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N
eural processing is frequently associated with simultane-
ous upregulation of numerous genetic elements; thus, over-
expression of multiple exogenous genes in vivo is a routine 

method for probing the causal roles of genetic regulation in the 
mammalian brain. However, this approach is greatly limited by 
the size limit of inserted open reading frame (ORF) sequence in 
the viral expression vectors1. Moreover, it is difficult to accurately 
model the expression of noncoding elements and complex tran-
script isoform variation using this approach2,3. Recently, dCas9-
mediated activation has been verified and widely used in different 
cell lines in vitro3–21. An innovative advantage of the dCas9-based 
activation systems over conventional transgenic techniques is their 
ability to achieve precise and efficient modulation of multiple loci 
using a mixture of diverse single-guide RNAs (sgRNAs)3. However, 
in vivo applications of dCas9-activator remain unverified because 
of ineffective delivery of the large activators and requirement for 
a more robust transcriptional activation system. Given these limi-
tations, there is an urgent need for a flexible approach to enable 
efficient dCas9-based activation. We developed a versatile in vivo 
activation platform and used it to control the transcription of  
complex genetic elements in the brain.

Results
Design of an improved activator platform. To improve the effi-
ciency of dCas9-fused activators, we established a platform, referred 
to as SunTag-p65-HSF1 (SPH), by replacing VP64 in SunTag with 
p65-HSF1, which is used in the synergistic activation mediator 
(SAM). We hypothesized that GCN4 repeats recruiting multiple 
copies of p65-HSF1 may induce more potent transcriptional activa-
tion (Fig. 1a). To compare the activation potency of SPH with differ-
ent representative ‘second generation’ activators19, we co-transfected 

human HEK293T and mouse N2a cell lines with mCherry driven 
by a miniCMV promoter, sgRNA targeting the miniCMV promoter 
and related activators (Supplementary Fig. 1a). Among the exam-
ined activator platforms, SPH showed the highest level of activation 
in both cell lines (Fig. 1b–e and Supplementary Fig. 1b). Notably, 
mCherry expression was upregulated in 93 ±  1% of the cells express-
ing the SPH activator system (Supplementary Fig. 2). In addition to 
exogenous gene, SPH also activated the transcription of the endoge-
nous genes Ascl1 and Neurog2 to a higher level in mouse N2a cells as 
compared with other activators (Fig. 1f and Supplementary Tables 1  
and 2). In addition to cell lines, SPH achieved the highest activa-
tion in primary astrocytes (Supplementary Fig. 3). An important 
concern of dCas9 activator system is its specificity in applications. 
We targeted the exogenous gene mCherry and the endogenous gene 
Neurog2 to determine SPH’s off-target activity using genome-wide 
transcriptome analysis. We found that SPH specifically activated 
exogenous and endogenous genes with minimal off-target activity 
(Fig. 1g,h). Together, these results demonstrate that SPH represents 
the most potent dCas9 activator system among those examined.

Generation of a Cre-dependent SPH transgenic mouse and 
activation of genes and lncRNAs in primary cells and in vivo. 
To broadly enable the application of dCas9 in vivo, we generated 
a Cre-dependent SPH transgenic mouse to overcome the delivery 
challenges associated with the large sizes of dCas9 and its activa-
tors. Using the piggyBac (PB) transposon system, we generated a 
SPH transgenic mouse containing HA-tagged dCas9 fused with 
10xGCN4, which is linked with p65-HSF1 and EGFP in tan-
dem via P2A and T2A, respectively (Fig. 2a). The transgene is 
driven by the ubiquitous CAG promoter and is interrupted by a  
loxP-stop-loxP (LSL) cassette to render Cas9 expression inducible 
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by Cre recombinase (Fig. 2a). The integration site of SPH was 
determined and the transgenic progeny were fertile and had nor-
mal litter sizes (Supplementary Fig. 4a,b). After transfection with 
Cre-expression plasmids or infection with Cre-expression virus, 
dCas9 and EGFP expression could be effectively and specifically 
induced in vitro and in vivo (Fig. 2c and Supplementary Fig. 
4c–g). To determine whether the SPH activator system provided 
functional expression levels of dCas9 and p65-HSF1, we tested 
the activation of endogenous genes in primary cells derived from 
the transgenic mice after infection of U6-sgRNA-Ef1a-Cre-2A-
mCherry lentivirus (Fig. 2b). We first targeted two genes encod-
ing neuronal transcription factors, Ascl1 and Neurog2, in primary 
astrocytes. Both Ascl1 and Neurog2 were significantly upregu-
lated (Fig. 2d). We next examined the individual activation of ten 
genes and four long noncoding RNAs (lncRNAs) and the mul-
tiplex activation of ten genes and one lncRNA using a mixture 
of sgRNAs in primary fibroblasts. All of these genetic elements 
could be successfully activated at all of the target loci with differ-
ent sgRNA combinations (Fig. 2e,f). Taken together, our results 

demonstrate the potential of using SPH mice for efficient gene 
modulation in primary cells.

To determine the feasibility of using SPH mice to induce tran-
scriptional activation in vivo, we delivered plasmids expressing 
sgRNAs to the liver by hydrodynamic injection (Supplementary 
Fig. 5a). Notably, all of the ten genes and one lncRNA (Miat) that 
we analyzed were markedly activated after sgRNA plasmid delivery, 
with each gene or lncRNA being targeted by one or more sgRNAs 
(Supplementary Fig. 5b,c). Moreover, via targeted activation of the 
Dkk1 gene, which encodes a Wnt antagonist, we remodeled meta-
bolic zonation of the liver and inactivated Wnt/β -catenin down-
stream pericentral genes, such as glutamine synthetase (GS) and 
CYP2E1, in about 20% of pericentral hepatocytes (Supplementary 
Fig. 6), demonstrating that SPH mice can be used to directly modu-
late cellular processes in vivo.

In vivo direct conversion of astrocytes into functional neurons 
by SPH-based targeted activation of endogenous genes. To dem-
onstrate the potential applications of SPH mice in neuroscience, we 
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Fig. 1 | Design of an improved activator SPH. a, Schematic of five dCas9 activation systems. SPH was designed by combining the peptide array of SunTag 

and P65-HSF of SAM. b,c, mCherry driven by a minimal CMV promoter was activated in HEK293T and N2a cells by the indicated dCas9 activation 

systems. Scale bar represents 100 μ m. d,e, Fluorescent intensity quantifications of the data presented in b and c. Fold activation of VPR, SunTag, SAM 

and SPH to VP64 are denoted in the respective graphs (n =  2 cell cultures). f, Activation of endogenous Ascl1 and Neurog2 in N2a cells by the indicated 

dCas9 activation systems; the numbers above the bars indicate the exact fold change (Ascl1: n =  4 cell cultures, P <  0.001, f =  17.562, df =  19; Neurog2: 

n =  4 cell cultures, P <  0.001, f =  13.395, df =  19; one-way ANOVA followed by Tukey’s test). The sgLacZ serves as a control sgRNA. g,h, Expression 

levels in log2FPKM (fragments per kilobase of exon per million fragments mapped) values of all detected genes in RNA-seq libraries of SPH targeting 

the exogenous gene mCherry and the endogenous gene Neurog2 (y axis) compared to LacZ-transfected control (x axis). All values are presented as 

mean ±  s.e.m. *P <  0.05. TSS, transcription start site.
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asked whether the SPH transgenic mice can be used to modulate 
neuronal functions in vivo. Ectopic overexpression of transgenes is 
often applied to reprogram cell fates. A previous study used dCas9 to 
reprogram fibroblasts into neurons (iNs) in vitro20. We explored the 
possibility of in vivo direct conversion of mature astrocytes into iNs 
by SPH-based targeted activation of three previously described22–24 
neurogenic transcription factors: Ascl1, Neurog2 and Neurod1 
(ANN) (Fig. 3a and Supplementary Table 3). The ANN factors were 
efficiently activated in primary SPH astrocytes after transfection 
of plasmids expressing Cre and sgRNAs (Fig. 3b). In addition, we 
generated SPH;GFAP-Cre double-transgenic mice to induce SPH 
activator systems in astrocytes. To induce neuronal conversion of 
astrocytes in vivo, we delivered AAV-sgRNAs targeting ANN fac-
tors, with each gene being targeted by multiple sgRNAs. AAV-
GFAP-mCherry was also co-injected with AAV-sgRNAs to label 
astrocytes in the midbrain22. All of the ANN factors were efficiently 
activated in the midbrain by 1 week after AAV injection (Fig. 3c). 
A significantly increased proportion of mCherry+ NeuN+ cells was 
induced 1 month after AAV injection compared with control left 
midbrain injected with only AAV-GFAP–mCherry: 34 ±  8% versus 
5 ±  1% (Fig. 3d–f). To characterize the functions of iNs induced by 
targeted ANN activation, we performed whole-cell recordings in 
acute slices to examine the electrophysiological properties of iNs 
generated in vivo. Morphology and mCherry expression were used 
to select mature iNs for patch-clamp recordings (Fig. 3g). All of the 
recorded cells (n =  5 cells) were able to generate action potentials in 
response to step injection of depolarizing current in current-clamp 
mode (Fig. 3h). Moreover, all of the cells displayed spontaneous 

postsynaptic currents in voltage-clamp mode (Fig. 3i), suggesting 
that iNs form functional synapses.

Complex activation in the mammalian brain. Simultaneous 
expression of multiple genes is frequently required to modulate 
neuronal processes. However, in vivo modulation of multiple tar-
gets is largely limited by inefficient delivery of multiple constructs, 
especially genes with large transcript size. CRISPR–dCas9 activa-
tors have been developed for multiple transcriptional activations3. 
Using SPH mice, we achieved robust activation of multiple genes 
in the liver with a mixture of sgRNAs (Supplementary Fig. 5d). 
To avoid mosaic activations, we also introduced a sgRNA array to 
enable simultaneous activation of multiple genes and lncRNAs in a 
cell. After prescreen of sgRNAs in N2a cells and primary SPH fibro-
blasts (Supplementary Fig. 7), ten sgRNAs targeting the promot-
ers of eight genes and two lncRNAs were selected and constructed 
into an sgRNA array, with each genetic element being targeted by 
one sgRNA (Supplementary Fig. 8a and Supplementary Table 4).  
Notably, all of the targets were simultaneously activated after 
injection of the plasmids into the liver (Supplementary Fig. 8b). 
Moreover, AAVs expressing sgRNA arrays enabled simultaneous 
activation of multiple targets in SPH livers together with AAV-Alb-
Cre (Supplementary Fig. 9). To further confirm the simultaneous 
activation of multiple targets at single-cell level, we prepared pri-
mary astrocytes transfected with all-in-one vectors for single-cell 
RNA sequencing. As a result of detection limits, we detected three 
of the eight targeted genes. All of the detected genes were simultane-
ously upregulated in almost all of the cells (Supplementary Fig. 10).
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The brain is composed of numerous types of neuronal cells. 
Precise interrogation of the genetic circuits is important to under-
stand how the brain processes. With the conditional SPH mouse, 
cell-type-specific activation of multiple genes can be defined by 

delivering Cre recombinase under the control of specific promot-
ers. To determine whether cell-type-specific activation of multiple 
genomic loci can be achieved in the intact brain, we constructed 
a dual-vector system that packages sgRNAs and Cre recombinase 

mCherryDAPI

NeuN Merge

mCherryDAPI

NeuN Merge

AAV-GFAP-mCherry AAV-GFAP-mCherry

+ AAV-sgRNAs

(Ascl1, Neurog2, Neurod1)

AAV-GFAP-mCherry AAV-GFAP-mCherry + AAV-sgRNAs

Astrocyte

Neuron

4
0
 m

V

100 ms

d

g h i

AAV-GFAP

-mCherry

AAV-Ascl1

AAV-Neurog2

AAV-Neurod1

sgRNA

a

Midbrain, SPH;GFAP-Cre mice

e

Left Right

Stereotactic

injection

Specific labeling

of astrocytes
~1 month

10

100

1,000

0

20

40

60

80

100

0

3

6

9

F
o
ld

 i
n
c
re

a
s
e
 m

R
N

A

0

m
C

h
e
rr

y
+
N

e
u
N

+
 c

e
lls

(%
m

C
h
e
rr

y
+
)

In vitro In vivo

Ascl1 Neurog2 Neurod1 Ascl1 Neurog2 Neurod1

b c f

G
FAP-m

C
he

rry

G
FAP-m

C
he

rry

+ 
sg

R
N
As

Fig. 3 | SPH-based targeted activations convert astrocytes into functional neurons in vivo. a, Schematic of injection strategies. Dorsal midbrain was 

injected with AAV-GFAP-mCherry and AAV-sgRNAs targeting ANN factors on the right side and AAV-GFAP-mCherry as a control on the left side. b, 

Transcriptional activation of ANN factors in primary SPH astrocytes (n =  4 cell cultures, 2–3 d post-transfection). c, Transcriptional activation of ANN 

factors in the dorsal midbrain (n =  4 mice, 1 week after infection). d,e, Representative immunofluorescence images of the midbrain 1 month post-infection 

(n =  3 mice, AAV-GFAP-mCherry: 5 images; AAV-GFAP-mCherry +  AAV-sgRNAs: 5 images). White arrowheads indicate that mCherry and NeuN 

expression was not colocalized. Note that NeuN is a marker of mature neurons. Orange arrowheads indicate colocalization of mCherry and NeuN. f, 

Percentage of mCherry+ NeuN+ double-positive cells in mCherry+ cells 1 month post-infection (n =  3 mice; P =  0.02, t =  –3.71, df =  5, unpaired two-tailed 

Student’s t test). g, Whole-cell recording of a representative iN in the acute slice (n =  2 mice, 5 cells). h,i, Action potentials were evoked in response to step 

depolarizing currents and synaptic inputs were detected from the same iN (n =  2 mice, 5 cells). All values are presented as mean ±  s.e.m. *P <  0.05. Scale 

bars represent 20 μ m in d, e and g.

NaTuRe NeuRoSCIeNCe | www.nature.com/natureneuroscience

© 2018 Nature America Inc., part of Springer Nature. All rights reserved.

http://www.nature.com/natureneuroscience


TECHNICAL REPORTNATURE NEUROSCIENCE

driven by a specific promoter in two separate AAV vectors. We 
injected dual-AAV vectors in the cerebral and cerebellar cortex: one 
expressing sgRNAs targeting Dkk1 and Hbb, and another expressing  

Cre recombinase linked with mCherry in tandem via P2A, spe-
cifically expressed in neurons (hSyn-Cre) or excitatory neurons 
(aCaMKII-Cre) (Fig. 4a). We dissected the injected brain regions 
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for qPCR analysis 1–2 weeks after injection of AAV-hSyn-Cre and 
AAV-sgDkk1-sgHbb. Activation of Dkk1 and Hbb was detected in 
both cerebral cortex and cerebellar cortex and most mCherry-pos-
itive cells were colocalized with NeuN expression, suggesting that 
activation of the sites targeted by sgRNAs was restricted to neurons 
(Fig. 4b–d). Upregulations of Dkk1 and Hbb were also detected 
in the cerebral cortex and cerebellar cortex by injection of AAV-
aCaMKII-Cre and AAV-sgDkk1-sgHbb (Fig. 4c,d). Enhanced tran-
scription of Dkk1 and Hbb were confirmed by in situ hybridization 
(Supplementary Fig. 11 and Supplementary Table 5). Moreover, we 
observed simultaneous upregulation of HBB and DKK1 proteins 
after injecting AAV-aCaMKII-Cre together with related sgRNAs 
in the cerebral cortex, confirming SPH-based targeted activation of 
genes in protein levels (Fig. 4e and Supplementary Fig. 12).

Many neuronal processes are regulated by the gene network. 
Thus, simultaneous adjustment of a large number of genes could 
be used to determine the causal roles of complex genetic regula-
tion. To characterize the feasibility of using SPH mice to simulta-
neously control multiple genes in vivo, we injected sgRNA arrays 
targeting ten genes or ten genetic elements including eight genes 
and two lncRNAs into the brain (Fig. 4f,g). As expected, most of 
the targets were potently upregulated (Fig. 4f,g). Collectively, these 
results highlight the advantages and potential of using SPH mice to 
modulate complex genetic networks in the intact brain.

Discussion
We developed an efficient and versatile platform for simultaneous 
activation of multiple genomic loci in the intact nervous system. 
Using this SPH platform, we potently upregulated individual or 
multiple genetic elements both ex vivo and in vivo using a mix-
ture of sgRNAs. The traditional method of gene overexpression 
by ectopic expression of exogenous transgenes usually introduces 
multiple copies of genes20,25,26. In contrast, activation of endog-
enous genes by dCas9 activators potentially reflects a more natu-
ral mechanism of action. Notably, SPH activator system enables 
in vivo dissections of diverse types of genetic elements, such as 
lncRNAs and transcription variants that are often not suitable for 
ectopic expression. Moreover, targeted activation of ANN factors 
converts astrocytes into functional neurons in the midbrain, sug-
gesting that endogenous genes activated by SPH-based strategy 
function in vivo. To the best of our knowledge, this is the first use 
of dCas9-based technologies to induce a functional phenotype in 
higher animals.

Many neurological diseases are correlated with aberrant expres-
sions of multiple genes. Targeting a single gene is usually insuffi-
cient to model the pathological processes. Thus, SPH-mouse-based 
in vivo multiplex activation potentially provides a platform for bet-
ter disease modeling. The SPH mouse is also particularly useful for 
in vivo cell reprogramming. A cocktail of transcriptional factors is 
often used to initiate cell fate conversion27. Although cell fate con-
versions in cell culture have been reported in many studies, in vivo 
transdifferentiation remains challenging as a result of difficulties in 
simultaneous expression of several exogenous genes in intact tis-
sues27. Thus, the SPH-mouse-based strategy enables in vivo repro-
gramming. We generated iNs in SPH mouse midbrains by targeted 
activation of three transcription factors using a mixture of sgRNAs. 
Future work will be needed to determine whether specific subtypes 
of neural cells can be converted using a sgRNA array. Given that 
all biological activity is virtually modulated by the interactions of 
multiple genes, SPH-mouse-mediated simultaneous activation is 
potentially applicable to many fields beyond disease modeling and 
cell reprogramming.

We also noticed that genes were activated at different levels in 
SPH platform, which has also been shown in other dCas9-based 
activation systems3,19. The different extents of gene activation are 
probably a result of their basal expression levels, epigenetic status or 

sgRNA target sites3,19,28,29. SPH-mediated multiplex activation allows 
fine-tuning of individual gene expression by targeting upstream of 
the transcription start site with different sgRNAs or different com-
binations of sgRNAs30. Thus, the SPH platform provides an alterna-
tive strategy for studying the effect of mRNA dosage of individual 
gene in complex biological processes. For genes with limited acti-
vation efficiency, modest activations of some genes, such as Mecp2 
and Shank3, could also be sufficient to induce physiological changes 
of neurons31–33. It is also important to note that we examined the 
efficacy of SPH system in neurons and astrocytes, which are the 
representative cell types in the brain. The efficacy of SPH system 
in other types of glial cells, such as oligodendrocytes and microglia, 
should be examined before applying the SPH system to other neural 
cell types in vivo.

In addition to investigating a small set of genes, a special applica-
tion of SPH mice would be in vivo genome-wide gain-of-function 
screens. Recently, in vitro dCas9-based activation screens have been 
used to identify key regulators involved in a variety of biological 
processes3,27,34–36. Given the recent success of using Cas9-expressing 
mice to screen tumor suppressor genes in glioblastoma37, SPH mice 
could be used to identify oncogenes involved in the progression of 
diverse tumors. Together, SPH mouse provides a gain-of-function 
platform for dissecting complex genetic processes under physiologi-
cal conditions.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41593-017-0060-6.
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Methods
Ethical compliance. All animal experiments were performed and approved by 
the Animal Care and Use Committee of the Institute of Neuroscience, Chinese 
Academy of Sciences, Shanghai, China.

sgRNA design and vector information. The sgRNAs were designed using the 
ChopChop tool (https://chopchop.rc.fas.harvard.edu/). All sgRNAs used in this 
project are listed in Supplementary Table 1. DNA sequences of all vectors are 
provided in the Supplementary Sequences.

Cell culture and transient transfection. HEK293T and N2a cell lines were 
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 
10% FBS and penicillin/streptomycin (Thermo Fisher Scientific) in a humidified 
incubator at 37 °C with 5% CO2. Cells were passaged at a ratio 1:3 every 2 d. 
HEK293T and N2A Cell lines were seeded in 24-well plates or 12-well plates, with 
the purpose of performing fluorescence reporter assay or activation of endogenous 
genes, respectively. All cell lines were transfected with Lipofectamine 3000 
(Thermo Fisher Scientific) using the standard protocol.

Fluorescence reporter assay and activation of endogenous gene in vitro. 
The experiments were performed using previously described methods with 
modifications18,19. For the experiments of fluorescence reporter assay, each well 
was transfected with 1 μ g of plasmid with dCas9, 1 μ g of activator expressing 
plasmid, 0.5 μ g of plasmid containing sgRNA and 0.5 μ g of miniCMV plasmid. 
Considering VP64 system does not require an extra vector to express activator, the 
activator expressing plasmid was substituted by same amount of an empty vector 
pcDNA3.1(+ ). In addition, 0.5 μ g of plasmid expressing blue fluorescence protein 
(BFP) was co-transfected per well to control the transfection efficiency. The mean 
fluorescence intensity of mCherry was determined by measuring the mCherry 
intensity of randomly selected BFP-positive cells. Images were acquired using A1R 
microscope (Nikon) with identical settings at 24 h or 48 h, respectively.

For endogenous gene activation experiments, each well was transfected with 
1 μ g of plasmid with dCas9, 0.09 pM of plasmid containing sgRNA and 1 μ g of 
activator expressing plasmid (substituted by 1 μ g of pcDNA3.1(+ ) in the VP64 
system and VPR system). Cells were harvested 2–3 d post-transfection.

To determine the activation of Ascl1, Neurog2 and Neurod1 in primary 
astrocytes, each well (six-well plate) was transfected with 1 μ g of plasmid 
expressing EF1a-Cre-mCherry and 3 μ g of plasmid containing sgRNAs. mCherry 
–positive cells were collected by fluorescence-activated cell sorting (FACS) 2 d 
post-transfection.

Generation of the SPH transgenic mouse. The sequence of SPH is available in 
Supplementary Sequences. Cre-dependent SPH transgenic mice were generated 
with the piggyBac transposon system in F1 zygotes, as described previously38.  
Three chimeric male founders were selected to cross with wild type  
C57BL/6 mice. Primers used for determining the SPH-positive mice  
were forward (5′ -TTCCATTTCAGGTGTCGTGA-3′ ) and reverse  
(5′ -ACCAGCTGGATGAACAGCTT-3′ ). SPH;Alb-Cre double-transgenic 
mice were generated by crossing SPH transgenic mice with Alb-Cre (C57BL/6 
background, forward primer: 5′ -GCCTGCATTACCGGTCGATGC-3′  and 
reverse primer: 5′ - CAGGGTGTTATAAGCAATCCCC -3′ ) transgenic 
mice. And SPH;GFAP-Cre double-transgenic mice were generated by 
crossing SPH transgenic mice with GFAP-Cre (JAX stock #004600,forward 
primer: 5′ -GCCTGCATTACCGGTCGATGC-3′  and reverse primer: 5′ - 
CAGGGTGTTATAAGCAATCCCC -3′ ) transgenic mice. Mice aged 1–3 months 
were typically used for experiments. Mice were housed at constant temperature 
with a 12-h/12-h dark/light cycle (lights on at 9 a.m.) and 1–6 mice were kept 
per cage. All experiments were approved by the institutional animal care and use 
committee of Chinese Academy of Sciences. Mice of either sex were used and 
randomly assigned to different groups for all experiments.

Culture and transfection of primary cells. Isolation and culture of SPH primary 
astrocytes were performed at postnatal day 5 as described previously39. Mouse 
embryonic fibroblasts were derived from 13.5 d embryos and maintained in 
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin (Thermo 
Fisher Scientific). To determine the activation of Ascl1, Neurog2 and Neurod1 
(ANN) in SPH primary astrocytes, 1 μ g plasmids expressing Cre and mCherry, 
and 3 μ g plasmids expressing sgRNAs targeting ANN factors were co-transfected 
per well (six-well plate). mCherry-positive cells were collected for qPCR 2–3 d 
post-transfection. To compare the activation efficiency of SAM, VPR and SPH in 
primary astrocytes derived from wide type mice, 15 μ g plasmids expressing GFP 
and 15 μ g plasmids expressing mCherry, were co-transfected per 10-cm dish. GFP 
and mCherry double positive cells were collected for qPCR 2 d post-transfection.

Production of lentivirus and AAV8. Lentivirus was packaged by transfecting 
HEK293T cells using Polyethylenimine (PEI) at a final concentration of 50 μ g/
ml, the ratio of sgRNA-EF1a-Cre-mCherry expressing plasmid (Addgene 52963) 
and packaging vectors psPAX2 (Addgene 12260) and pMD2.G (Addgene 12259) 
is 4:3:2. Virus supernatant was collected 2–3 d post-transfection. Astrocytes and 

fibroblasts were infected using concentrated and fresh supernatant, respectively.  
A mixture of lentiviral supernatants was used to achieve activation of multiple 
genes. AAV8 was produced by triple transfection of HEK293T cells using PEI. 
Viral particles from the media and cells were harvested, purified and concentrated 
3–5 d after transfection22,40. Maximally 12 sgRNAs could be packaged into one 
AAV-sgRNAs array due to the packaging limit of AAV, and the titers of AAV-12-
sgRNA-array and AAV-10-sgRNA-array were around 5 ×  1012.

RNA extraction and qPCR. Astrocytes and fibroblasts were harvested for Real-
Time quantitative PCR 10 d and 2–3 d post-infection, respectively. RNA was 
extracted using Trizol (Ambion) and subsequently converted to cDNA using a 
reverse transcription kit HiScript Q RT SuperMix for qPCR (Vazyme, Biotech). 
qPCR reactions were performed with AceQ qPCR SYBR Green Master Mix 
(Vazyme, Biotech). RNA extracted from the N2A cells was prepared for RNA-
seq experiments, as described previously7. The cycle number was set as 40 if the 
amplification signal could not be detected in control samples (in total of 45 cycles). 
All primers used for qPCR are listed in Supplementary Table 2.

Stereotactic injection of AAV8, hydrodynamic tail vein injection and 
hepatocyte isolation. Stereotactic injection of AAV8. Surgical preparation was 
performed as previously described41. For the purpose of determining the activation 
in the brain, AAV8 was injected into the cerebral cortex and cerebellar cortex at a 
depth of 0.3–1.8 mm, and injected brain regions were dissected for qPCR 2 weeks 
post-injection. For the purpose of direct conversion of astrocytes into neurons, 
AAV8 was injected into the midbrain at a depth of 0.5–1 mm.

Hydrodynamic tail vein injection. 1.5–2.5 ml Ringer’s buffer containing 
approximately 50–200 μ g plasmid DNA or 0.5 ml Ringer’s buffer containing 
approximately 3 ×  1011 transducing units (TU) of AAV was injected into mouse via 
tail vein42. Mice were sacrificed typically 4–6 d post-injection of plasmids or 1–2 
weeks post-injection of AAV. Separated liver lobes were homogenized in Trizol 
using a mechanical tissue homogenizer for RNA extraction, western blot or fixed 
with 4% of paraformaldehyde for immunofluorescence staining or frozen for 
western blot.

Hepatocyte isolation. Primary hepatocytes were isolated by standard two-step 
collagenase perfusion method43 and purified by 40% Percoll (Sigma) at low-speed 
centrifugation (1,000 rpm, 10 min), mCherry-positive hepatocytes were isolated  
for qPCR using FACS. Because of the variance of hydrodynamics-based 
transfection, typically well transfected mice were used for further analysis based  
on fluorescence expression.

Immunofluorescence staining and in situ hybridization. The livers and brains 
were fixed overnight with 4% paraformaldehyde (PFA), and stored in 30% sucrose 
for 12 h. After embedding in OCT compound (Sakura Finetek), 10 μ m liver 
sections or 50 μ m brain sections were used for immunofluorescence staining. 
Slices were thoroughly rinsed with 0.1 M PB three times. Primary antibodies used 
to stain the brain and liver sections were as follows: rabbit monoclonal antibody 
to HA-tag (Brain, 1:1000, #3724, CST44), rabbit polyclonal NeuN antibody (Brain, 
1:500, #ABN78, Millipore45), mouse monoclonal DsRed2 Antibody (Liver, 1:1,000, 
#sc-101526, Santa Cruz), mouse monoclonal GS antibody (liver, 1:500, Millipore46), 
rabbit polyclonal antibody to GAPDH (1:2000, #10494-1-AP, Proteintech47), 
rabbit polyclonal CYP2E1antibody (liver, 1:1,000, #ab28146, Genetex48), rabbit 
polyclonal antibody to mCherry (liver, 1:2,000, #GTX128508, Genetex49), mouse 
monoclonal antibody to ASCL1 (liver, 1:2,000, Liver, #556604, BD biosciences50), 
rabbit polyclonal to DKK1 (brain, 1:2,000, #ab61034, Abcam) and rabbit polyclonal 
antibody to HBB (brain, 1:2,000, #AP11557b, Abgent51). The sections were 
thoroughly rinsed with 0.1 M PB for three times, and subsequently covered with 
mountant (Life Technology). Double staining combining the in situ hybridization 
and the fluorescent immunostaining was performed on cryostat sections of the 
mouse brain, as previously described52. Dkk1 and Hbb probes (Supplementary 
Table 5) were made using T7/SP6 transcriptase (Roche). For in situ hybridization, 
brain sections were warmed at room temperature and dried at 50 °C for 20 min. 
Then brain sections were fixed with 4% paraformaldehyde (dissolved in DEPC-
PBS) at room temperature for 20 min and washed twice with DEPC-PBS for 5 min. 
And treated with 2 µ g/ml and 1 µ g/ml proteinase K (dissolved in PK buffer) for 
5 min, respectively. Prehybridization was performed at 67 °C and replaced with 
1 µ g/ml of probe in hybridization buffer. After 12–16 h incubation, brain sections 
were washed with SSC at 67 °C and free probes were digested with 3 µ g/ml RNase 
at 37 °C for 30 min. Brain slices were blocked in 10% heat inactivated sheep serum 
and incubated in anti-digoxygenin antibody (1:2,000, #11093274910, Roche, 
diluted in 10% sheep serum53). For immunostaining, antigens were retrieved in 
0.01 M sodium citrate at 80 °C for 20 min and blocked in TBS containing 0.4% 
Triton X-100 and 10% goat serum. Primary antibody (rabbit-DsRed, #632496, 
1:500, Takara) and secondary antibody (donkey anti rabbit, 1:200, Jackson 
Immunoresearch #711-166-15254) were used to amplify the mCherry signal.

Electrophysiology. The detailed recording method was previously described55. 
Briefly, SPH;GFAP-Cre mice (ages 2–3 months, 1–2 months post-infection of 
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AAV8) were anesthetized by intraperitoneal injection of pentobarbital sodium 
(40 mg/kg) and then transcardial perfused with 25–30 ml of room temperature 
carbogenated NMDG artificial cerebrospinal fluid (aCSF) [NMDG aCSF (mM): 
NMDG 92, KCl 2.5, NaH2PO4 1.25, NaHCO3 30, HEPES 20, glucose 25, thiourea 
2, sodium ascorbate 5, sodium pyruvate 3, CaCl2 0.5, MgSO4 10]. The brains 
were gently extracted from the skull after perfusion within 1 min and placed 
into the icy-cold NMDG aCSF solution for an additional 30 s. The brain tissues 
were then trimmed and sectioned with Leica VT1200S at 250–350 μ m thickness 
in the slicing chamber filled with icy-cold NMDG aCSF solution bubbled with 
95%O2/5%CO2. The advance speed was set at 0.04–0.05 mm/s with the amplitude 
of 1 mm. The total time for the slicing procedure should be less than 15 min. Slices 
were transferred into a holding chamber containing carbogenated NMDG aCSF 
and kept there for ≤ 12 min at 32–34 °C for the initial protective recovery. After 
the initial recovery period, the slices were transferred into a new holding chamber 
containing room-temperature HEPES holding aCSF [HEPES holding aCSF (mM): 
NaCl 92, KCl 2.5, NaH2PO4 1.25, NaHCO3 30, HEPES 20, glucose 25, thiourea 
2, sodium ascorbate 5, sodium pyruvate 3, CaCl2 2, MgSO4 2] under constant 
carbogenation. After about 1 h, the slices can be transferred into the recording 
chamber filled with recording solution [recording aCSF (mM): NaCl 119, KCl 
2.5, NaH2PO4 1.25, NaHCO3 24, glucose 12.5, CaCl2 2, MgSO4 2] under the 
microscope Olympus BX51WI. The recording was acquired through Clampex 10 
equipped with Axon 700B and Digidata1550A. The internal solution is composed 
of (mM) potassium gluconate 126, KCl 2, MgCl2 2, HEPES 10, EGTA 0.2, Na2-ATP 
4, Na3-GTP 0.4, creatine phosphate 10. The temperature was maintained  
at 32 °C during the recording. Recordings were made in the inferior colliculus 
central nucleus (ICC) of the dorsal midbrain. The morphology and mCherry 
expression were visualized by an upright microscope, to select mature iNs for 
patch-clamp recordings.

RNA-seq data analysis. High-throughput mRNA sequencing (RNA-seq) was 
carried out using Illumina Genome Analyzer. Trimmomatic (v0.36) was used 
to remove adapters during sequencing. Qualified reads were mapped to the 
mouse reference genome (mm10) by hisat2 (v2.0.0) with default parameters. 
Next, stringtie (v2.0) was conducted to estimate the gene expression levels on 
the alignment file and gene abundances were reported in FPKM (fragments per 
kilobase of transcript per million fragments mapped). All data are available with 
the SRA accession number SRP118855.

Single-cell RNA-seq. Primary astrocytes derived from the SPH mice were 
transfected with1ug all-in-one plasmid per well (24-well plate). Single mCherry-
positive astrocytes were selected by glass pipettes, 60 h post-transfection. RNA 
isolation and library construction were performed as described previously56. 
Cells with high-quality libraries were used for further analysis. For the single-cell 
amplification sequencing data, smart adapters produced during DNA amplification 
were also removed in addition to Illumina adapters before subsequent analysis. All 
data are available with the SRA accession number SRP118855.

Inverse PCR. Genomic DNA from mouse tail was isolated and digested with MspI 
enzyme for 3 h. Then the digested DNA was ligated for 3 h, followed by one round 
of nest PCR. The PCR products were run on a 1.5% agarose gel, clear bands were 
excised, purified and ligated to Pmd-19T-vectors. Single clones were picked for 
sequencing.

Statistical analysis. All values are shown as mean ±  s.e.m. One-way ANOVA 
followed by Tukey’s test and unpaired two-tailed Student’s t test were used 
for comparisons and P <  0.05 was considered to be statistically significant. 
Randomization was used in all experiments and no statistical methods were used 
to pre-determine sample sizes but our sample sizes are similar to those reported in 
previous publications19. Data distribution was assumed to be normal but this was 
not formally tested. Data collection and analysis were not performed blind to the 
conditions of the experiments.

Life Sciences Reporting Summary. Information on experimental details can be 
found in the Life Sciences Reporting Summary.

Accession codes. RNA-seq and single-cell RNA-seq data are available with the SRA 
accession number SRP118855.

Data availability. The SPH transgenic mice will be donated to the Jackson 
Laboratory (https://www.jax.org/) and Shanghai Model Organism Center (http://
www.shmo.com.cn/). RNA-seq and single-cell RNA-seq data are available with the 
SRA accession number SRP118855. Other data that support the findings of this 
study are available from the corresponding author upon reasonable request.
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Life Sciences Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life 

science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list 

items might not apply to an individual manuscript, but all fields must be completed for clarity. 

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research 

policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist. 

    Experimental design

1.   Sample size

Describe how sample size was determined. Unpaired T-test (two-tailed) and one-way Anova followed by Tuky's test were used 

to determine the significance. Sample sizes in this manuscript were similar to 

previous papers (Chavez, A. et al., Nature Methods, 2016.  Konermann S. et al., 

Nature, 2015). 

2.   Data exclusions

Describe any data exclusions. In methods. Poor transfected/infected mice were excluded. 

3.   Replication

Describe whether the experimental findings were 

reliably reproduced.

All attempts at replication were successful.

4.   Randomization

Describe how samples/organisms/participants were 

allocated into experimental groups.

Randomization was used in all experiments.

5.   Blinding

Describe whether the investigators were blinded to 

group allocation during data collection and/or analysis.

To compare the fluorescence intensity of different activators, BFP-positive cells 

were selected and analyzed randomly per group(Figure 1), blindness was not used 

in other experiments. However, all samples were collected and all data were 

analyzed in an unbiased manner. 

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.

6.   Statistical parameters 

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 

Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 

sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 

complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.
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   Software

Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 

study. 

Custom algorithms or software was not used in this study. 

Fluorescence intensity: Zen (zeiss) 

Flow cytometry: FlowJo 

RNA-seq: Illumina Genome Analyzer, Trimmomatic (v0.36), Hisat2 (v2.0.0), 

Stringtie (v2.0) 

Western Blot: Image J 

Electrophysiology: Clampex 10 

Statistics: SPSS 17.0 

 

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 

available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 

providing algorithms and software for publication provides further information on this topic.

   Materials and reagents

Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 

unique materials or if these materials are only available 

for distribution by a for-profit company.

The SPH transgenic mice will be donated to the jackson laboratory (https://

www.jax.org/) and Shanghai Model Organism Center Inc., Shanghai, China (http://

www.shmo.com.cn/). Other materials are available upon reasonable request.

9.   Antibodies

Describe the antibodies used and how they were validated 

for use in the system under study (i.e. assay and species).

 rabbit monoclonal antibody to HA-tag (Brain, 1:1000, #3724, CST, ref. 45), rabbit 

polyclonal NeuN antibody (Brain, 1:500,  #ABN78, Millipore, ref. 46), mouse 

monoclonal DsRed2 Antibody (Liver, 1:1000, #sc-101526, Santa cruz), mouse 

monoclonal GS antibody (liver, 1:500, Millipore, ref. 47), rabbit polyclonal antibody 

to GAPDH (1:2000, #10494-1-AP, Proteintech, ref. 48), rabbit polyclonal 

CYP2E1antibody (liver, 1:1000, #ab28146, Genetex, ref. 49), rabbit polyclonal 

antibody to mCherry (liver, 1:2000, #GTX128508, Genetex, ref. 50), mouse 

monoclonal antibody to ASCL1 (liver, 1:2000, Liver, #556604, BD biosciences, ref. 

51), rabbit polyclonal to DKK1 (brain, 1:2000, #ab61034, Abcam) and rabbit 

polyclonal antibody to HBB (brain, 1:2000, # AP11557b, Abgent, ref. 52, anti-

digoxygenin antibody (1:2000, #11093274910, Roche, ref. 54).

10. Eukaryotic cell lines

a.  State the source of each eukaryotic cell line used. Cell bank, Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of 

Sciences

b.  Describe the method of cell line authentication used. Cell lines were authenticated by the supplier.

c.  Report whether the cell lines were tested for 

mycoplasma contamination.
Cell lines were tested for mycoplasma contamination.

d.  If any of the cell lines used are listed in the database 

of commonly misidentified cell lines maintained by 

ICLAC, provide a scientific rationale for their use.

None of the cell lines used was listed in the database of ICLAC.
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    Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide details on animals and/or animal-derived 

materials used in the study.

 Cre-dependent SPH transgenic mice were generated with piggyBac transposon 

system in F1 zygotes. Three chimeric male founders were selected to cross with 

wild type C57BL/6 mice. SPH;GFAP-Cre double-transgenic mice were generated by 

crossing SPH transgenic mice with GFAP-Cre (JAX stock #004600, forward primer: 

5’-GCCTGCATTACCGGTCGATGC-3’ and reverse primer: 5’- 

CAGGGTGTTATAAGCAATCCCC -3’) transgenic mice. Mice aged 1-3 months were 

typically used for experiments. Mice were housed at constant temperature with a 

12 h/12 h dark/light cycle (lights on at 9 a.m.) and 1-6 mice were kept per cage. All 

experiements were approved by the institutional animal care and use committee 

of Chinese Academy of Sciences. Mice of either sex were used and randomly 

assigend to different groups for all experiments. 

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population 

characteristics of the human research participants.

No human participants.
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Flow Cytometry Reporting Summary
 Form fields will expand as needed. Please do not leave fields blank.

    Data presentation
For all flow cytometry data, confirm that:

1.  The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

2.  The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of 

identical markers).

3.  All plots are contour plots with outliers or pseudocolor plots.

4.  A numerical value for number of cells or percentage (with statistics) is provided.

    Methodological details

5.   Describe the sample preparation. Cell were digested by trypsin (0.05%), contrifuged at 1000 rpm and filtered 

with a 35μm nylon mesh. (Supplementary Figure 2b)

6.   Identify the instrument used for data collection. MoFlo XDP (Beckman) 

7.   Describe the software used to collect and analyze 

the flow cytometry data.

Collect: Summit Software version 5.2 

Analyze: FlowJo 

 

 

8.   Describe the abundance of the relevant cell 

populations within post-sort fractions.

20000 cells were sorted per group. Positive and negative boundaries were 

determined by control cells that were not transfected with any plasmids. 

9.   Describe the gating strategy used. Positive and negative boundaries were determined by control cells that 

were not transfected with any plasmids. 

 Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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