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Sirt6 regulates the proliferation
of neural precursor cells and cortical
neurogenesis in mice

Yufei Wei,1,5 Xinhuan Wang,1,5 Zhihua Ma,1 Pan Xiang,1 Gaoao Liu,1 Bin Yin,1 Lin Hou,1 Pengcheng Shu,1

Wei Liu,1,* and Xiaozhong Peng1,2,3,4,6,*

SUMMARY

Sirt6, a member of the class III histone deacetylases (HDACs), functions in the regulation of genomic sta-
bility, DNA repair, cancer, metabolism and aging. Sirt6 deficiency is lethal, and newborn SIRT6-null cyno-
molgus monkeys show unfinished brain development. After the generation of a cortex-specific Sirt6 con-
ditional knockout mousemodel, we investigated the specific deletion of Sirt6 in NPCs at E10.5. This study
found that Sirt6 deficiency causes excessive proliferation of neural precursor cells (NPCs) and retards dif-
ferentiation. The results suggest that endogenous Sirt6 in NPCs regulates histone acetylation and limits
stemness-related genes, including Notch1, in order to participate in NPC fate determination. These find-
ings help elucidate Sirt6’s role in brain development and in NPC fate determination while providing data
on species generality and differentiation.

INTRODUCTION

A better understanding of neurodevelopment, the process by which the nervous system forms through the account of integration and

regulation of a series of molecules, will lead to numerous opportunities for future diagnosis and treatment of neurological disorders, dis-

abilities, and the cognitive effects of aging. Cerebral cortex development in the mouse telencephalon begins at E9.5 when neuroepithelial

cells continuously expand in a symmetrical division mode and turn into neural progenitor cells (NPCs).1 NPCs located in the dorsal ven-

tricular zone (VZ) differentiate into intermediate progenitor cells (IPCs) located in the subventricular zone (SVZ), after which these IPCs keep

differentiating into neurons and glial cells, migrating and forming the hierarchical order of the cerebral cortex in an inside-out pattern. As

NPCs in mice proliferate to complement the progenitor cell pool through symmetrical division, proper development maintains the balance

between proliferation and differentiation. The cooperative regulation of transcription factors and post-transcriptional molecules is called

NPCs’ fate determination.2

Histone deacetylases (HDACs) have an important role in embryo development and in NPC fate determination. Double knockout of

HDAC1 and HDAC2 causes severe abnormalities in neuronal precursors in the differentiation into mature neurons and oligodendro-

cytes.3,4 HDAC2 and HDAC3 were also reported to bind to promoter regions of genes associated with neuronal and oligodendrocyte

differentiation.5

As Class III HDACs, Sirtuins have been reported to act as regulators of longevity and to prevent age-relateddiseases.6–9 Among them, Sirt1

and Sirt6 prevent congenital anomalies in mammalian species,10,11 while the activation of Sirt1 suppresses the proliferation of NPCs and

directs their differentiation toward the astroglial lineage.12 Research in 2006 determined that two enzyme activities, single ADP ribosyltrans-

ferase and deacetylase, were mainly responsible for Sirt6 function. Sirt6-deficient mice showed a smaller body size at 2–3 weeks, and subse-

quently exhibited several abnormalities, including severe lymphoid and subcutaneous fat reduction, lordosis andmetabolic defects;mortality

was significantly early, at approximately 4 weeks.13 Follow-up studies have shown that Sirt6 participates in DNA double-strand break repair,

tumor suppression, and cellular metabolism by mediating single ADP ribosylation and histone deacetylation.14–18

Similar to other HDACs, Sirt6 has been correlated with nervous system development. Specifically, Sirt6 knockout cynomolgus monkeys

with CRISPR/Cas9 resulted in acetylation in the ICR region of long noncoding RNA H19; differentiation of neurons was inhibited, apparently
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triggering cortical development delays.19 Nestin-Cre Sirt6-deficient mice, by the adult stage, had not only less brain volume than normalmice

but also behavioral defects with major learning impairments.20 Similarly, in human patients diagnosed with Alzheimer’s disease, Sirt6 mRNA

and protein levels were reduced,21 adding to evidence for a definite Sirt6-nervous system linkage, but that study did not focus on the cerebral

cortex development stage. To exclude the secondary phenotype caused by heart defects in a conventional knockout animal or by hypotha-

lamic hormone deficiency in Nestin-Cre-mediated conditional knockout mice (thus muddying Sirt6’s effect on NPC fate determination and

neocortex formation), we constructed Emx1-Cre-induced conditional Sirt6 knockout mice. This cortex-specific configuration allowed us to

examine the specific deletion of Sirt6 in NPCs at E10.5 just before cortical development.

We found that with Sirt6 deletion NPCs may proliferate and thus delay neural differentiation and neural development in the early brain of

mice. Here, ‘‘proliferation’’ meansNPCs’ intention to generatemore daughter progenitor cells instead of differentiating into neurons andglia.

Combined with the RNA-seq results, the SIRT6 protein may regulate the Notch pathway to influence stem cell proliferation. Our study sheds

new light on Sirt6’s crucial role in brain development.

RESULTS

Sirt6 conditional knockout during the development of the mouse cortex increased histone acetylation levels

To investigate the role of Sirt6 in cortical development, we analyzed Sirt6 spatial and temporal expression patterns by in situ hybrid-

ization with a Sirt6 antisense probe at embryonic day 12.5 (E12.5), E14.5, E16.5, E18.5, and at postnatal day (P7). At these time points,

Sirt6 was widely expressed in the cerebral cortex, and its expression level gradually decreased (Figure 1A). To ascertain whether this

downward trend continued throughout life, we detected Sirt6 expression in age groups from E14.5 to 15 M by western blots and

real-time PCR. The expression of Sirt6 gradually decreased with age (Figures 1B and 1C). Sirt6 expression was significantly higher in

Figure 1. The expression pattern of Sirt6 and construction of brain-specific knockout mice

(A) The expression pattern of Sirt6 mRNA during neocortical development (E12.5 to P7). Mouse brain sections were labeled with Sirt6 antisense probe and Hes5

antisense probe. Scale bar: 200 mm.

(B) The expression level of the Sirt6 protein in the brain with development and aging (E14.5 to 15M) was detected by Western blot (WB).

(C) Expression level of Sirt6 mRNA in the brain with development and aging (E14.5 to 15M) was detected by RT-qPCR.

(D) Construction strategy of Sirt6-Emx1-Cre conditional knockout mice. The yellow triangle represents the loxP sequence, while the downward-pointing arrow

represents mating with the Emx1-Cre tool mouse. The upper line graph represents the full length of Sirt6 gene in wild-type mice, and lower line represents the

genetic composition of knockout mice.

(E) The expression changes of Sirt6 and its targeted histone acetylation site in the cerebral cortex of P7 mice after the deletion of Sirt6 was detected by WB. The

results are expressed as the mean G SD. See also Figure S1.
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early brain development, as compared to the relatively low expression during postnatal development, suggesting its possible role in

early neural development.

To generate Sirt6 cKO mice, we used the Emx1-Cre mouse line, in which the Emx1 promoter and enhancer start to be activated in the

dorsal cortex at E9.5, to mediate Sirt6 deletion at the early neocortical developmental stage (Figure 1D).22 Verification of knockout efficiency

and compensatory effect was performed in the brain or NSCproteins at E14.5 and P7 (Figures S1B and S1C). Consistent with previous studies,

the results showed that the Sirt6 expression level decreased significantly with increased levels of H3K9ac and H3K56ac in the P7 Sirt6 cKO

cerebral cortex (Figure 1E).

Sirt6 deletion promoted proliferation and delayed differentiation in neural progenitor cells in vivo

During mouse neocortex development, NPCs gradually change from symmetrical division to differentiation and produce cortical neurons.23

Most layer VI neurons are produced at E12.5; layer V (E13.5), layer IV (E14.5), and layers III and II (E15.5-E16.5) are produced from inside out.24

We observed that Sirt6-deficient mice had thinner cortical plates than their counterparts at P3. However, their neocortical thickness and layer

proportion did not show significant changes (Figures 2A–2C and S2A–S2C). This situation in layer proportion is consistent with the finding in

the cynomolgus monkey research, which showed that Sirt6 deficiency causes exorbitant NPC proliferation and retards cortical develop-

ment.19 To test whether Sirt6 knockout in mice affected NPC proliferation and differentiation, we performed a series of EdU birth dating ex-

periments. By labeling and tracing proliferating cells at E14.5–16.5 in the EdU birth dating cortex, we found that the Sirt6 cKO group,

compared with the WT group, showed a significantly higher proportion of Sox2+ EdU-labeled cells without a significant increase in EdU+

cells. This finding suggests that during this time, more NPCs are reserved but do not generate many daughter cells (Figures 2D, 2E, and

S2D). To identify the possibility of a decreased differentiation rate, we stained Ki67, a marker of the cell cycle. The significantly lower propor-

tion of EdU+ Ki67-cells that exited the cell cycle suggests that Sirt6 deletionmay promote NPC proliferative activity (Figure 2F). However, the

results betweenWT and cKO groups after 30 min EdU labeling (Figures S2E–S2G) were not statistically significantly different, which could be

because the time window was too short. We also performed EdU+BrdU co-labeling and Sox2+Tbr2 co-labeling experiments and found no

significant difference between WT and cKO groups, indicating that there was no change in DNA synthesis and intermediate precursor cells

generation (Figures S3A–S3D). To further investigate whether Sirt6 deficiency caused a quiescent or senescent phenotype, we performed a

p27+Tbr2 co-labeling experiment and observed p27 expression in the upper layer of Tbr2, but the proportion of co-labeling cells did not

change significantly (Figures S3E and S3F).

To explore the Sirt6 knockout effect onNPCdifferentiation, we performed long-term (E14.5-P3) EdUbirth dating and immunofluorescence

staining were performed to detect Brn2, a marker of layer 2/3/5. E14.5 is the time point when the superficial layer starts growth, including layer

2/3/4 (Figure S3G). Compared with the WT cortex, the Sirt6 cKO cortex showed decreased EdU distribution in the fourth bin, that is, in the

corresponding position of the third layer of the neocortex (the cortex was divided into 10 bins averaged from outside to the inside.). (Fig-

ure S3H). Combined with the lower position of labeling cells, the costained proportion of L2/3 Brn2+ and EdU+ decreased significantly, sug-

gesting that the labeled NPCs at E14.5 retained their fate in their deeper layer and that they had generated fewer L2/3 neurons than their WT

counterpart (Figures 2G and 2H). We also observed an increased number of EdU+ cells in the cKO group, suggesting that from E14.5 to P3

these NPCs eventually generated more daughter cells (Figure 2I).

Sirt6 deficiency promoted neural stem cells proliferation and delayed differentiation in vitro

Further verification of the gene function of Sirt6 at the cellular level was performed after isolating neural stem cells (NSCs) of E14.5 and P7

based on Sirt6’s effect on the proliferation and differentiation of NPCs in vivo. Cells were subcultured to the second generation for functional

experiments. Under a light microscope, larger neurospheres exhibited an obvious defect in differentiation pattern in the Sirt6 cKO group

(Figures 3A and 3B). The proliferation of P7 NSCs was evaluated with cultured cells in proliferation medium using cell slide staining and

the MTS assay. At 7 days, the proliferation activity of the cKO NSCs was significantly higher than that of the control NSCs (Figure 3C), and

the proportion of cells costained with the NSC marker Sox2+ and EdU+ was also increased (Figures 3D and 3E). A similar phenomenon in

E14.5 NPCs was observed (Figures S4A–S4C).

As shownbyWestern blot or qPCR analyses, both E14.5 and P7 cKONSCs had higher levels of the stemnessmarker Sox2/Pax6 (Figures 3F,

S4D, and S4H), leading us to question the change in their differentiation ability. By cell culture in differentiationmediumand cell slide staining,

we found that in 3 days the proportion of neurons (MAP2+) and astrocytes (GFAP+) in the Sirt6 deficient NSCs decreased significantly as did

the relative total differentiation index, but these neurons and astrocytes did catch upwith those in theWTgroupwithin 7 days (Figures 3G, 3H,

and S4J). For analysis of the differentiation timeline, staining for 5 days revealed that the Sirt6 deficiency group retained a higher proportion of

Sox2+ and Olig2+ pluripotent cells than the WT group (Figures 3G, 3I, and 3J). The Western blot results were consistent with the above

assumption (Figure 3K). Interestingly, an aging-relatedmarker, p27, showed up-regulation in the cKOgroup of P7 neural stem cells, indicating

that Sirt6 deficiency may cause cell senescence early in life (Figure S4K).

In conclusion, these observations indicated that Sirt6 deletion maintains the stemness of NSCs over the short term by delaying differen-

tiation, which was consistent with the experimental results in vivo.

Overexpression of neural sirtuin 6 made little difference in neural stem cell fate determination

To test whether Sirt6 overexpression (OE) affected NPC proliferation and differentiation, we amplified the Sirt6 gene coding sequence and

cloned it into the pCIG vector to allow Sirt6 to be highly expressed in vivo. In utero electroporation experiments introduced the Sirt6 OE
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plasmid or empty vector into periventricular NPCs at E13.5 (Figure 4A). The expression efficiency was proven by the SIRT6 antibody test (Fig-

ure S5A). The collected embryos, at E16.5 and P3, indicated that GFP-expressing (GFP+) cells were electroporated cells in the neocortices. To

explore Sirt6 OE’s effect on NPC fate determination, we assessed Sirt6 OE tissues from E13.5 to E16.5 by immunofluorescence assays (Fig-

ure 4B), but no significant difference was found in the costained proportion of NPCs (Sox2+) (Figure 4C) and IPCs (Tbr2+) (Figure 4D) with

Figure 2. Sirt6 deficiency causes an excessive proliferation of NPCs but disturbs timeline of cortical layer generation in vivo

(A) Immunostaining of the deep layer marker Ctip2 in P3 brain tissue sections shows cortical plate’s outline. Scale bars: 200 mm.

(B) Comparison of neocortical thickness between P3 wild type and Sirt6 cKO mice. n = 14 for control brains and n = 12 for Sirt6 cKO brains.

(C) Comparison of cortical plate thickness between P3 wild type and Sirt6 cKO mice. n = 14 for control brains and n = 12 for Sirt6 cKO brains.

(D) Immunostaining of Sox2 and Ki67 in brain tissue sections of E16.5 WT and Sirt6 cKO mice that EdU were injected at E14.5. Scale bars: 200 mm.

(E and F) Quantification analysis for the proportion of Sox2+ or Ki67-cells in EdU-labeled cells (F, n = 3; G, n = 3).

(G) Immunostaining of Brn2 in brain tissue sections of P3 WT and Sirt6 cKO mice that EdU were injected at E14.5. Scale bars: 200 mm.

(H and I) Quantification analysis for the proportion of Brn2+ cells in EdU-labeled cells (n = 3) and the number of E14.5-P3 EdU+ cells (n = 6). The results are

expressed as the mean G SD. Comparisons were performed by 2-tailed unpaired Student’s t test, and the statistically significant P-values are shown as ns

(p > 0.05) and * (p < 0.05). See also Figures S2 and S3.
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GFP+ between the OE group and the control group. To explore the long-term effects of Sirt6 OE on NPC differentiation, we performed an

immunofluorescence assay (Figure 4E) in P3 Sirt6 OE tissues, with the finding that the costained proportion of Brn2+ with GFP+ increased

(Figure 4F). We observed no change by Cux1+ or Ctip2+ staining (Figure 4G). Perhaps because of the high expression of Sirt6 at this early

stage of neural development, overexpression did not stimulate extra activity and effect.

Transcriptomics analysis revealed genetic changes related to neurodevelopment

Themolecularmechanismof Sirt6 in neural development was further investigated by a genome-wide RNA-seq analysis. IGV software revealed

that in the knockout group the read distributions on Sirt6 exons 2 and 3 were significantly reduced, indicating an effective knockout strategy

(Figure 5A). In all, 571 genes were differentially expressed between the knockout group and the control group, with a difference of more than

1.5 times, p < 0.05. Among them, 273 genes were significantly downregulated and 298 genes were significantly upregulated (Figure 5B). From

Figure 3. Sirt6 deficiency delays the differentiation of neural stem cells in vitro

(A and B) Representative images of P7 NSCs proliferated for 7 days and differentiated for 3 days under a light microscope and quantification of neurosphere

diameters. Scale bars: 100 mm.

(C) The MTS assay was used to measure the proliferation efficiency of P7 NSCs (n = 3).

(D) Immunostaining of Sox2 in the P7 NSCs that have proliferated for 7 days. Scale bars: 100 mm.

(E) Quantification of EdU+ cells positive for Sox2 (n = 5).

(F) The expression of Sox2 in proliferating P7 NSCs at 7 days was detected by WB.

(G) Immunostaining of GFAP and Map2 in NSCs that have differentiated for 3 and 7 days (left), and Sox2 and Oligo2 in NSCs that have differentiated for 5 days

(right). Scale bars: 100 mm.

(H) Quantification of Map2+ cells and Gfap+ cells was performed (n = 3).

(I and J) Quantification of the percentage of Sox2+ cells and Olig2+ cells was performed (n>=3).

(K) The expressions of GFAP, Sox2, and Olig2 in P7 NSCs were detected by WB. The results are expressed as the meanG SD. Comparisons were performed by

2-tailed unpaired Student’s t test, and the statistically significant P-values are shown as ns (p > 0.05), * (p < 0.05), and ** (p < 0.01). See also Figure S4.
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cluster analysis, differentially expressed genes could be well distinguished between the control and knockout groups (Figure 5C). Gene

Ontology (GO) analyses of these differentially expressed genes revealed significant enrichment of cell adhesion, cell cycle, cell division

and proliferation, and neural development-related categories (Figures 5D–5F). KEGG pathway analysis showed significant enrichment in

the focal adhesion kinase pathway, oxytocin signaling pathway, cell cycle and Notch signaling pathway (Figure 5G). Based on the GO and

KEGG analysis, differentially expressed genes were screened, and RT-PCR was performed to verify genes related to cell division and differ-

entiation (Figure 5H). Using the published database,25–27 we discovered that Sirt6 and the Notch pathway may have a regulatory relationship

(Figure S6). TheNotch pathwaywas significantly enriched in the KEGG results, and it has been reported to be regulatedby Sirt6 deacetylation,

so we considered it to be the downstream target of Sirt6.28

Neural sirtuin 6 may regulate cell proliferation via the Notch signaling pathway

To further confirm whether Sirt6 regulates NSC fate determination through the Notch signaling pathway, we detected the expression of

the Notch1 and NICD proteins in three pairs of P7 NSCs by WB, and we found that they were upregulated in the cKO group (Fig-

ure 6A). The mRNA levels of Notch1 and downstream genes were also detected by qPCR (Figure 6B). By performing ChIP-qPCR, we found

Figure 4. Overexpression of Sirt6 makes little difference in NPCs’ fate determination

(A) Schematic diagram of embryo in utero electroporation.

(B) Immunostaining of Sox2 and Tbr2 in brain tissue sections from E16.5 mice that were electroporated with pCIG or pCIG-Sirt6 at E13.5. Scale bars: 200 mm.

(C and D) Quantitative analysis for the proportion of Sox2+ cells or Tbr2+ cells among all eGFP+ cells (C, n = 3; D, n = 3).

(E) Immunostaining of Brn2, Cux1, and Ctip2 in brain tissue sections of P3 mice that were electroporated with pCIG or pCIG-Sirt6 at E13.5. Scale bars: 200 mm.

(F and G) Quantitative analysis for the proportion of the layer markers among all eGFP+ cells (n>=3). The results are expressed as the meanG SD. Comparisons

were performed by 2-tailed unpaired Student’s t test, and the statistically significant P-values are shown as ns (p > 0.05) and * (p < 0.05). See also Figure S5.
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an up-regulation of H3K56ac on the promoter region of Notch1, indicating a possible regulatory mechanism that Sirt6 acts as a histone de-

acetylase to limit the expression of Notch1 (Figure 6C). A dual luciferase reporter gene assay found that Sirt6 knockdown significantly

increased luciferase activity compared with that of the control group, whereas overexpression of Sirt6 significantly reduced luciferase activity

(Figure 6D), indicating that Sirt6 could influenceNotch pathway activity. Notch receptors can be cleaved by g secretase to generateNICD and

can subsequently activate the classical Notch target genes Myc, P21, and HES family members to regulate NPC proliferation and differenti-

ation.29–31 To verify the influence of Sirt6 and NICD influence on NSCs, we treated NSCs with the Notch pathway inhibitor DAPT to inhibit g

secretase. We detected the proliferation of NSCs during MTS and EdU labeling experiments and found that NSC proliferation decreased

after DAPT treatment (Figures 6E–6G). The DAPT treatment for 2 days resulted in similar proliferative activity between the WT group and

the KO + DAPT group, while the treatment for 5 days did not show the same effect. This may be due to a diminished inhibitory effect of

DAPT or the activation of other compensatory pathways. When we tested other Notch signaling pathway-related proteins in P7 NSCs

with WB, the results were consistent with the change in NICD levels (Figure 6H), strongly suggesting that the enhancement of NSC prolifer-

ation activity after Sirt6 knockout may be caused by the Notch pathway.

DISCUSSION

Scientists, to adequately explain the high level of neocortical expansion in primates, have indicated the importance of progenitor cell in-

creases during development.32 Sirt6 deficiency in primates, including humans, causes severe embryonic lethality and brain abnormalities,

Figure 5. Transcriptomics analysis revealed that Sirt6 regulates genes related to neurodevelopment

(A) RNA-sequencing revealed the efficiency of Sirt6 knockout. The red rectangle identifies the missing sequence of 2–3 exons.

(B) Up-regulated and down-regulated genes are shown in a volcano plot.

(C) Clustering analysis of differentially expressed genes.

(D–F) GO enrichment analysis of the differentially expressed genes.

(G) KEGG pathway enrichment analysis of the differentially expressed genes.

(H) Differentially expressed genes in the candidate signaling pathway were measured by q-PCR. The results are expressed as themeanG SD. Comparisons were

performed by 2-tailed unpaired Student’s t test, and the statistically significant P-values are shown as * (p < 0.05), and ** (p < 0.01). See also Figure S6.
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but allows rodents to survive. This finding may be due to their simple brain structure. NPCs from SIRT6-null cynomolgus monkeys exhibit ar-

rested neuronal differentiation.10,19 We observed a similar phenotype in mouse NPCs, where loss of the histone deacetylase SIRT6 disrupted

the balance in NPC fate determination, retarding growth by promoting proliferation and inhibiting differentiation. This finding is due to the

upregulation of proliferation-related genes, including Notch1. Our findings fill the research gap regarding the mechanism of Sirt6’s influence

on neural progenitor cells, highlighting cortex development differences across species.

Because we recognized that Sirt6 deletion resulted in a brain volume decrease but greater body weight in Nestin-Cre knockout

mice,20 we focused on adult brain morphology in 17-month-old Emx1-Cre knockout mice. Consequently, we discovered a significant

loss of brain volume in the Sirt6 knockout group (data not given). Since we did not observe obesity, we reason that the weight of

the Emx1-Cre knockout mice was lower than that of the WT mice, possibly because of a difference in Cre enzymes. Since Nestin-

Cre expression covered the region of the hypothalamus related to metabolism, while Emx1-Cre was only expressed in the ventricular

Figure 6. Sirt6 regulates cell proliferation via Notch signal pathway

(A) Upregulation of Notch1 and NICD was detected by WB in three pairs of P7 NSCs.

(B) Upregulation of the mRNA levels of Notch1 and downstream genes was detected by qPCR.

(C) The level of H3K56ac on the promoter region of Notch1 was detected by ChIP-qPCR.

(D) Verification of the relationship between Sirt6 and the Notch signal pathway by luciferase assay. Si781 was used to knock down Sirt6.

(E) The proliferation efficiency of WT and Sirt6 KO NSC after DAPT treatment was measured by MTS assay (n = 3).

(F) Immunostaining of Sox2 in the P7 NSC which had been proliferated and treated with DAPT. Scale bars: 100 mm.

(G) Quantification of the ratio of EdU+ cells that are positive for Sox2 (n>=3).

(H) Upregulation of other stemness-related genes was detected by WB in P7 NSCs. The results are expressed as the meanG SD. Comparisons were performed

by 2-tailed unpaired Student’s t test, and the statistically significant P-values are shown as ns (p > 0.05), * (p < 0.05), and ** (p < 0.01). See also Figure S7.
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zone of the dorsal cortex, our experiment, after excluding the possible effects of hypothalamus hormone secretion, proposes another

viewpoint on the importance of Sirt6.

For a deeper understanding of the underlying cellular andmolecularmechanisms, a cell-level experiment with NSCs collected at the E14.5

and P7 development points was conducted. Sirt6 knockout P7 NSCs showed a more significant change in acetylation than did E14.5 NSCs,

possibly a consequence of the Emx1-Cre expression pattern. Construction of conditional knockout mice in this study involved the Cre-loxP

system in which the Cre enzyme mediated by the Emx1 promoter starts to be expressed at E9.5 in the dorsal telencephalon.33 However,

considering our observations, the Sirt6 expression pattern was too high in the early development of the cerebral cortex and may not be

completely exhausted at E14.5. TheWestern blot results confirmed our hypothesis by showing residues of SIRT6 at E14.5 NSCs with the result

that P7 NSCs were chosen to complete our research about related signaling pathways.

Using previous studies as a starting point, we focused on abnormal histone acetylation caused by Sirt6 knockout. This situation affects

various stem cells including embryo stem cells (ESCs), hematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs). Sirt6 deacety-

lation generally reduces target gene expression and keeps stem cells relatively quiescent. Researchers found that the deacetylation of H3K9ac

and H3K56ac inhibited Oct4, Sox2 and Nanog expression in ESCs,34 while the increase in 5hmc levels led to the upregulation of neuron-

related gene expression.35 The absence of Sirt6 in HSCs leads to decreased cell quiescence, which is crucial to the stem cell bank long-

term maintenance.36 Since Sirt6-deficient MSCs show signs of osteoblast damage, chondrocyte differentiation and cell aging,37,38 our find-

ings suggest the broad upregulation of H3K56ac and H3K9ac. This outcome could be why stemness-related genes cannot be shut down

during late cortex development.

Our results showed that the expression level of Sirt6 decreased significantly in the knockout mice, while the expression levels of other SIRT

family proteins remained unchanged, except that SIRT2 and SIRT5 increased slightly. SIRT5 is a protein that regulates oxidative stress by

acting on metabolic enzymes in mitochondria, and SIRT2 is distributed in both the cytoplasm and nucleus.39 SIRT2, such as SIRT6, is also

a histone deacetylase related with aging,40,41 which makes it a highly promising compensatory factor. As suggested in our study, histone de-

acetylation caused by SIRT6 could restrict the chromatin accessibility of Notch1 and downregulate its expression not only in podocytes,28 but

also in NSCs. The histone deacetylase SIRT1 has also been reported to modulate neuronal differentiation and to act as a negative modulator

of Notch1 signaling by opposing acetylation-induced NICD stabilization in endothelial cells.42–44 This function reveals another way in which

deacetylases may modulate the Notch signaling pathway. What is more, research has found that SIRT6 activates the Notch pathway in tumor

cells.45 Taking this into account, the Sirtuin family regulate the Notch signaling pathway in a diverse and complex manner. Our work primarily

focuses on the role of Sirt6 as a transcription factor in neural precursor cells.

In conclusion, we explored Sirt6 function in early neurogenesis in mice and compared our findings with past research on how this function

works in primates. Given that Sirt6 is an aging-related gene that is significantly involved in the human nervous system, studying its influence on

embryonic NPCs furthers our understanding of how it controls adult NSC behavior in mice and the origins and future moderation of neuro-

aging and neurodegenerative disorders in our worldwide aging human population.

Limitations of the study

Themajor limitation of the present study is that we have not evaluated the compensatory effect of other sirtuins after Sirt6 cKO.What is more,

we were unable to perform ChIP-qPCR of H3K9ac on the Notch1 promoter due to limitations in the availability of experimental reagents. The

possibility that Sirt6 regulates the transcription of Notch1 through H3K9ac could not be excluded. The current research shows that the Sirtuin

family regulates Notch signaling in a complex manner. At this point, we lack sufficient evidence to offer a comprehensive description. We

hope our work can shed new light on this issue.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Sirt6 Cell Signaling Technology Cat#12486; RRID: AB_2636969

Anti-Sirt1 Abcam Cat#ab12193; RRID: AB_298923

Anti-Sirt2 Proteintech Cat#19655-1-AP; RRID: AB_2878592

Anti-Sirt3 Proteintech Cat#10099-1-AP; RRID: AB_2239240

Anti-Sirt4 Proteintech Cat#66543-1-lg; RRID: AB_2881905

Anti-Sirt5 Proteintech Cat#15122-1-AP; RRID: AB_2188778

Anti-Sirt7 Proteintech Cat#12994-1-AP; RRID: AB_10644276

Anti-H3K56ac Invitrogen Cat#PA5-40101; RRID: AB_2608322

Anti-H3K9ac Abcam Cat#ab10812; RRID: AB_297491

Anti-Sox2 Abcam Cat#ab97959; RRID: AB_2341193

Anti-b-actin Sigma Cat#A5441; RRID: AB_476744

Anti-GFAP Abcam Cat#ab7260; RRID: AB_305808

Anti-CNP Cell Signaling Technology Cat#5664; RRID: AB_10705455

Anti-H3 Abcam Cat#ab1791; RRID: AB_302613

Anti-mycn Abcam Cat#ab227822

Anti-myc Abcam Cat#ab32072; RRID: AB_731658

Anti-EGFR Abcam Cat#ab32077; RRID: AB_732101

Anti-Olig2 Abcam Cat#ab109186

Anti-NICD Cell Signaling Technology Cat#2421; RRID: AB_2314204

Anti-Notch1 Cell Signaling Technology Cat#4380: RRID: AB_10691684

Anti-MAP2 Abcam Cat#ab11267: RRID: AB_297885

Anti-Ki67 Abcam Cat#ab16667: RRID: AB_302459

Anti-Brn2 Santa Cruz Cat#sc-6029: RRID: AB_2167385

Anti-Tbr2 Abcam Cat#ab23345; RRID: AB_778267

Anti-Tbr2 Oasis Biofarm Cat#OB-PGP022; RRID: AB_2934262

Anti-p27 Cell Signaling Technology Cat#3686; RRID: AB_2077850

Chemicals, peptides, and recombinant proteins

DAPT g-secretase inhibitor Sigma-Aldrich Cat#D5942

Critical commercial assays

Click-iT plus EdU Alexa Fluor Imaging Kit Life Technologies Cat#C10640

ChIP Kit Cell Signaling Technology Cat#9004S

Deposited data

RNA-seq data This paper GEO: GSE236460

Original western blot This paper https://doi.org/10.17632/vkbc59rmsx.1

Experimental models: Cell lines

Mouse: N1E-115 cell line ATCC Cat# CRL-2263, RRID: CVCL_0451

Mouse: primary culture neural stem cells This paper N/A

Experimental models: Organisms/strains

Mouse: Sirt6 fl/fl C57BL/6 Yongsheng Chang’s Laboratory46 N/A

Mouse: C57BL/6Smoc-emx1em1(IRES-Cre) Smoc Shanghai Model Organisms, Inc. NM-KI-200149

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xiaozhong Peng

(pengxiaozhong@pumc.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data reported in this paper will be shared by the lead contact upon request. RNA-seq data have been deposited at GEO and are pub-

licly available as of the date of publication. Accession numbers are listed in the key resources table. Original western blot images have

been deposited at Mendeley and are publicly available as of the date of publication. The DOI is listed in the key resources table.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Animal studies were conducted according to protocols approved by the Institutional Animal Care and Use Committee of the Academy of

Medical Sciences and Peking Union Medical College (PUMC). Floxed Sirt6 C57BL/6 mice were a gift from Dr Yongsheng Chang. Adult

Emx1-Cre mice were obtained from Shanghai Model Organisms Center, Inc. Sirt6 conditional knockout mice were produced by crossing

Sirt6fl/flmicewith Emx1-Cremice. The development stageswere described in figures or figure legends. The sex of themicewas not identified

because it was difficult to detect in embryomice and not relevant to dorsal cortex development. The sequences of primer used for genotyping

by PCR are shown in Table S1. Three-month-old pregnant ICRmice were used to conduct in utero electroporation. All mice had free access to

food and water.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: ICR pregnant mouse Department of Laboratory Animal Science,

Peking University Health Science Center

N/A

Oligonucleotides

Primers for genotyping, see Table S1 This paper N/A

Primers for qPCR, see Table S2 This paper N/A

siRNA sequence: si-488: GCUGCACGGAAA

CAUGUUUTTAAACAUGUUUCCGUGCAGCTT

This paper N/A

siRNA sequence: si-781: GGUCAUUGUCAA

CCUGCAATTUUGCAGGUUGACAAUGACCTT

This paper N/A

siRNA sequence: si-987: GCAGUGCAUGUUU

CGUAUATTUAUACGAAACAUGCACUGCTT

This paper N/A

Recombinant DNA

Plasmid: pCIG Weimin Zhong’s Laboratory47 N/A

Plasmid: pCIG-Sirt6 This paper N/A

Plasmid: pGEM-3zf (+) Promega Cat#P2271

Plasmid: pGEM-3zf-Sirt6 This paper N/A

Software and algorithms

ImageJ Schindelin J et al.48 https://imagej.nih.gov/ij/

IGV software Robinson JT et al.49,50 https://www.igv.org/

DAVID bioinformatics database Huang DW et al.26,27 https://david.ncifcrf.gov/

the OmicShare tools GENE DENOVO https://www.omicshare.com/tools
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NSC culture

NSCs were isolated from E14.5 or P7 mice by dissection of the cerebral cortex and digested into a single-cell suspension with Accutase

(Sigma, A6964). Cells were cultured in DMEM/F12 proliferation medium (Gibco, 11330032) supplemented with 2% B27 supplement (Gibco,

17504-044), 20 ng/ml EGF (peprotech, 100-15-100), 20 ng/ml bFGF (peprotech, 100-1813-100) and 0.2% BSA for proliferation. The differen-

tiation medium was the same except for growth factors. Cells were cultured at 37�C in 5% carbon dioxide. For g-secretase inhibition, 75 mM

DAPT (Sigma-Aldrich, D5942) was added to the culture medium to reduce NICD generation.

METHOD DETAILS

RNA in situ hybridization

The Sirt6 probe was synthesized according to the primer sequences of Allen Brain in situ hybridization. Procedures for ISH were the same as

previously described.51 The digoxigenin-labeled Sirt6 probewas synthesized using T7 or SP6 RNApolymerase (New England Biolabs,M0251,

M0207), pGEM-3zf plasmids and the DIG RNA Labeling Kit (Roche Diagnostics, 11277073910) according to the manufacturer’s instructions.

Western blot analysis

Forebrains were quickly dissected out and homogenized in TNTE buffer (50mMTris-HCl, 150mMNaCl, 0.5%Triton X-100, 1mMEDTA, 1mM

Na3VO4, 25 mM NaF, 10 mM Na4P2O7 and protease inhibitors [5 mg/ml PMSF, 0.5 mg/ml leupeptin, 0.7 mg/ml pepstatin, and 0.5 mg/ml

aprotinin]). Lysates were incubated for 15 min on ice and centrifuged at 12,000 rpm for 20 min at 4�C. Protein electrophoresis was performed

using 8%–12% SDS-PAGE gels, and protein were transferred to nitrocellulose membranes. The antibodies used in this study are listed in the

key resources table.

RNA isolation and quantitative RT–PCR

Total RNA from control and Sirt6 cKO brains was extracted using TRIzol reagent (Invitrogen, 15596026) according to the manufacturer’s in-

structions. Complementary DNA synthesis was performed with a Reverse Transcriptase Kit (TransGene, AH341-01) following the manufac-

turer’s instructions.Quantitative RT–PCRwas performed using a SYBRGreen-containing PCR kit (TaKaRa, RR820A), and signals were detected

with a Bio-Rad CFX96 Touch Real-Time PCR detection system. Relative mRNA amounts were assayed by comparing PCR cycles to GAPDH

using normalization to control samples. The sequences of primers used in this study are given in Table S2.

EdU staining and immunofluorescence staining of brain sections

Pregnant mice were injected intraperitoneally with 75 mg/kg body weight of EdU (Thermo, E10187). EdU staining was conducted on cryosec-

tions with a Click-iT plus EdU Alexa Fluor Imaging Kit (Thermo, C10640) according to the manufacturer’s instructions. Immunofluorescence

analyses were conducted as previously described.52 Brains were fixed with 4% paraformaldehyde in PBS overnight at 4�C, cryoprotected in

25% sucrose in PBS, embedded in OCT compound (ZSGB-Bio, Zil-9302), and sectioned coronally (14 mm thickness). Tissue sections were

blocked and permeabilized with blocking solution (5% normal sheep serum and 0.1% Triton X-100 in PBS) for 1 hr at room temperature, fol-

lowed by incubation with primary antibodies at 4�C overnight. Secondary antibodies were applied to the sections for 2 hr at room temper-

ature. Nuclei were visualized by incubation for 5 min with DAPI (Sigma-Aldrich, F6057). Images were acquired using a confocal laser scanning

microscope (FV1000MPE-BX61WI, Olympus) and analyzed using FluoView (Olympus) and Adobe Illustrator (Adobe Systems). The antibodies

used in this study are listed in the key resources table.

Plasmid constructs and transfection

Sirt6 siRNA was synthesized by Gemma. Sirt6 sequences (termed mSirt6) were cloned and inserted into the pCIG vector using the following

primers:

Sirt6-F: 5’- CGTGTGACCGGCGGCTCTAGACGATGTCGGTGAATTATGC-3’, Sirt6-R: 5’- CCCCCGGGCTGCAGGAATTCTGTGTGGTTC

CTTCAAGTTC-3’.

All plasmids were purified using a Plasmid Mini Kit (QIAGEN, DP103), and then N1E-115 cells were transfected using LipofectamineTM

2000 (Invitrogen, 11668030).

Luciferase assay

N1E-115 cells at a density of 13105 cells per well were plated into 24-well plates without antibiotics. Cells were transfected with 0.8 mg of

shRNA plasmid along with 20 ng of pRL-TK. The culture media were replaced with medium containing antibiotics 6 hr after transfection. After

48 hr, the cells were collected for the luciferase assay.

MTS assay

The proliferation ability of NSCs was assessed using MTS reagent. The MTS assay was performed on Days 0,1,3,5,7 and 9; cell viability

was measured using Cell Titer 96 AQueous One Solution Reagent (Promega, G3582). Cells were cultured in 96-well plates with 100 ml of
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proliferation medium per well; 20 ml of MTS reagent was added to each well for two hours of incubation. Absorbance was detected at 490 nm

and 630 nm with a microplate reader.

In utero electroporation

The Institutional Animal Care and Use Committee of Medical Sciences Academy and Peking Union Medical College approved all experi-

ments. Pentobarbital sodium (0.7 mg/g) was used to anesthetize pregnant mice. Five pulses of 30 V (50 ms on/950 ms interval) were delivered

across the head of the E13.5 embryos. pCIG-GFP and pCIG-Sirt6 (2.5 ng/ml) were electroporated.

RNA-seq

RNA-seq was performed by Annoroad, China. For neurosphere RNA-seq, neural stem cells were isolated from three P7 mice per group and

cultured for seven days until they formed neuroshpheres. RNA was isolated from the collected neuroshere with TRIzol reagent (Invitrogen,

15596026) following the manufacturer’s instructions.

ChIP-qPCR

ChIP-qPCR was performed using the SimpleChIP� Plus Enzymatic Chromatin IP Kit (Cell Signaling Technology, 9004S) according to the pro-

tocol. Three pairs of P7 neural stem cells were collected for the experiment. 37% formaldehyde was used for cross-linking. Micrococcal

Nuclease was added and DNA was digested for 17 min at 37�C. Anti-H3K56ac (Proteintech, 12994-1-AP) was used at the recommended

dose (2 mg per IP sample). 00.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as meanGs.d. from at least three independent experiments or three individual animals, unless otherwise stated in the

figure legend. An unpaired two-tailed Student’s t-test was used to compare two groups, unless otherwise stated in the figure legend. The

statistically significant P-values are shown as ns (P > 0.05), * (P < 0.05), and ** (P < 0.01). Statistical tests were performed using GraphPad Prism

8. RNA-seq data analysis was performed by Active Motif, Novogene, and OmicShare tools.
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