCUSSION

To date, CRISPRa has been harnessed to induce neu-
ronal differentiation of embryonic stem cells (15), mouse
embryonic fibroblasts (MEF) (21) or induced pluripotent
stem cells (iPSC) (12,36), reprogram MEF (23) or fibrob-
last (37) to iPSC, as well as induce MSC differentiation
into adipogenic lineage (38). CRISPRi has also been ex-
ploited for gene knockdown in pluripotent stem cells to
regulate cell fate (22) or induce spatiotemporal mosaic
self-patterning (22). These studies focus on in vitro cell
fate reprogramming, but do not demonstrate in vivo ap-
plications. Only recently was CRISPRa system used to
treat mouse models of muscular dystrophy (39) and trans-
fected into the rat corneal endothelium to promote wound
healing (40). Meanwhile, CRISPR-mediated simultaneous
gene activation/repression is only implemented to redirect
metabolic network in yeast (14) or dissect genetic interac-
tions in mammalian cells (41), but has yet to be translated
to in vivo tissue regeneration in animal studies.

In this study, we developed the CRISPRai system (Fig-
ure 1) by adopting the scaffold RNA concept proposed by
Qi and co-workers for simultaneous gene activation and re-
pression (14). Using this design, the sgRNA can encode
information for target gene recognition and for recruit-
ing a specific repressor or activator protein. As such, we
designed the sgRNAi and Com-KRAB for gene repres-
sion as described (14). Notably, instead of using MCP-
VP64 fusion developed by Qi et al. for gene activation
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Figure 6. Bone healing evaluated by histology. After �CT imaging, the de-
fect specimens were harvested at week 8, fixed, and decalcified for paraffin-
embedded sectioning. The sections (10 �m) were subjected to (A) H&E
staining (n = 5) or immunohistochemical staining for (B) BSP (n = 5) and
(C) OCN (n = 5). FB, fibroblast. OB, osteoblast. NB, nascent bone. BV,
blood vessel.

(14), we exploited the SAM system (the sgRNAa and MPH
complex) developed by Zhang and colleagues (13) due to
its proven robustness in gene activation (42) and applica-
tions in genetic screens (17) and induced cell differentia-
tion (36). However, the SAM system involves the expres-
sion of dCas9-VP64 as the regulator, which may hinder
gene repression in the CRISPRai system because VP64 is
a transcription activator. To maintain the modularity of
CRISPRai, we chose to express dCas9 as the master regula-
tor. The CRISPRai design allowed us to concurrently acti-
vate one gene with dCas9/sgRNAa/MPH while repress an-
other gene with dCas9/sgRNAi/Com-KRAB without mu-
tual crosstalk (Figure 1).

Besides, CRISPRa/CRISPRi systems are commonly de-
livered using plasmids (13,43), lentivirus (10,38,44) or
adeno-associated virus (AAV) (39). For instance, CRISPRa
is delivered using lentivirus for activation of endogenous

adipogenic genes and induction of BMSC differentiation
into adipocyte-like cells (38). CRISPRa is also carried using
AAV to activate utrophin to ameliorate muscular dystrophy
symptoms in mouse models (39). Conversely, CRISPRi is
delivered using AAV for in vivo gene repression and treat-
ment of retinitis pigmentosa (45). However, transfection
of plasmids into stem cells is notoriously inefficient, while
both AAV and lentivirus have a limited packaging capac-
ity (≈4.7–5 kb for AAV and ≈8 kb for lentivirus), render-
ing it difficult to carry the entire CRISPRa/CRISPRi sys-
tem (e.g. dCas9, MPH and Com-KRAB) in a single vector.
Consequently, the dCas9 regulator, effector and sgRNA are
often split into separate viral vectors (21,38,39) and con-
current delivery of all CRISPRa/CRISPRi components to
the same cells is necessary, and challenging (46). Further-
more, lentivirus integrates the gene cassettes into chromo-
some, which is undesired from the perspective of regenera-
tive medicine.

Here, we employed the baculovirus vector for CRISPRai
delivery and ex vivo genetic modification of stem cells. In
contrast to aforementioned vectors, baculovirus has a pack-
aging capacity of at least 38 kb (47) and can accommodate
all essential elements of the CRISPRai system, including
the CRISPRai module and sgRNA array (≈12.6 kb), into
a single vector (e.g. Bac-aS-iP, Figure 2A). Baculovirus in-
fects insects in nature and is non-pathogenic to humans,
but can transduce various stem cells at exceedingly high
transduction efficiencies (e.g. >95% for BMSC (28) and
ASC (48)). Bac-aS-iP alone is able to concurrently and ro-
bustly activate Sox9 and suppress PPAR-γ expression in
rBMSC (Figure 2B and C). Within the transduced cells,
baculovirus genome exists as an episome (49) and degrades
with time (28), hence the transgene expression is transient
(30). By using a Cre/loxP-based hybrid baculovirus system
(Bac-aS-iP/Bac-Cre), we were able to potentiate and pro-
long the gene activation/repression effect (Figure 2D) in
rBMSC, stimulate chondrogenesis and repress adipogene-
sis of transduced rBMSC in 2D culture (Figure 3) as well as
promote the formation of engineered cartilage in 3D cul-
ture (Figure 4). Implantation of rBMSC engineered with
the CRISPRai system significantly improved the calvarial
bone healing (Figures 5 and 6) by improving the in vivo
chondrogenesis (Supplementary Figure S2). These data not
only echo our previous finding that augmenting the chon-
drogenesis of ASC improves calvarial bone healing after
implantation (4), but also demonstrate for the first time
that CRISPRa and CRISPRi can be combined to stimulate
tissue regeneration. In comparison with tissue engineering
approaches that typically promote regeneration by overex-
pressing a growth factor (or cocktail) such as BMP-6 (3),
BMP-2 (50) or TGF-� (35) and only allows one direction of
regulation, the CRISPRai system delivered by baculovirus
enables bidirectional regulation and potentially allows for
multiplexing activation/repression at the same time in the
same cell, hence providing a more flexible and effective tool
than recombinant DNA transfer for tissue regeneration.

Note, however, that we previously unveiled that
baculovirus-engineered stem cells elicit anti-transgene
immune responses in vivo after implantation into bone
defects, although the responses were mild and did not com-
promise the bone healing (51). Conversely, Cas9 protein
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can elicit immune responses (52) and pre-existing adaptive
immune responses against Cas9 was recently uncovered in
humans (53). Furthermore, the sgRNA itself may trigger
innate immune responses in human and murine cells (54).
As such, it is not surprising that implantation of rBMSC
expressing the CRISPRai system elicits immune responses
against the CRISPRai system or baculovirus. Whether the
immune responses are potent enough to compromise the
bone healing or provoke other side effects remains to be
investigated.

Aside from the application in tissue regeneration, our
CRISPRai system may be readily adapted to other applica-
tions. First, CRISPRai can be used to govern the cell fate
of other stem cells by simultaneously promoting one lin-
eage while attenuating the other. For instance, iPSC can
differentiate into cells belonging to 3 germ layers: endo-
derm (e.g. hepatocytes), mesoderm (e.g. osteoblast) and ec-
toderm (e.g. neural cells). To yield neuronal cells from iPSC,
one may use the CRISPRai system to stimulate neural dif-
ferentiation by activating genes encoding neural transcrip-
tion factors (e.g. Ngn2) while suppressing genes promot-
ing mesodermal (e.g. bmp4) or endodermal (e.g. activin A)
differentiation. Second, CRISPR-mediated genome editing
efficiency can be improved by enhancing homology direct
repair (HDR) while inhibiting non-homologous end join-
ing (NHEJ) (55). Recent evidence also unveils that Cas9-
induced DNA double strand break triggers P53-dependent
cytotoxicity, hence impairing genome editing efficiency of
iPSC (56). It is thus tempting to exploit the CRISPRai sys-
tem to upregulate HDR pathway genes (e.g. Rad51) and
concurrently downregulate p53 and NHEJ pathway genes
(e.g. Ku80) to improve the genome editing efficiency. Third,
CRISPR-mediated knockout and CRISPRa-mediated gene
activation were recently coupled for interrogation of pair-
wise gene interactions (57). However, CRISPR-mediated
knockout may trigger P53-dependent cell death, leading to
biased data interpretation. Using a pool of sgRNAa and
sgRNAi libraries, CRISPRai may be repurposed to deci-
pher the crosstalk between gene pairs at the genome scale
while avoiding the problem caused by CRISPR-mediated
knockout.

Fourth, CRISPRai may be harnessed for cell engineer-
ing to enhance product yield/productivity. For instance,
CHO cell is commonly used for biopharmaceutics pro-
duction and cell line optimization requires an orchestrated
increase in the expression of enzymes that convert pre-
cursors into the desired product, and simultaneous re-
pression of enzymes that divert these precursors toward
byproducts. Our CRISPRai system may be used to de-
velop superior producer CHO cell line by activating tar-
get pathway genes while concurrently repressing genes that
divert precursors/intermediates to competing pathways.
Fifth, synthetic circuits based on CRISPRa and CRISPRi
have been devised, in which orthogonal dCas9 derived
from different species are fused with VPR or KRAB for
activation/suppression (58). Such system allows for the
construction of AND, OR, NAND, and NOR dCas9 logic
operators (58). With the ability to simultaneously turn
ON/OFF genes, our CRISPRai system may be adapted for
conditional gene activation/repression and be used to build
logic gates to control cell fate or classify cell type (59,60).

Note, however, that the current system did not repress
PPAR-� in rASC as efficiently as in rBMSC (Figure 2C),
probably because PPAR-� is a master transcription factor
driving adipogenesis and its expression in rASC was too
high to be knocked down using Com-KRAB and sgRNAi.
The inefficient repression may be attributed to sgRNAi
which was designed by fusing the Com binding aptamer
at the 3′ end of the sgRNA scaffold. Despite being func-
tional, this design appears to be inferior to the sgRNAa de-
sign (13) whereby the protein binding aptamer is appended
to the sgRNA tetraloop and stem loop 2. As such, the re-
pression may be improved by moving the Com-binding ap-
tamer to the sgRNA tetraloop/stem loop 2. Moreover, fu-
sion of DNA methyltransferase such as DNMT3a to dCas9
induces target DNA methylation and gene repression (61).
As such, DNMT3a may be fused to Com to replace KRAB
or fused to Com-KRAB to form a tripartite repressor com-
plex (Com-KRAB-DNMT3a) to synergize the inhibitory
effect. Very recently, it was also shown that fusion of tran-
scription repression domain of MeCP2 to dCas9-KRAB
significantly enhances the repression effect (62). The repres-
sion efficiency of the CRISPRai system may be improved by
fusing KRAB-MeCP2 to Com to form a tripartite repressor
complex (Com-KRAB-MeCP2).

In conclusion, we developed a CRISPRai system for pro-
grammable, simultaneous activation and repression of re-
porter and endogenous genes. Using the all-in-one bac-
ulovirus vector for efficient delivery into rBMSC, the
CRISPRai system was able to concurrently activate Sox9
and repress PPAR-� . In conjunction with the hybrid
Cre/loxP-based baculovirus, the CRISPRai system aug-
mented chondrogenesis and repressed adipogenesis in 2D
culture, promoted the formation of engineered cartilage in
3D culture and improved the healing of calvarial bone heal-
ing in vivo. This study paves a new avenue to translate the
CRISPRai technology to bone tissue engineering and re-
generative medicine.
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