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Abstract 

Conversion of astrocytes to neurons (AtN) is a promising potential strategy for the treatment of 

neurodegenerative diseases. Recent studies have reported that shRNA-, CasRx-, or ASO-mediated 

Ptbp1 suppression could reprogram resident astrocytes to neurons1-3. However, some groups have 

disputed the data interpretation of the reported AtN conversion events4-7. These controversies 

surrounding AtN conversion may due to differences in the astrocyte fate-mapping systems they 

applied from that in the original study, i.e., recombinant mouse strains with astrocyte specific 

reporter constructs versus AAV-based labeling systems. Here, we applied two AAV-based tracing 

systems to label astrocytes with either a GFAP-driven tdTomato reporter (AAV-GFAP::tdTomato) or 

GFAP-driven HA-tagged Cas13X (AAV-GFAP::Cas13X-NLS-HA-sgPtbp1) and found conflicting 

observations of AtN conversion in mouse striatum. Our findings indicated that inconsistent AtN 

outcomes may arise from different fate-mapping systems between AAV and transgenic mice, as well 

as through use of different reporter proteins. Thus, the complexity of astrocyte labeling systems 

warrants careful attention when drawing conclusions about whether AtN conversion occurs. 

 

Results 

Previously, we found that CasRx could repress Ptbp1 in astrocytes and induce AtN conversion2. 

Although this effect was independently reproduced by several collaborators, technical difficulties in 

the CasRx-mediated Ptbp1 knockdown reported by other groups6 led us to investigate alternative 

approaches to repress Ptbp1. To this end, we tested the efficiency of Ptbp1 knockdown by Cas13X, a 

hyper-compact CRISPR-Cas13 protein recently identified by our group8. We screened five sgRNAs 

targeting Ptbp1 mRNA (Figure S1A) and found that sgRNAs-2, -3 and -5, independently or 

combined, could effectively knock down Ptbp1 expression in HEK293T, Cos7 and N2a cell lines 

(Figure S1B).  

 

To knockdown Ptbp1in vivo, we applied an AAV-PHP.eB capsid with a 681 bp-length human GFAP 

promoter (hGFAP)9 to drive astrocyte-specific expression of Cas13X-NLS-HA-sgPtbp1-(2,3,5) or 

the non-target control (sgNT) in C57BL/6 mice (Figure 1A). Immunofluorescent staining of brain 

sections showed that the PTBP1 signal significantly decreased over time (Figure 1B, S1C, and S1D), 

indicated by the decreasing proportion of Ptbp1+ HA+ GFAP+ astrocytes in 
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AAV-hGFAP::Cas13X-sgPtbp1 treated mice from 74.79% at 1 week post-injection to 18.42%, 

14.96% , 11.98% at 2 weeks, 1 month, and 2 months post-injection, respectively (Figure 1C). By 

contrast, the proportion of Ptbp1+ HA+ GFAP+ astrocytes in AAV-hGFAP::Cas13X-sgNT treated 

mice was not significantly changed from 1 week to 2 months post-injection (Figure 1B and 1C). 

 

To determine whether Ptbp1 suppression could successfully induce AtN conversion, the 

Ptbp1-knockdown virus (AAV-hGFAP::Cas13X-sgPtbp1) and astrocyte-tracing virus 

(AAV-hGFAP::tdTomato) were co-injected into the striatum of wild-type (WT) mice (Figure 1D). At 

1 month (Figure 1D) and 2 months (Figure S1E, 1F) after injection, the populations of tdTomato+ 

NeuN+ cells were significantly greater in the Ptbp1 knockdown group compared to that in non-target 

control group (10.04% vs 1.02% tdTomato+ among total NeuN+ cells, respectively; Figure 1F). 

These results indicated potential AtN conversion, which was consistent with observations in several 

previous studies2,3. However, the NeuN+ cell density was not significantly changed, which indicated 

that further validation was needed to determine whether AtN conversion occurred (Figure 1G). 

 

To further confirm the AtN conversion observed by tdTomato+/NeuN+ labeling, we then used an HA 

tag in hGFAP::Cas13X-NLS-HA-sgPtbp1 construct to track astrocytes at 1 month and 2 months 

post-injection. Immunofluorescent staining revealed that HA+ NeuN+ cell populations were not 

significantly different between Ptbp1 knockdown and control mice (0.14% in Ptbp1 KD group vs 

0.22% in non-target controls, P=0.2157, Figure 1E, 1F, S1G, and S1H). Since AtN intermediate cells 

might emerge earlier than 1 month, we also tracked the HA signal at 1 week and 2 weeks 

post-injection, in the early stages of Ptbp1 suppression. Again, no significant differences in HA+ 

NeuN+ cell proportions could be detected between Ptbp1 knockdown and non-target control group 

(Figure S1G, and S1H), which aligned well with several recent reports of no AtN conversion in 

transgenic mouse models4-7. In addition, NeuN+ cell density was not significantly changed (Figure 

1G). Meanwhile, not like NeuroD1 induced AtN conversion10, we observed no S100β+ NeuN+ AtN 

intermediate cells among thousands of S100β+ Ptbp1low astrocytes from 1 week to 2 months 

post-injection (Figure 1J), suggesting that AtN conversion did not occur. 
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Discussion 

It remains controversial as to whether astrocytes can be converted to neurons after Ptbp1 knockdown, 

given that different astrocyte-tracing systems show the opposite results.  

One explanation for the contradictory outcomes is that different astrocyte-specific promoters were 

applied in different studies. The Aldh1l1 promoter is currently used for astrocyte labeling. 

Aldh1l1-CreERT2;LSL-YFP transgenic mouse lines exhibit high specificity in astrocyte, with 

relatively low (4.3%) neuron mislabeling6,11. Indeed, three independent groups observed no AtN 

conversion through Ptbp1 knockdown or knockout in vivo using Aldh1l1-CreERT2 labeling 

systems4,6,7. In contrast, in another common astrocyte labeling systems using GFAP promoter, AtN 

conversion have been able to occur . The introduction of GFAP promoter is well-known to result in 

high levels of leaky expression in neurons, up to 50%6. Meanwhile, aberrant activity by the GFAP 

promoter has been observed under certain conditions 6,12,13, suggesting GFAP promoter is not 

appropriate for astrocyte-labeling. However, application of an endogenous promoter-driven 

mGFAP-Cre;LSL-YFP mouse strain enabled stringent, astrocyte-specific YFP expression, which also 

showed no AtN conversion under Ptbp1 knockdown6. Together, these findings indicated that GFAP 

promoter alone cannot fully account for the non-specific reporter signals in astrocyte labeling 

experiments.  

 

Another explanation account for the conflicting results could be differences between exogenous 

human GFAP promoter and endogenous mouse GFAP promoter. The endogenous GFAP promoter in 

mouse genome is longer and harbors different recognition sites from that of the truncated exogenous 

hGFAP promoter delivered by AAV, and is thus subject to control by different regulatory 

elements14-17. Moreover, under AAV infection of neurons, several copies of the AAV genome 

harboring exogenous GFAP promoters enter a single cell, which could result in different patterns of 

expression from that driven by one or two copies of endogenous GFAP promoter in mouse. In our 

studies, the endogenous GFAP-driven signal continuously decreases from 1 week to 2 months in 

mice in vivo (Figure 1H), whereas the HA signal driven by an exogenous hGFAP promoter persisted 

for 2 months (Figure 1I), indicating distinct differences between the mouse and AAV-mediated GFAP 

promoter activity. This phenomenon could account for the significantly greater labeling of reporter+ 

neurons using AAV than using mouse strain6. 
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In addition, in this work we also demonstrated that different reporters, such as our tests of an 

AAV-based hGFAP-tdTomato and an –HA tag, can generate markedly different outcomes in AtN 

conversion labeling under Cas13X-mediated Ptbp1 knockdown. These disparities suggest that we 

cannot exclude the effects of different reporter proteins in addition to the leakiness of the GFAP 

promoter in conflicting astrocyte labeling experiments. Previous reports have shown that 

endogenously-driven CRE could be transferred into neighboring neurons and there induce reporter 

expression through exosomes or tunneling nanotubes18,19. In the current study, it is possible that some 

excess hGFAP::tdTomato protein could be transferred from astrocytes to adjacent neurons in a 

manner similar to CRE through an as-of-yet undetermined route. This explanation could account for 

the observed leakage of tdTomato signal in neurons, in addition to promoter driven leaky expression. 

It would align well with observations by two conflicting studies, one reported high astrocyte 

specificity of an mGFAP-driven YFP mouse strain tracing system with no detectable AtN 

conversion6, but in another study, AtN was observed using mGFAP-driven tdTomato mouse strain3. 

One of the differences between the two studies is the reporter protein.  

 

Therefore, our findings imply that data showing in vivo neuronal lineage conversion obtained by 

reporter proteins such as tdTomato should be taken with caution and subjected to validation by 

additional reporters (e.g., HA tag, YFP, SUN1-GFP etc.) regardless of whether a viral vector or 

transgenic mouse line was used to label the fate-mapping. 

 

 

FIGURE LEGEND 

Figure 1. Use of different tracing markers leads to discrepancies in AtN conversion data in 

mouse striatum under Ptbp1 knockdown discrepancies in astrocyte labeling 

(A) Schematic of AAV-GFAP::Cas13X-sgNT, AAV-Cas13X-sgPtbp1-2;3;5, and 

AAV-GFAP::tdTomato constructs. NT: non-targeted. (B) Representative images of striatum sections 

at 1 month after injection (1.5E9 vg/striatum) with immunofluorescent staining for HA, GFAP, and 

Ptbp1. White arrowheads: cells without Ptbp1 suppression. Yellow arrowheads: Ptbp1-suppressed 

cells. (C) Quantification and statistical analysis of Ptbp1+ cell proportions among HA+GFAP+ cells, 
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indicating Ptbp1 knockdown efficiency in AAV-transduced astrocytes. (D) Representative images of 

brain sections with immunofluorescent staining for NeuN at 1 month after injection. Yellow 

arrowheads: tdTomato+ NeuN+ cells. White arrowheads: tdTomato+ NeuN- cells. (E) Representative 

images of brain sections stained for HA, NeuN, and Ptbp1 at 1 month post-injection. Yellow 

arrowheads: HA+ NeuN+ cells. White arrowheads: HA+ NeuN- cells. (F) Quantification and 

statistical analysis of tdTomato+ NeuN+ or HA+ NeuN+ cell proportions among NeuN+ cells, at 1 

and 2 months post-injection. (G) Absolute numbers of NeuN+ cells at 1 and 2 months after injection 

with AAV-Cas13X or AAV-Cas13X plus AAV-GFP::tdTomado. (H) Absolute number of endogenous 

GFAP+ cells at 1, 2, 4, and 8 weeks post-injection. (I) Absolute numbers of exogenous HA+ cells at 

1, 2, 4, and 8 weeks post-injection. (J) Representative images of brain sections at different time 

points. White arrowheads: S100β+ NeuN- cells. WT mice, wild-type littermate mice without AAV 

treatment. Significance was determined by two-tailed t test. * P<0.05, ** P<0.001, *** P<0.0001, ns: 

not significant. 

 

SUPPLEMENTAL FIGURE LEGEND 

Figure S1. Additional time points showing differences in astrocyte labeling specificity and 

astrocyte-to-neuron conversion data between tdTomato and HA tag reporters 

(A) Schematic of Cas13X mode of knockdown and Ptbp1 sgRNA design targeting exons 5, 8, 12, 13 

and 15; (B) Relative mRNA expression of Ptbp1 under treatments with Cas13X;sgPtbp1 or 

Cas13X;sgNT in 293T, Cos7, and N2a cell lines. ***: P value<0.0001 in two-tailed t-test.(C,D) 

Representative images of brain sections at 1, 2, and 8 weeks after non-target control AAV or Ptbp1 

knockdown virus injection. Stained for HA, GFAP, and PTBP1.(E,F) Representative images of brain 

sections at 2 months after non-target control AAV or Ptbp1 knockdown virus injection, co-injected 

with AAV-GFAP::tdTomato to label astrocyte.(G,H) Representative images of brain sections at 1, 2, 

and 8 weeks after non-target control AAV or Ptbp1 knockdown virus injection. Stained for HA, 

NeuN, and PTBP1. 

 

MATERIALS AND METHODS 

Cell culture and plasmids transfection 
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N2a, Cos7 and 293T cell lines were obtained from Cell bank of Shanghai Institute of Biochemistry 

and Cell Biology (SIBCB), Chinese Academy of Sciences (CAS). They were cultured in 37� and 5% 

CO2 incubator in medium DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) 

and 1 × penicillin / streptomycin (Gibco). 3 μg plasmids were transiently transfected with 6 μl 

Polyethylenimine (PEI) into cultured cells in 12-well clusters. 

 

RNA extraction and RT-qPCR 

The transfected plasmids containing co-expression elements of mCherry. Three days after 

transfection, mCherry-positive cells (top 20%) were collected by fluorescence activated cell sorting 

(FACS). RNA was extracted with TRIzol Reagent (Ambion). cDNA were obtained with HiScript Q 

RT SuperMix for qPCR Kit (Vazyme). Quantitative PCR (qPCR) was performed using AceQ qPCR 

SYBR Green Master Mix (Vazyme) and LightCycler 480 II (Roche). 

 

Mice 

10-week-old male C57BL/6 mice were obtained from Vital River Laboratory Animal Technology 

Co., Ltd. All animal experiments were performed and approved by the Animal Care and Use 

Committee of the Institute of Huigene Therapeutics Inc., Shanghai, China. 

 

AAV package and preparation 

Viral particles of AAV-PHP.eB were packaged in co-transfected HEK293T cells with the other two 

plasmids: pAAV-Rep-Cap and pAAV-Helper. After harvest, viral particles were purified with a 

heparin column (GE HEALTHCARE BIOSCIENCES) and then concentrated with an Ultra-4 
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centrifugal filter unit (Amicon, 100,000 molecular weight cutoff). Titers of viral particles were 

determined by qPCR to achieve >1E12 particles/ml. 

 

Striatum injection 

10-week-old male C57BL/6 mice were anaesthetized with Zoletil® 50 (Virbac, 0.1ml/10g) and then 

placed in a stereotaxic mouse frame. The skin over the skull was shaven and opened using a razor. 

1.5μl of AAV was injected into the striatum at the following coordinates (relative to bregma): 

anteroposterior (A/P) = +0.75 mm, mediolateral (M/L) = -1.9 mm, dorsoventral (D/V) = -3.45 mm. 

The viral solution was injected slowly (300nl/min). 

 

Immunofluorescence 

Immunofluorescence staining was performed at different time points after AAV injection. The brains 

were perfused and fixed with 4% paraformaldehyde (PFA) overnight and kept in 30% sucrose for at 

least 12 hours. Brains were sectioned after embedding and freezing, and slices with the thickness of 

30 mm were used for immunofluorescence staining. Brain sections were rinsed thoroughly with 0.1 

M phosphate buffer (PB). Primary antibodies: Rabbit anti-PTBP1(1:500, PA5-81297, Invitrogen), 

Rabbit anti-NeuN(1:500, 24307S, Cell Signaling Technology), Mouse anti-NeuN(1:500, AB104224, 

Abcam), Rat anti-HA(1:500, 11867423001, ROCHE), Mouse anti-GFAP(1:500, AB279290, Abcam), 

Mouse anti-S100β(1:500, S2532, Merck). Secondary antibodies: Alexa Fluor® 488 AffiniPure 

Donkey Anti-Rabbit IgG (H+L) (1:1000, 711-545-152, Jackson ImmunoResearch Labs), Alexa 

Fluor® 488 AffiniPure Donkey Anti-Mouse IgG (H+L)(1:1000, 715-545-151, Jackson 

ImmunoResearch Labs), Cy™5 AffiniPure Donkey Anti-Rat IgG (H+L)(1:1000, 712-175-153, 
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Jackson ImmunoResearch Labs), Cy3 AffiniPure Donkey Anti-Rabbit IgG (H+L)(1:1000, 

711-165-152, Jackson ImmunoResearch Labs) were used in this study. After antibody incubation, 

slices were washed and covered with mountant (Life Technology). Images were visualized under a 

NIKON C2+ microscope. 
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